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I-01
Fullerenes

Dipole polarizability of fullerene compounds: Numerical estimates and
their applications

Sabirov Denis 1

diozno@mail.ru
1 Institute of Petrochemistry and Catalysis of RAS, Ufa, Russia

As fullerenes is the only molecular form of carbon, describing their chemical behavior and related
physicochemical  processes  demands  knowledge  of  the  molecular  properties.  Among  the  latter,  we
focus on their dipole polarizability (α) [1]. In this report, we generalize experimental and theoretical
data on α values of fullerenes and their derivatives and make a snapshot of current applications of
polarizability to fullerene chemistry and materials science.

Polarizability  of  fullerenes  and  their  derivatives  (mainly  of  C60  and  C70)  has  been  studied  with
different  theoretical  methodologies  (semiempirical  methods,  DFT,  perturbation  theory,  coupled
clusters  theory  etc.)  and  experimental  techniques  (ellipsometry,  electron  energy-loss  spectroscopy,
molecular beam deflection, and near-field interferometry; see,  e.g.  [2–4]). All these studies consider
that  fullerenes  are  the  molecules  with  very  high  polarizability  (ca.  80  and  100  Å3  for  C60  and  C70,
respectively). The measured α values increase from the isolated molecules to fullerene clusters and
solid  state  (fullerite)  in  contrast  to  "common"  molecules.  We  discuss  the  non-coinciding  size-
dependences of  fullerene static and dynamic polarizabilities;  effect of  mechanical  deformations and
charging of the fullerene core on α; dipole polarizability of the main classes of fullerene compounds
(exohedral one-cage adducts, multi-cage compounds and endohedral complexes).

The  numerical  estimates  of  α  are  used  in  the  fullerene  chemistry  and  materials  science.  We
primarily point here the application of polarizability to anion–π catalysis with fullerenes [5], organic
photovoltaics [6], dynamics of molecules inside the fullerene cages [7], chromatographic behavior [8],
theoretical  astrochemistry  of  C60  [9].  These  works  stress  the  crucial  role  of  polarizability  in  the
mentioned processes.

The work is currently supported by the Russian Foundation for Basic Research (project number
19-03-00716).

References
D. Sh. Sabirov, RSC. Adv. (2014) 4, 44996.1.
C. Eklund, A. M. Rao, Y. Wang, P. Zhou, K. A. Wang, J. M. Holden, M. S. Dresselhaus, G.2.
Dresselhaus, Thin Solid Films (1995) 257, 211.
I. Compagnon, R. Antoine, M. Broyer, P. Dugourd, J. Lermé, D. Rayane, Phys. Rev. A. (2001) 64,3.
025201
K. Hornberger, S. Gerlich, H. Ulbricht, L. Hackermüller, S. Nimmrichter, I. V. Goldt, O. Boltalina,4.
M. Arndt, New J. Phys. (2009) 11, 043032.
J. Lopez-Andarias, A. Bauza, N. Sakai, A. Frontera, S. Matile, Angew. Chem. (2018) 130, 11049.5.
D. Sh. Sabirov, J. Phys. Chem. C (2016) 120, 24667.6.
L. Liu, L. Li, Q. Zeng, Phys. Chem. Chem. Phys. (2017) 19, 4751.7.
X. Liu, T. Zuo, H. C. Dorn, J. Phys. Chem. C (2017) 121, 4045.8.
D. Sh. Sabirov, R. R. Garipova, F. Cataldo, Mol. Asrophys. (2018) 12, 10.9.
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I-02
Nanodiamond particles

Spectroscopic insights on the nanocarbon-water interface

Tristan Petit 1

tristan.petit@helmholtz-berlin.de
1 Helmholtz-Zentrum Berlin fuer Materialien und Energie, Berlin, Germany

Many  applications  of  nanocarbons,  especially  in  medicine,  biosensing  and  energy  conversion,
involves  chemical  and  electronic  processes  in  aqueous  medium.  As  a  result,  an  in-depth
characterization of the nanocarbon-water interface is essential for the understanding of nanocarbon
properties in aqueous environment.  Probing in situ  the nanocarbon-water interface with vibrational
and electronic spectroscopies remains however an experimentally challenging task.

 In  this  presentation,  I  will  present  our  latest  work  on  the  characterization  of  the  interface
between nanodiamonds (NDs) with water using infrared and X-ray absorption spectroscopy methods.
In particular, the effect of NDs surface chemistry on their hydration properties will be highlighted [1].
Infrared spectroscopy, applied during exposure of NDs to water molecules, can provide information
on the changes of vibrational bonds of surface functional groups and water molecules upon adsorption
on  the  carbon  surfaces.  Different  water  adsorption  profiles  are  clearly  observed  depending  on  the
NDs  surface  chemistry.  In  situ  Soft  X-ray  absorption  spectroscopy,  applied  directly  on  colloidal
dispersions, can be used to selectively probe the carbon or oxygen atoms and elucidate changes upon
solvation of either the NDs or water molecules electronic structure. We found that the water hydrogen
bonding  environment  is  strongly  impacted  by  the  NDs,  especially  when  the  NDs  surface  is
hydrogenated [1,2].

Recent  measurements  on  carbon  dots  will  also  be  presented  and  compared  to  NDs  [3].  Our
results highlight that the surface chemistry of nanocarbons plays a significant role on their hydration
properties.

References
 [1]      T. Petit, L. Puskar, T.A. Dolenko, S. Choudhury, E. Ritter, S. Burikov, K. Laptinskiy, Q.
Brzustowski, U. Schade, H. Yuzawa, M. Nagasaka, N. Kosugi, M. Kurzyp, A. Venerosy, H.A. Girard, J.-
C. Arnault, E. Osawa, N. Nunn, O. Shenderova, E.F. Aziz, Unusual Water Hydrogen Bond Network
around Hydrogenated Nanodiamonds, J. Phys. Chem. C. 121 (2017) 5185−5194.
doi:10.1021/acs.jpcc.7b00721.
[2]      T. Petit, H. Yuzawa, M. Nagasaka, R. Yamanoi, E. Osawa, N. Kosugi, E.F. Aziz, Probing
Interfacial Water on Nanodiamonds in Colloidal Dispersion, J. Phys. Chem. Lett. 6 (2015).
doi:10.1021/acs.jpclett.5b00820.
[3]      J. Ren, F. Weber, F. Weigert, Y. Wang, S. Choudhury, J. Xiao, I. Lauermann, U. Resch-Genger,
A. Bande, T. Petit, Influence of surface chemistry on optical, chemical and electronic properties of
blue luminescent carbon dots, Nanoscale. 11 (2019) 2056–2064. doi:10.1039/C8NR08595A.



8

I-03
Nanodiamond particles

Fluorescent Diamond Particles: Synthesis, Properties, and Applications

Shenderova O.A. 1

oshenderova@adamasnano.com
1 Adamas Nanotechnologies, Inc.. Raleigh, North Carolina, USA

Diamond  particles  containing  color  centers,  the  crystallographic  defects  embedded  within  the
diamond lattice, outperform other classes of fluorophores by providing a combination of outstanding
photostability, magneto-optical properties and intrinsic biocompatibility.  Within the N-related family
of  optical  defects,  the  nitrogen-vacancy defect  (NV)  has  received the  greatest  consideration due to
numerous applications in both emerging and mature technologies: background-free and long-term cell
imaging  in  the  red/near  infrared  spectral  region,  super-resolution  imaging,  correlative  and
multiphoton  microscopy.  The  spin  properties  of  NV  centers  in  nanodiamonds  promise  exciting
applications in ultrasensitive metrology at the nanoscale detecting changes in magnetic and electric
fields,  temperature  and  pressure.  A  breakthrough  recent  discovery  that  13C  polarization  can  be
strongly  enhanced  in  diamond  at  room  temperature  based  on  optical  pumping  of  NV  centers
advocates  nanodiamonds  as  a  new  paradigm  for  optical  hyperpolarization  in  magnetic  resonance
(MRI)  clinical  imaging.  Recently,  our  group  succeeded  in  large-scale  production  of  fluorescent
diamond particles (FDP) containing NV centers in hundred-gram per batch scales using irradiation
with  2-3  MeV  electrons.  Major  factors  influencing  the  efficiency  of  color  centers  production  in
diamond particles  as  well  as  compromises between brightness and particles  size  will  be discussed.
One  limitation  in  FND  production  has  been  the  narrow  fluorescent  color  palette  while  one  of  the
important  requirements for  fluorescent  bioprobes is  multicolor  emission for  multiplexed imaging of
few markers in a single study. Our recent achievements in production of multicolor diamonds (from
blue to NIR emission) will  be reported as well  as our efforts toward their adaptation for use in the
biomedical science community will be reviewed.

Acknowledgment: NIH NHLBI SBIR Phase I and Phase II Contract HHSN268201500010C; NIH
NCI Phase I SBIR grant  R43CA232901.

Whole-body IVIS imaging. a) Images of three mice, administered either 0, 2, or 4 mg/mL nanodiamond in 5%
dextrose buffer. (courtesy of Ashlyn Rickard, Palmer group, Department of Radiation Oncology, Duke University).
b). Spleens after piranha acid digestion, showing contrast of accumulated particles. c) Bulk spectra of samples in 3

indicating dose-dependent recovery and validation of FND presence.
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I-04
Carbon Nanostructures

Lateral Diamond Nanowires with exceptionally high current density;
properties and applications

Pakpour-tabrizi A.C. 1 , Jackman R.B. 1

r.jackman@ucl.ac.uk
1 University College London, UK

This  paper  reviews  recent  work  at  UCL  regarding  novel  nanoscale  electrically  addressable
diamond  devices.  Based  on  extremely  high-quality  boron-doped  diamond  ∂-layers  (∂-BDD),  this
technology provides an exciting playground for exotic physics and traditional electronic engineering.
Moreover, these NWs have great proimise in the field of molecular sensing. Lateral Nano-Wires (L-
BDD-NW) are defined in very thin heavily boron doped diamond epi layers. For the results reported
here, the delta layer is on the surface of a [100] single crystal diamond. Electrical isolation is possible
due to the very low defect and high quality ‘intrinsic’ CVD buffer layer grown on the HPHT substrate
before the ∂-layer is grown. The resultant nanowires are some 2nm deep and 10-20nm wide, and show
current  densities  surpassing  300A/mm2.  After  etching  the  L-BDD-NW  the  spatial  confinement  and
electrical properties of the wire can be further engineered using electrostatic side and top gating.  We
report exceptional current densities indicative of ballistic transport and preliminary results from the
first  ever  fabricated  diamond-FinFET  type  device.  A  range  of  other  exciting  and  novel  device
structures will be mentioned, and applications identified.
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I-05
Biomedical applications

Synthesis, Structure and Novel Applications of Heteroatoms-Doped
Carbon Quantum Dots

Bi Hong 1

bihong@ahu.edu.cn
1 School of Chemistry and Chemical Engineering, Anhui University, Hefei, China

Carbon quantum dots (CQDs) are a new class of carbon nanomaterials with size below 10 nm,
usually  consisting  of  sp2-hybridized  carbon  core  and  an  amorphous  shell  comprised  of  abundant
organic groups. CQDs show various fascinating properties, such as tunable excitation/emission, high
fluorescence,  chemical  inertness,  photostability,  extremely  low  toxicity,  good  biocompatibility  and
eco-friendliness. Due to the anomalous optical and chemical properties of the CQDs, they have a wide
range of applications in the fields of bio-imaging, biosensor, photocatalysis, optoelectronics, and etc.
In  this  presentation,  I  will  talk  about  recent  progress  on  synthesis,  optical  property  studies  and
biomedical  applications of  heteroatoms-doped CQDs (e.g.,  non-metal  and metal-doped CQDs) in my
lab.  Particularly,  near  infrared  (NIR)  fluorescence  of  heteroatoms-doped  CQDs  and  their  potential
applications in fluorescence imaging/magnetic resonance imaging (MRI) both in vitro and in vivo, as
well as photodynamic therapy (PDT) of tumors will be highlighted.
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I-06
Biomedical applications

Sugar Chain Modified Graphene FET for High Sensitive &Selective
detection of Influenza Virus

Matsumoto K. 1

k-matsumoto@sanken.osaka-u.ac.jp
1 Institute of Scientific & Industrial Research, Osaka University, Osaka, Japan

 The  avian  influenza  virus  and  the  human  influenza  virus  are  selectively  detected  with  high
sensitivity using the sugar chain functionalized graphene FET.

The  avian  influenza  virus  which  can  infect  to  human  has  the  highly  pathogenic  and  quite
dangerous.  So,  we  should  know  whether  the  avian  virus  has  the  human  infection  or  not.  So  far,
however,  it  takes  more  than  one  weeks  to  know  whether  the  virus  can  infect  to  human  or  not  to
increase the number of the virus up to 106. In the present study, we have succeeded in detecting the
human infection within 20minutes with ~100 virus using the high sensitive graphene FET. 

The surface of the cell for human and avian is covered by the sugar chain. The structure of the
sugar chain for human and avian which cover the cell has the difference at the end of their structures,
i.e., for the human sugar chain, sialic acid is connected to thea2-6 galactose, and for the avian sugar
chain,  to  the  a2-3  galactose.  Influenza  virus  recognize  this  structural  difference  and  the  human
influenza virus connects to only to human sugar chain and avian influenza virus connects to only avian
sugar chain, and there is no cross contamination. When the avian flu virus changes its structure and
get  the  human  infection,  it  can  connect  both  the  avian  and  the  human  sugar  chains.  In  order  to
selectively detect the human infection, the surface of graphene FET was modified by the human sugar
chain which can selectively combine to the human virus and not combine to avian virus. 

Using the sugar chain modified graphene FET, the real human and avian influenza viruses were
detected.  The  sugar  chain  modified  graphene  FET  was  in  the  phosphoric  buffer  solution  and  the
human  influenza  virus  was  introduced.  Before  and  after  the  introduction  of  the  virus,  the  I-V
characteristics  of  graphene  FET  was  measured  and  the  shift  of  the  Dirac  point  of  32.6mV  was
observed.  This  is  because  the  virus  has  a  minus  charge  which  induce  the  positive  charge  on  the
graphene surface and the positive current of graphene FET increases and then the Dirac point shifts
to the right hand side. This means the detection of the virus using the graphene FET was succeeded
in. Figure shows the selective detection of the human influenza virus. By increasing the concentration
of human virus,  human virus which has minus charge connects to the human sugar chain,  and the
shift of the Dirac point of the graphene FET increases. At the concentration of virus up to 256HAU,
the shift of the Dirac point reaches as large as 44.3mV. On the other hand, avian influenza virus could
not  connect  to  the  human  sugar  chain  and  does  not  cause  the  Dirac  point  shift.  Thus,  we  have
succeeded in the selective detection of human type and avian type influenza virus by the sugar chain
modified graphene FET.

Using  the  sugar  chain  modified  graphene  FET,  we  have  succeeded  in  selectively  detects  the
human infective influenza virus within 20 minutes. 
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I-07
Graphene & related materials

Graphene-on-surfaces: structural design and multifunctional
applications

Zhu H.W. 1

hongweizhu@tsinghua.edu.cn
1 School of Materials Science and Engineering, Tsinghua University, Beijing, China

Graphene  has  the  potential  for  creating  thin  film  devices,  owing  to  its  two-dimensionality  and
structural flatness. Assembling graphene-based building blocks into hybrid structures or composites
with diverse targeted structures has attracted considerable interests for generating new properties
and  expanding  its  potential  applications  [1].  This  presentation  will  focus  on  three  "graphene-on-
surfaces" hybrid structures (Fig.1) [2]: I) Graphene-on-semiconductor: Graphene-on-Si can function as
a  quality  Schottky  junction  with  high  photoelectric  conversion  [3,4].  Graphene  serves  multiple
functions  as  transparent  electrode,  active  junction  layer,  hole  collector  and  anti-reflection  layer  in
graphene-on-semiconductor heterojunction photo-devices, such as solar cells and photodetectors, and
could be extended to other optoelectronics; II) Graphene-on-polymer: Tiling structures are designed in
graphene,  composing overlapped graphene plates and realize high sensitivity  strain sensing,  which
can measure either tiny or large strains with record high gauge factors [5].  By combining artificial
intelligence  with  digital  signal  processing,  the  graphene  based  sensing  system  represents  a  new
smart tool to classify and analyze signals in fields of vital signs monitoring, robotics, fatigue detection,
and  in  vitro  diagnostics;  III)  Graphene-on-ceramic:  Graphene  oxide  (GO)-based  membranes  are
developed for highly efficient ion separation and water desalination [6]. Due to the narrow dimension
of nano-capillaries and the co-existence of sp2 aromatic channels with various oxygen functionalities,
GO membranes can afford excellent selectivity towards various ions based on molecular sieving effect
and diverse chemical interactions, showing promises in filtration and separation for water treatment
applications.

Fig.1. “graphene-on-surface” system.

References
C. L. Li, Q. Cao, F. Z. Wang, Y. Q. Xiao, Y. B. Li, J. J. Delaunay, and H. W. Zhu, Chem. Soc. Rev.1.
(2018) 47, 4981.
G. K. Zhao, X. M. Li, M. R. Huang, Z. Zhen, Y. J. Zhong, Q. Chen, X. L. Zhao, Y. J. He, R. R. Hu, T.2.
T. Yang, R. J. Zhang, C. L. Li, J. Kong, J. -B. Xu, R. S. Ruoff, and H. W. Zhu, Chem. Soc. Rev.
(2017) 46, 4417.
X. M. Li, L. Tao, Z. F. Chen, H. Fang, X. S. Li, X. R. Wang, J. -B. Xu, and H. W. Zhu, Appl. Phys.3.
Rev. (2017) 4, 021306.
X. M. Li, and H. W. Zhu, Phys. Today (2016) 69, 46.4.
T. T. Yang, D. Xie, Z. H. Li, and H. W. Zhu, Mater. Sci. Engin. R - Rep. (2017) 115, 1.5.
P. Z. Sun, K. L. Wang, and H. W. Zhu, Adv. Mater. (2016) 28, 2287.6.
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I-08
Graphene & related materials

Graphene-based low-dimensional hybrid heterostructures and device
applications

Choi Suk-Ho 1

sukho@khu.ac.kr
1 Kyung Hee University, Yongin, Korea

A wide variety of optoelectronic devices based on graphene has been and are still being studied,
and  some  of  them  have  already  reached  a  level  of  competitiveness  comparable  to  conventional
semiconductor devices [1,2]. However, single-layer graphene has low light absorbance (only 2.3%) in
the ultraviolet to near infrared region, short light-matter interaction length, and high sheet resistance,
unfavourable for light harvesting applications [3,4]. In addition, the ultra-short lifetime of excitons in
pure graphene resulting from its gapless nature also leads to fast carrier recombination, which limits
the efficient production of photocurrent or photovoltage. However, graphene transparent conductive
electrodes  are  highly  attractive  for  optoelectronic  device  applications  due  to  their  extremely-high
carrier mobilities, almost-perfect transmittance, and high flexibility, and the sheet resistance can be
lowered by a simple doping technique.  The emergence of  graphene/low-dimensional-nanomaterials-
based  hybrid  heterostructures  provides  a  platform  useful  for  fabricating  high-performance
optoelectronic  devices  such  as  photodetectors  (PDs),  solar  cells,  and  light-emitting  diodes,  thereby
overcoming the inherent limitations of graphene. Here, I report our recent studies of optoelectronic
devices  based  on  graphene-based  low-dimensional  hybrid  heterostructures,  composed  of  graphene,
graphene  quantum  dots  (GQDs),  Si  quantum  dots/nanowires,  porous  Si,  and  two-dimensional  (2D)
perovskites, with being assisted by doping of graphene.

Fig.1. Synthesis, characterization, and device application of graphene-based low-dimensional hybrid
heterostructures.

References
Z. Liu, S.P. Lau, and F. Yan, Chem. Soc. Rev. (2015) 44, 5638.1.
F.H.L. Koppens, T. Mueller, Ph. Avouris, A.C. Ferrari, M.S. Vitiello, and M. Polini. Nature2.
Nanotech. (2014) 9, 780.
Z. Sun and H. Chang, ACS Nano (2014) 8, 4133.3.
C. Xie, C. Mak, X. Tao, and F. Yan, Adv. Funct. Mater. (2017) 27, 1603886.4.
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I-09
Graphene & related materials

Electrochemically exfoliated graphene: strategies to avoid graphene
oxidation

Munuera J.M. 1 , Paredes J.I. 1 , Villar-Rodil S. 1 , Martinez-Alonso A. 1 , Tascon J.M.D. 1

tascon@incar.csic.es
1 Instituto Nacional del Carbon, INCAR-CSIC, F. Pintado Fe 26, 33011 Oviedo, Spain

Electrochemical exfoliation is a promising method to produce graphene materials. It relies on the
delamination  of  graphite  electrodes  in  proper  electrolytes  [1].  A  limitation  of  this  procedure  is  its
tendency  to  yield  substantially  oxidized  nanosheets,  particularly  under  anodic  conditions.  Here,  we
discuss several strategies to reduce the oxygen content of anodically exfoliated graphene.

Graphite  powder  (Sigma  Aldrich),  flakes  (Mersen),  foil  (Mersen)  and  highly  oriented  pyrolytic
graphite  (HOPG,  Advanced  Ceramics)  were  used  as  anode  in  anodic  exfoliation  treatments,  which
were carried out in the setup shown schematically on Fig. 1. Small-particle graphites yielded poorly
exfoliated graphene, while graphite foil  and HOPG afforded thinner, but more oxidized nanosheets.
The  oxidation  degree  was  higher  for  HOPG  due  to  its  dense  structure.  Unlike  this,  in  the  case  of
graphite  foil  the  wrinkled  and  void-rich  morphology  made  the  delamination  process  more  efficient
without requiring extensive oxidation.

Two  strategies  were  explored  to  decrease  the  O/C  ratio  of  anodic  graphene:  i,  replacing  the
commonly  used  sulfate  anions  by  sacrificial  (oxidizable)  electrolytes,  and  ii,  using  antioxidants  as
electrolyte additives [2].  Results from the former approach indicated that some aromatic sulfonates
got oxidized while avoiding oxidation in the nanosheets (XPS O/C ratio as low as ~0.02). Using sodium
halides  as  electrolytes,  a  proper  choice  of  both  anode  material  (graphite  foil)  and  sodium  halide
concentration led to graphenes with a relatively low O/C ratio (0.06). Finally, when chloride anions (as
NaCl  or  KCl)  were  used  as  an  additive  of  sulfate-based  electrolytes  in  optimal  quantities,  they
prevented graphene oxidation without  negatively  interfering with the ability  of  the sulfate  anion to
induce delamination, affording graphene nanosheets with an O/C ratio down to 0.02.

In  summary,  we  have  demonstrated  several  successful  strategies  for  the  preparation  of
anodically  exfoliated  graphene  that  avoid  nanosheet  oxidation.  They  rely  on  the  use  of  proper
electrolytes and/or electrolyte additives that act as sacrificial agents in anodic oxidation. This finding
can have practical applications in the large-scale production of graphene nanosheets, as only simple,
cheap and abundant chemical species (e.g., sulfate salts and NaCl) are required.

We acknowledge funding through grant  MAT2015-69844-R (Spanish  MINECO and ERDF)  and
pre-doctoral  contract  FPU14/00792  (Spanish  MECD).  We  also  acknowledge  partial  funding  from
Principado de Asturias and ERDF through grant IDI-2018-000233.

References
J.M. Munuera, J.I. Paredes, S. Villar-Rodil, M. Ayán-Varela, A. Martínez-Alonso and J.M.D. Tascón,1.
Nanoscale (2016) 8, 2982.
J.M. Munuera, J.I. Paredes, S. Villar-Rodil, A. Castro-Muñiz, A. Martínez-Alonso and J.M.D.2.
Tascón, Appl. Mater. Today (2018) 11, 246.



15

I-10
Carbon Nanotubes

Formation of carbon nanotubes from graphite
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Multi-walled carbon nanotubes (MWCNTs) produced by arc-discharge have superior properties
to  those  made  by  any  other  technique  [1],  and  yet  the  mechanism of  the  growth  process  is  still  a
matter of debate. Part of the problem is that it is difficult to study the growth process of the nanotubes
in  a  controlled  way.  In  this  paper,  I  describe  transmission  electron  microscopy  (TEM)  studies  of
graphite  which has undergone a structural  transformation as  a  result  of  the passage of  an electric
current.  Importantly,  the  graphite  is  exposed  to  the  current  for  a  much  shorter  period  than  that
normally used to produce carbon nanotubes, so the structures observed may represent the precursors
to nanotube formation.

A commercial arc-evaporator was employed to pass a current through graphite rods which were
held  together  by  a  spring  mechanism.  One  of  the  rods  was  thinned  to  a  diameter  of  1  mm.  The
chamber was pumped to a pressure of approximately 3 × 10-4 mbar and a current of 75 A was passed
for  5  seconds.  These  conditions  are  similar  to  those  used  in  the  “classic”  method  of  nanotube
synthesis in the arc [2], but in the latter case the current is passed for several minutes rather than a
few seconds. Following evaporation, the thinned carbon rod was found to have slightly shortened, and
a small  deposit  was formed in the area where the two rods made contact.   This  was collected and
examined by TEM. The collected carbon contained some “normal” graphite, but this was accompanied
by  many  regions  which  had  a  very  different  appearance  [3].  Micrographs  of  such  areas,  at
intermediate and high magnifications, are shown in Fig. 1. Here, the outline of the structure is much
more  irregular  than  in  the  fresh  graphite,  with  many  curved  and  unusually-shaped  features.  The
material  is  decorated with numerous short  nanotubes and nanoparticles.  In some areas,  nanotubes
are  observed  to  be  seamlessly  joined  to  the  larger  regions.  It  is  suggested  that  this  material
represents  the  early  stages  of  the  formation  of  multiwalled  carbon  nanotubes,  and  that  the
mechanism involves  a  direct  transformation  of  graphite  into  carbon  nanotubes,  rather  than  a  two-
stage process as envisaged in some previous models. A better understanding of the growth process
might help in developing ways of producing high-quality MWCNTs in bulk.

Fig.1. TEM images of carbon structures produced by passing current through graphite, (a) intermediate
magnification (b) high magnification.
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Carbon Nanotubes: From Synthesis to Applications
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The unique properties of single-walled carbon nanotube (SWNT) films, such as high porosity and
specific surface area, low density, high ratio of optical transmittance to sheet resistance, high thermal
conductivity and chemical  sensitivity,  and tunable metallic  and semiconducting properties,  open up
avenues for a wide range of applications.

 
Direct  integration  of  the  CNTs  produced  by  the  aerosol  methods  into  different  applications,

especially  for  high-performance  flexible  and  stretchable  electronics,  is  discussed.  Produced
SWCNT/polymer composite films have exhibited excellent optical and electrical properties as well as
high mechanical flexibility. Wide variety of potential application of these networks has been already
successfully demonstrated.

 
Transparent, stretchable and flexible energy storage devices have gathered great interest due to

their  suitability  for  display,  sensor  and  photovoltaic  applications.  In  this  paper,  we  report  the
application of  aerosol  synthesized SWCNT thin films as  electrodes for  electrochemical  double-layer
capacitor  (EDLC).  SWCNT  films  exhibit  extremely  large  specific  capacitance  (178  F  g-1  or  552  µF
cm-2), high optical transparency (92%) and stability for 10000 charge/discharge cycles. A transparent
and flexible EDLC prototype is constructed with a polyethylene casing and a gel electrolyte.

 
Stretchable  all-solid  supercapacitors  based  on  aerosol  synthesized  single-walled  carbon

nanotubes (SWCNTs) have been also successfully fabricated and tested.  High quality SWCNT films
with excellent optoelectrical and mechanical properties were used as the current collectors and active
electrodes  of  the  stretchable  supercapacitors.  A  transmittance  up  to  75%  was  achieved  for  the
supercapacitors  made  from the  assembly  of  two  PDMS/SWCNT electrodes  and  a  gel  electrolyte  in
between. The transparent supercapacitor has a specific capacitance of 17.5 F.g-1 and can be stretched
up to 120% elongation with practically no variation in the electrochemical performance during 1000
stretching cycles.

 
This research was supported by the Russian Science Foundation (project № 17-19-01787). 
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Highly-stretchable carbon nanotube devices for wearable electronics
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Wearable  electronics  have  the  potential  to  revolutionize  preventive  medical  care  and  health
promotion technologies. Carbon nanotube thin films are promising electronic materials for transistors
and integrated circuits,  biosensors, and other passive components to build stretchable devices with
excellent wearability and performance because of the high-carrier mobility, mechanical flexibility, and
biocompatibility. In the presentation, after reviewing recent progresses of wearable electronics, our
recent works on highly-stretchable devices based on carbon nanotube thin film are introduced. The
low-voltage operable, highly-stretchable, and robust carbon nanotube thin film transistors have been
realized by controlling the strain applied to the device. Stretchable energy harvesting devices based
on triboelectric generation, will also be presented.
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Fluorinated nanodiamond as unique neutron reflector
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This talk is given on behalf of Cardiff  Univ./Clermont-Ferrand Univ./ESRF/ILL/Ioffe Inst./JINR+
collaboration.

With the pronounced worldwide trend of increasing the range of useful neutrons towards smaller
energies,  driven  in  particular  by  large-scale  structure  diffractometers,  reflectometers,  time-of-flight
and spin-echo techniques as well by particle physics, the progress is limited by low fluxes of the less
energetic  part  of  the  cold  neutron  spectrum.  The  drop  in  flux  is  caused  by  a  fundamental  reason:
independently of a choice of materials for neutron reflectors, they are composed of atoms. Atoms in
solids and liquids are separated by distances of a few tenth of nm. If the neutron wavelength is larger
than  that,  neutrons  are  weakly  scattered  by  atoms/nuclei,  and  the  diffraction  is  limited  by  the
interplanar distances available.

For fabrication of efficient neutron reflectors, currently there is no alternative to the mimicking
of  conventional  reflectors  by  means  of  replacing  atoms/nuclei  with  nanoparticles  of  low-absorbing
highly-scattering  materials  –  thus  changing  the  characteristic  scale  of  neutron  wavelengths  [1].
Nanodiamonds  is  an  evident  choice  for  the  material  of  such  reflectors.  The  reflectivity  of  available
nanodiamonds was measured to be much higher than that for any alternative reflector [2]. However,
it remained low for neutron velocities above 160 m/s mainly because of the high content of hydrogen
impurities.

We  overcome  this  principle  difficulty  using  fluorinated  nanodiamonds  [3].  We  performed  a
detailed  analysis  of  samples  of  this  material  using  several  complementary  techniques  including
prompt-γ  neutron  analysis,  neutron  activation  analysis,  small-angle  neutron  scattering,  neutron
diffraction, X-ray diffraction, Raman scattering, infrared absorption, multinuclear solid-state NMR. We
concluded that diamond cores (sp3) of nanoparticles remain unaffected upon fluorination, sp2 carbon
disappeared,  and  the  hydrogen  content  in  nanodiamonds  is  drastically  reduced  by  the  fluorination
achieving a level 35-60 times lower; metallic impurities stayed essentially unaffected.

Using  this  information,  we  showed  that  this  new  class  of  reflectors  can  provide  a  reflectivity
curve  with  high  albedo  thus  minimizing  the  existing  “leak”  of  neutrons  through  the  so-called
reflectivity  spectral  gap.  The  high  diffusive  and  quasi-specular  reflection  will  allow  improving
dramatically the performance of neutron sources, the efficiency of neutron delivery, and thus fluxes of
slow  neutrons  at  neutron  instruments.  It  might  also  allow  designing  a  new  generation  of  neutron
sources and experiments.

Even further  major  improvement  of  properties  of  nanodiamonds  for  such  neutron  reflectors  is
going  to  be  achieved  in  the  future  due  to  a  reduction  of  neutron-absorbing  impurities,  due  to  an
optimized selection of nanoparticle sizes, due to a proper control of nanodiamond clustering, due to
an  optimization  of  properties  of  nanodiamonds  for  particular  types  of  neutron  reflectors,  etc;  for
easier  handling,  nanodiamonds  have  to  be  purified  from  impurities  that  are  activated  in  neutron
fluxes. These works are in progress.
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CVD diamond: technology, properties and applications
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Currently  single  crystal  diamonds  and  polycrystalline  diamond  films  are  being  grown  by  the
chemical  vapor  deposition  (CVD)  technology.  For  this  purpose  microwave  plasma-assisted  CVD
reactors  are  most  widely  used.  The  interest  to  microwave  frequency  band  is  connected  with  the
opportunity to generate plasma away from walls or electrodes having high electron concentration and
to obtain high power density determining the rate of gas mixture activation (radicals generation) in
the reactor. As a result, the microwave plasma-assisted CVD method allows to grow high-quality (with
a low level of impurities and high crystalline perfection) diamond. The report describes all stages of
the  process  of  obtaining  diamond  in  the  CVD  reactor  from  the  preparation  of  substrates  to  the
analysis of the films obtained.

To  obtain  semiconductor  diamond  with  a  given  concentration  of  impurities,  the  technology  of
doping single-crystal diamond is being developed in the process of its growth. Doped CVD diamond is
a  wide-gap  semiconductor  and,  due  to  its  unique  physical  properties  (high  breakdown  fields,  high
thermal  conductivity,  high  carrier  saturation  velocity),  is  a  promising  material  for  creating  new
generation electronic devices. A major obstacle to the realization of the potential of diamond is the
problem  of  creation  of  the  charge  carriers  (electrons  or  holes)  in  the  diamond  Due  to  the  high
activation energy of an acceptor impurity in diamond (the lowest activation energy of 0.37 eV is boron
impurity), to obtain sufficient conductivity, high concentrations of boron are required, at which carrier
mobility  is  significantly  reduced.  The solution to  this  problem is  the development of  technology for
creating delta-doped layers in CVD diamond, which are very thin (several nanometers) layers with a
high concentration of boron. The report presents the results of experiments on the growth of delta
layers doped with boron in a single-crystal diamond and discusses the possibilities of creating unipolar
electronic devices.

The doping of a diamond with a donor impurity (phosphorus) is also being actively investigated.
Phosphorus creates n-type conductivity and has an activation energy of 0.57 eV. Doping a diamond
with phosphorus turned out to be a technologically complex process, which does not allow creating a
sufficient  concentration  of  conduction  electrons  in  the  crystal.  Obtaining  a  CVD  diamond  with
electronic  conductivity  type  would  significantly  expand  the  range  of  electronic  devices  created  on
diamond.  The  basis  for  diamond  electronics  can  already  be  p-n  junctions,  as  is  the  case  in
conventional  semiconductor  electronics.  The  report  discusses  the  possibilities  of  creating  bipolar
electronic devices on diamond.

The unique physical properties of diamond make it possible to create different color centers in
diamond. Color centers in diamond (e.g. NV, SiV, GeV centers) attract much interest for many modern
applications, including quantum information processing, quantum communication and ultrasensitive
magnetometry. The most intensively studied color center in diamond is nitrogen-vacancy center. NV-
center  is  an  attractive  system because  of  the  unique  properties  of  its  electronic  transitions,  which
allow initialization and read-out of NV-center state using optical pumping and the fluorescence signal
measurement.  In  this  report  we  will  discuss  the  method  of  controlled  creation  of  NV-centers  in
diamond using delta-doping,  which in contrast  to  the method of  ion implantation does not  produce
lattice defects and allows controlling the depth of the NV-center to within a few nanometers.
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RAMAN SPECTROSCOPY AS A BASIC TECHNIQUE FOR
IDENTIFICATION OF VARIOUS MODIFICATIONS OF CARBON
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 Materials and composites based on various carbonaceous compounds are widespread in nature
and widely used in modern industry and nanotechnology. These species contain carbon atoms in sp3

and sp2 hybridization and their various combinations. Their macroscopic properties are determined by
the details of their structure, that is, crystallite size, shape, ordering, and packing. All this information
can  be  acquired  from  the  Raman  spectra  because  each  carbon  modification  exhibits  its  very  own
Raman spectrum characterized by a given number of Raman lines with their particular parameters
(frequency,  intensity,  half-width,  contour).  That  is  why this  non-destructive  method which does  not
need special preparation of the sample is of major interest. Laser Raman micro-spectroscopy on its
modern level exemplified by Raman spectrometers of last generation, such as T64000, LabRAM HR
Horiba-Jobin Yvon equipped by high-sensitive CCD detectors and microscopes, allows one to identify
various carbon modifications and gives a unique possibility of sample Raman micro-mapping, that is,
obtaining  information  about  sample  homogeneity/heterogeneity.  This  study  presents  the  results  of
Raman investigations of vast variety of carbonaceous compounds. These are carbonaceous materials
of natural origin (graphites of various genesis, shungites, meteorites, Lunar soil, living matter), as well
as  of  industrial  origin,  such  as  turbostratic  graphite,  glassy  carbon,  carbon  fibers,  diamond-like
carbon, nanotubes, etc).
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Synchrotron based study of advanced carbon nanostructures
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By  accelerating  electrons  to  near-light  speed,  radiation  sources  like  synchrotron  light  sources
generate  brilliant  beams of  light  from infra-red to  X-rays.  Synchrotron radiation is  one of  the most
powerful  tools  for  investigation  in  a  wide  range  of  disciplines  including  nanoscience,  electronics,
structural  biology,  health  and  medicine,  solid-state  physics,  materials  and  magnetism,  earth  and
environmental  sciences,  chemistry,  cultural  heritage,  energy  and  engineering.  Synchrotrons  are
versatile facilities that can be used for many different techniques, major of them diffraction/scattering,
imagine, spectroscopy, polarimetry.

Therefore,  synchrotron  is  the  power  tool  for  investigation  of  advanced  carbon  nanostructures.
Imagine techniques ensure their visualization, x-ray diffraction methods characterizing the degree of
crystallinity, spectroscopy provides information on the nature of chemical bonding.

As Prof. Kroto predicted, “21st century will be the carbon age”. This is greatly due to the diverse
structural  forms  and  functions  of  carbons.  Tailoring  of  carbon  structure,  that  is,  controlling  the
physicochemical  properties  of  carbon materials  on the  nanometer  scale  (nanocarbons)  will  be  core
technology  for  obtaining  novel  carbons  with  new  and  extraordinary  functions  [1].  Nanocarbons
include various forms of carbon in the range from graphene to nanoporous materials. Among them,
carbon nanotubes (CNTs) have attracted a wide range of scientists due to their unique morphology
and nanosized scale. At present, it was accepted that chemical functionalization of carbon nanotubes
(CNTs),  i.e.,  attachment of  individual atoms/molecules or their aggregates to CNTs, can extend the
field of application of these nanosystems in nanoelectronics, sensorics, hydrogen power engineering,
bioengineering, medicine, etc.

In  this  lecture  will  be  presented  results  of  combined  investigations  of  atomic  structure  and
electronic  properties  of  functionalized  carbon  nanotubes  and  their  derivatives  for  different
applications,  among  them,  for  nanoelectronics  as  logical  elements,  memory  and  data  transmission
devices [2]; energetics, as hydrogen storage media [3]; aerospace as coating with high resistivity to
complicated  external  effects,  e.g.  ionizing  radiation.  Major  attention  will  be  paid  to  discussion  of
changes appeared in atomic and electronic structure of CNTs under functionalization, the nature of
chemical  bonding  between  CNT  and  atoms/molecules  or  their  ensembles  during  and  after
functionalization of CNTs, new details on mechanism of CNT functionalization, the chemical state of
atoms used for functionalization.
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Analysis of nanoparticles sizes in sols by dynamic light scattering (DLS)
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The method of dynamic light scattering (DLS) is one of the most common methods for analysis of
particle size in sols [1]. It is widely used in the fields of chemistry, physics, and biomedicine. Such a
prevalence  of  DLS  is  due  to  the  following  features:  speed  of  analysis  (measurement  takes  several
minutes),  a small  volume of the sample under study (from 1 ml of sol),  sample preservation (it  is a
non-destructive method), a wide range of determined sizes (from nanometers to microns).

The  DLS  is  based  on  the  analysis  of  occurring  in  time  fluctuations  of  the  radiation  intensity
scattered  on  colloidal  particles,  macromolecules  or  polymers  in  liquid  media  [2].  The  cause  of
fluctuations is  the interference of  scattered light from individual particles,  the relative position and
mutual orientation of which changes with time as a result of their Brownian motion. The relaxation
time  of  the  intensity  fluctuations  of  the  scattered  light  is  the  decay  time  of  the  exponential  time
correlation  function  of  the  scattered  light,  which  is  measured  using  the  digital  correlator.  The
relaxation time depends on the speed of particles movement. In turn, the speed of particles movement
(or  rather,  their  translational  diffusion  coefficient)  depends  on  their  hydrodynamic  diameter,
according  to  the  Einstein-Stokes  equation.  Thus,  the  analysis  of  the  intensity  fluctuations  of  the
scattered  radiation  makes  it  possible  to  obtain  information  on  the  hydrodynamic  diameters  of
particles in sols.

Despite all the convenience and ease to use of DLS analyzers, the method has some weak points.
Firstly,  the  particles  should  not  have  a  dedicated  direction  of  motion  which  due  to  deposition  of
particles.  Secondly,  the  size  is  calculated  in  the  approximation  of  spherical  particles.  Thirdly,  the
particles should not be polydisperse in sol, otherwise the measurement results may be incorrect. It is
very important when particles smaller than 10 nm are investigated [3].

Based on the above, we can say that DLS is an effective method for particle size analysis, which
requires a very careful approach.
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NMR spectroscopy of weakly ordered nanostructures: capabilities,
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In  this  introductory  presentation  we  discuss  the  main  approaches  used  in  Nuclear  Magnetic
Resonance  (NMR)  spectroscopy  for  the  study  of  weakly  ordered  systems.  This  broad  class  of
structures lacking a long-distance order (sometimes called “soft matter”) includes polymers, glasses,
films,  complex  mixtures  of  organic  molecules,  pharmaceutical  preparations,  metal-organic
frameworks, mesoporous materials, and such carbon nanostructures as nanodiamonds and modified
fullerenes.

NMR has a number of disadvantages: low sensitivity, long characteristic time scales and being
applicable  only  to  nuclei  with  non-zero  spin.  However,  these  disadvantages  are  turned  into
advantages  upon  a  closer  inspection:  in  each  NMR spectrum one  focuses  exclusively  on  a  specific
isotope of a particular element (selectivity) and the spectral information is averaged over molecular
motions which might be non-essential to the studied phenomenon, thus significantly simplifying the
spectrum. One of the most important NMR spectral observable is the chemical shift – a measure of
the resonance frequency and a property of the electron shell surrounding the observed nucleus and
its  vicinity.  The  chemical  shift  values  are  local  and  sensitive  markers  for  the  electronic  structure
which makes them indispensable when studying weakly ordered systems. Basically, the interpretation
of  the  chemical  shift  values  is  an  attempt  to  solve  the  reverse  spectroscopic  problem:  finding  the
structure  that  would  correspond  to  the  observed  spectrum.  Technically  speaking,  this  problem  is
poorly  formulated  and  thus  its  solution  heavily  relies  on  previously  established  robust  spectrum-
structure correlations and/or quantum-chemical computations. Luckily, a number of such correlations
is safely established or could be tailored for the problem at hand, thus allowing one to analyze NMR
spectra  in  a  predictive  manner.  A  couple  of  examples  of  the  NMR  spectral  analysis  of  carbon
nanostructures will be given.

In  the  presentation  we  also  discuss  several  major  techniques  employed  in  the  high  resolution
solid-state  NMR  spectroscopy  of  organic  and  organometallic  compounds,  such  as  Magic  Angle
Spinning  (MAS),  Cross-Polarization  (CP)  Nuclear  Overhauser  Effect  (NOE),  and  Diffusion  Ordered
SpectroscopY (DOSY) and present some examples of their use.
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Secondary Ion Mass Spectrometry (SIMS) is a well approved surface analysis technique. By now
SIMS  is  used  for  over  fifty  years.  Its  development  was  mainly  fueled  by  semiconductor  industry,
where it is one of the key characterization technique used for R&D, for monitoring of technological
processes during production (so cold in-line SIMS), for reengineering of the device structures, and for
failure analysis.

In the field of the physics of semiconductor devices and solid state multilayered structures SIMS
analysis  is  one  of  the  most  important  characterization  techniques,  too.  The  importance  of  SIMS is
motivated  by  the  following  characteristics  of  this  technique.  SIMS  can  be  used  to  measure  all
elements  in  the  Periodic  Table  and  their  isotopes.  SIMS  has  a  high  trace  sensitivity  down  to  ppb
levels,  that  makes  possible  to  measure  the  concentrations  of  impurities,  including  intentional  and
unintentional  doping  in  semiconductor  structures.  SIMS  is  capable  to  perform  accurate  in-depth
profiling  of  multilayered  heterostructures  and  ultra-shallow  implanted  structures  with  nanometer-
scale  depth resolution.  Valuable information about  two-dimensional  distribution of  elements  can be
obtained by SIMS imaging. SIMS in-depth profiling and imaging may be combined to yield a three-
dimensional SIMS chemical maps of materials and heterostructures.

In  this  presentation  basic  phenomenon  of  SIMS  process  is  described,  and  the  issue  of  SIMS
quantification  for  the  concentrations  of  impurities  is  addressed.  The  technique  of  in-depth  SIMS
analysis, its strengths and limitations are considered focusing on the challenge of accurate analysis of
near-surface and interface regions. The information of state-of-the art tools for SIMS analysis of nano-
scaled heterostructures is presented.

The case studies shown illustrate the application of SIMS to the in-depth characterization of the
carbon-based  structures.  Fundamental  and  instrumental  effects  limiting  the  depth  resolution,  the
sensitivity and the accuracy of SIMS analysis are discussed.
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Fullerene stability. A topological approach
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Still, stability of fullerene isomers under the arc-discharge synthesis conditions poses many open
questions. Different approaches operate with energetic, structural, and topological parameters of the
fullerene molecules to explain why some fullerene isomers are more preferable than the others. In the
talk  we  show  examples  in  which  topological  roundness  plays  a  role  when  predictions
are compared to experimental data on the C50, C84, Ih family. We have found that the molecules of
most  stable  fullerene  IPR  isomers  have  the  minimal  extremal  roundness.  These  results  and  the
method may be applied to other fullerene isomeric sets and contribute to the understanding of the
grounds of the interconnection “topology – structure – energy” underlying structural chemistry.
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We have calculated partial contributions of different atomic and fullerenes subshells to the total
dipole sum rule in the frame of  the random phase approximation with exchange (RPAE) and found
that  they  are  essentially  different  from  the  numbers  of  electrons  in  respective  subshells.  This
difference manifests the strength of the intershell interaction. Concrete calculations were performed
for a number of endohedrals, e.g. Xe and Xe@C60.

Sum rules  are  relations  that  connect  oscillator  strengths  of  discrete  fk  transitions,  dipole  non-
relativistic  photoabsorption  cross-section  as  a  function  of  incoming  photon  frequency  σ(ω)  and  the
number of electrons N in the system. In atomic system of units one has

∑All k fk +(c/2π2)∫I
∞σ(ω)dω (1)

     It existed a believe that a similar approximate equation is valid for subshell contributions of
the considered system, that is incorrect, as illustrates the table:

Partial and total sums SL
i,HF, S∇

i,HF, Si,RP, Δi≡Si,RP- Ni, ∑≤iSi,RP of Xe; ∑≤iS@
i,RP - Xe@C60

Xe, N=
Z=54

Subshell
i

Ni
SLi,HF S∇i,HF, Si,RP Δi ∑≤iSi,RP ∑≤iS@

i,RP

1 1s 2 0.50 0.50 0.50 -1.50 0.50 0.57
2 2s 2 0.98 0.97 0.93 -1.07 1.43 1.36
3 2p 6 3.59 3.45 3.57 -2.43 5.00 4.63
4 3s 2 1.05 1.01 0.92 -1.08 5.92 5.58
5 3p 6 4.34 4.15 4.17 -1.83 10.09 10.00
6 3d 10 13.30 11.3 12.31 +2.31 22.40 24.20
7 4s 2 0.75 0.66 0.68 -1.32 23.08 24.88
8 4p 6 2.35 2.07 2.28 -3.72 25.36 26.10
79 4d 10 18.56 11.9 14.82 +4.82 40.18 36.49
10 5s 2 0.33 0.26 0.53 -1.47 40.71 37.06
11 5p 6 12.65 6.18 8.73 +2.73 SRP

=49.44
S@

RP=73.67

 Here Ni  is  the number of  electrons in  i-subshell,  Si  is  the partial  sum (1),  indexes  L,∇  denote
results of Hartree-Fock (HF), index RP means RPAE calculations for subshell i of Xe; @ marks results
for  endohedral  Xe@C60.  Note  that  S@

RP=73.67> 54 in  Xe@C60,  the  outer  subshell  takes  much of  its
oscillator strength from C60. It would be very interesting to perform experimental investigation aiming
to demonstrate the prominent violation of the partial sum rules. This is not a simple task, having in
mind that for each subshell i the measurements must be performed in a broad region in coincidence
with creation of only i vacancy. However, such an experiment would be of great importance for the
understanding of electronic structure of atoms and atom-like formations. For more details see [1].
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Since the discovery of first manganese clusters that retain their magnetisation for months at low
temperatures,  there  has  been  intense  interest  in  single-molecule  magnets  because  of  potential
applications  in  data  storage,  spintronics,  quantum  computing,  and  magnetocaloric  cooling.
Endohedral  clusterfullerenes  exhibit  outstanding  magnetic  properties  due  to  lanthanide  ions
encapsulated inside the carbon cage providing large magnetic moments and anisotropies.

The nitride  clusterfullerene family  and specifically  DySc2N@C80  [1]  and Dy2ScN@C80  fullerenes
were  pioneer  fullerene  single-molecule  magnets.  Recently  the  magnetic  properties  of  Dy-nitride
clusterfullerenes were investigated explicitly in a broad range of temperatures. For DySc2N@C80, the
intriguing process of quantum tunneling of magnetization was studied in detail for powder and single-
crystal samples with different dilution methods [2]. For Dy2ScN@C80, the coupling between two Dy ion
was of  the main interest.  Magnetic  studies of  this  compound revealed:  that  the quantum tunneling
process  is  effectively  suppressed  due  to  exchange  interactions  in  the  cluster;  that  above  60  K,
thermally-activated  relaxation  proceeds  via  the  fifth-excited  Kramers  doublet  with  the  energy  of
1735±21 K [3].

An  ultimate  case  of  magnetic  coupling  inside  the  fullerene  cage  was  recently  found  in
Dy2@C80(CH2Ph) [4] and Tb2@C80(CH2Ph) [5], members of a new di-metal endohedral fullerene family
with  a  single-electron  lanthanide-lanthanide  bond.  Giant  exchange  interactions  between  lanthanide
ions and the unpaired electron result  in  the single-molecule  magnetism with a  high 100-s  blocking
temperature of 18 K and 25.2 K respectively for Dy2@C80(CH2Ph) and Tb2@C80(CH2Ph).  
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DETONATION NANODIAMOND HYDROSOLS: RHEOLOGY AND
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Nanodiamonds  produced  by  detonation  (DND)  is  one  of  attractive  advanced  carbon
nanostructures  [1].  The  interest  in  DND  increases  rapidly  due  to  their  unique  properties,  such  as
nanosize, thermal conductivity, biocompatibility, high surface area, various surface modifications etc.
Pristine  commercial  DND  tend  to  form  clusters  and  aggregates  with  sizes  about  hundreds  of
nanometers. The most of practical applications require DND to be purified and deagglomerated [2].
The temperature annealing method [2] allows to produce individual DND particles of 4-5 nm [3]. This
particles  form  unusually  high  stable  hydrosols  and  show  sol-gel  transition  at  really  low  particles
concentration (about 5-6 wt%) [4]. Even more suspensions reveal the yield at concentration less than
1  wt%  [5].  Such  behavior  of  low  filled  suspensions  is  typical  for  fillers  with  high  aspect  ratio  and
cannot  be  easy  comprehended  for  DNDs.  To  explain  the  observed  effects  it  was  suggested  the
formation of chains and fractal structures of diamond nanoparticles in an aqueous medium leading to
an  increase  in  aspect  ratio,  “spongy”  percolation  network  formation  and  appearance  of  the  yield
stress. Such interactions are possible, due to non-symmetric shape of individual particle and electrical
double layer.

In  this  study  the  structural  organization  of  particles  in  an  aqueous  medium  is  considered,  a
pronounced  thixotropic  behavior  of  suspensions,  which  is  qualitatively  similar  for  particles  with
negative and positive electrokinetic potentials, is found as well. The structure of hydrosols studied by
various  methods  such  as  rheology,  X-ray  analysis,  dynamic  light  scattering,  transmission  electron
microscopy and cryo-electron tomography. The rheological behavior and possible mechanisms of sol-
gel transition depending on surface of DND particles is discussed.

This work partially supported by Russian Foundation for Basic Researches, project 18-29-19117
mk.

References
V.N. Mochalin, O. Shenderova, D. Ho, Y. Gogotsi. Nature Nanotechnology, (2012), 7, 11.1.
Detonation Nanodiamonds - Science and Applications. ed. A. Ya. Vul`, O. A. Shenderova, Pan2.
Stanford Publishing, (2013).
A.T. Dideikin, A.E. Aleksenskii, M.V. Baidakova, P.N. Brunkov, M. Brzhezinskaya,3.
V. Yu. Davydov, V.S. Levitskii, S.V. Kidalov, Yu. A. Kukushkina, D.A. Kirilenko, V.V. Shnitov,
A.V. Shvidchenko, B.V. Senkovskiy, M.S. Shestakov, A. Ya. Vul’. Carbon, (2017), 122, 737.
A.Ya. Vul’, E.D. Eidelman, A.E. Aleksenskiy, A.V. Shvidchenko, A.T. Dideikin, V.S. Yuferev, V.T.4.
Lebedev, Yu.V. Kul’velis, M.V. Avdeev. Carbon, (2017), 114, 242.
N.M. Kuznetsov, S.I. Belousov, D.Yu. Stolyarova, A.V. Bakirov, S.N. Chvalun,5.
A.V. Shvidchenko, E.D. Eidelman, A.Ya. Vul'. Diamond & Related Materials, (2018), 83, 141.



30

Or-05
Nanodiamond particles

Thermal conductivity of nanodiamond aqueous dispersions by thermal
lensing and heat flow techniques

Usoltseva L.O. 1 , Volkov D.S. 1 , Avramenko N.V. 1 , Korobov M.V. 1 , Proskurnin M.A. 1

usoltsevalilya@gmail.com
1 Department of Chemistry, M.V. Lomonosov Moscow State University, Moscow, Russia

Cooling is  one of  the  most  significant  and challenging heat-transfer  applications.  Conventional
heat transfer fluids such as water, lubricant oils and glycols have low thermal conductivities compared
to metal and metal oxides. Efforts are made to improve the performance of heat transfer systems by
adding  nano-sized  solid  particles  with  high  thermal  conductivity  to  base  fluids  [1-3].  From  the
practical  viewpoint,  it  is  important  to  get  a  stable,  chemically  inert,  and  environment-friendly
dispersion  (nanofluid).  As  the  latter,  nanodiamond  (ND)  aqueous  dispersions  can  be  used,  whose
thermophysical properties should be elucidated.

Accurate  measurements  of  the  fundamental  transport  property,  thermal  conductivity,  of
nanofluids is still a problem. The most commonly used, the hot-wire transient method needs a large
liquid  volume  and  the  accuracy  of  experimental  data  suffers  from  convective  effects  and  possible
presence of ions of conducting fluids. To overcome these limitations, a remote optical photothermal
detection  approach  can  be  used,  namely,  thermal-lens  spectrometry  (TLS).  It  is  based  on  the
formation  of  a  lenslike  element  (refractive-index  field)  while  heating  a  light-absorbing  sample  by  a
focused  laser  beam.  TLS  evaluates  thermal  diffusivity  from  the  transient  curve,  and  then  thermal
conductivity is assessed using the data on volume specific heat, which is readily obtained by DSC and
densitometry.  TLS may  provide  the  data  for  both  the  dispersed  phase  and  the  dispersion  medium,
simultaneously.  This  method  of  thermal-diffusivity  determination  based  on  finding  transient
characteristic time of thermal lensing was used for estimating thermal diffusivities of ND dispersions.
Thermal conductivity was also obtained directly by a more common heat flow steady-state technique
(a Fox 50 instrument).

Three different trademarks of ND (RUDDM, RDDM, and SDND) were selected as those forming
concentrated aqueous dispersions (up to 20%). Thermal diffusivity (by TLS), heat capacities, densities,
and  thermal  conductivities  were  determined.  We  observed  a  linear  dependence  of  density  on
concentration  and  a  decrease  of  specific  heat  of  aqueous  ND nanofluids,  the  latter  can  be  linearly
correlated  as  a  concentration  function  regardless  of  ND  type.  An  increase  (up  to  3%)  in  thermal
conductivity of RUDDM samples was observed. The differences and advantages of simultaneous use
of heat-flow and photothermal techniques will be discussed.

This work was supported by the RFBR grant 18-33-00586 mol_a.
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The  methods  of  controllable  and  uniform  formation  of  luminescent  centers  in  nanodiamonds,
particularly  nitrogen-vacancy  (NV)  and  silicon-vacancy  (SiV),  are  of  current  interest  in  relation  of
potential  application  of  emitting  nanodiamonds  as  optical  markers,  electric  and  magnetic  sensors,
single-photon emitters. For this purpose, we have developed HPHT synthesis of nanodiamonds from
its molecular analogue adamantane, controlling the size of crystallites in a wide range by changing a
temperature of  the synthesis  [1].  For NV and SiV formation in such nanodiamonds the mixtures of
admantane  (C10H16)  with,  respectively,  adamantanecarbonitrile  (C11H15N)  and  tetraphenylsilane
(С24H20Si)  have  been  used  as  precursors.  In  the  present  work,  the  luminescent  properties  of  two
samples synthesized at the N/C = at.0.1% and Si/C = at.0,0007% in the precursors were investigated.
The produced nanodiamonds were dispersed on glass substrates and individual crystals were studied
using  atomic-force,  confocal  luminescence  and  scanning  electron  microscopes,  as  well  as  the
Henbury-Brown-Twiss  interferometer.  It  was  found  that  nitrogen  and  silicon  are  fairly  evenly
distributed throughout the sample volume, luminescence was observed from all  crystallites,  and its
intensity increased with crystallite size. Measurement of the second-order correlation function g(2) for
the luminescence intensity of the smallest diamond crystallites (100–200 nm) showed that nitrogen-
doped nanodiamonds contain typically 1-2 color centers, and silicon-doped ones - about 10 centers.
The prospects for creating single photon emitters based on “organic” nanodiamonds are discussed.

This work was supported by the Russian Science Foundation (grant number 14-12-01329).
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We show that the content of nitrogen-vacancy (NV-) colour centers in the nanodiamonds (DNDs)
produced during the detonation of nitrogen-containing explosives is 2.4±0.3 ppm. This concentration
is  the  largest  known  for  nanodiamonds  of  size  <10  nm  with  artificially  created  NV-  centers.  The
concentration  was  estimated  from the  electron  paramagnetic  resonance  (EPR)  as  determined  from
the  integrated  intensity  of  the  g=4.27  line.  This  EPR  line  is  related  with  “forbidden”  ∆ms  =2
transitions between the Zeeman levels of a NV- centre’s ground triplet state.

Confocal  fluorescence  microscopy  enables  detection  of  the  broadband,  structureless,  red
photoluminescence  (PL)  of  the  NV-  colour  centers  in  nanoscale  DND  aggregates  formed  from  the
individual  5  nm  nanoparticles.  We  have  further  confirmed  the  detection  of  the  triplet  NV-  centers
through  the  observation  of  an  abrupt  drop  in  the  PL  intensity  when  an  external  magnetic  field  is
applied. When an external magnetic field is switched “ON” and “OFF”, an accompanying variation of
the PL intensity is observed (Fig.1), which results from the sensitivity of the NV- triplet ground state to
magnetic field and from the optically detectable magnetic resonance characteristic of the negative NV
charge state only. This effect is a unique feature of NV- centers, which cannot be observed for other
light-emitting  colour  centers,  in  the  visible  domain,  in  diamond.   The  application  of  this  effect  to
discriminate  ultra-small  DND  (size<10  nm)  in  biological  environment  with  large  autofluorescence
background is promising [1]. Such DND could also be used as point optical probes of high-resolution
nanoscale magnetic field sensing and all-optical magnetic imaging [2]. 

Fig.1. Photoluminescence intensity versus time of NV- centers in a single DND aggregate spincoated on a glass
coverslip in the presence or absence of an external magnetic field. Excitation laser wavelength: 532 nm. In absence

of external magnetic field (B=0) we observe only small changes of intensity, that might be due to the blinking of
some of the NV- color centers close to DND surface. When we apply a magnetic field we observe a large decrease of

the PL intensity.
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Carbon  nanoparticles  (CNPs)  –  nanodiamonds  (NDs)  and  carbon  dots  (CDs),  particularly  their
subspecies graphene oxides – have a characteristic broadband fluorescence. Due to this fluorescence
coupled with mechanical  stability,  non-toxicity,  and easily  modifiable surface,  CNPs can be used as
fluorescent biomarkers, drugs carriers, and adsorbents for biomedicine [1]. Results of many studies
indicate the surface origin of CNPs’ fluorescence, but the mechanisms of which yet is not fully known.
For both types of nanoparticles – NDs and CDs – the dependence on surface functionalization [2,3],
“red  edge”  effect  [4]  and  pH-dependence  [5,6]  of  their  fluorescence  was  shown.  Based  on  the
similarity of the mentioned characteristic and the fact that on the surfaces of NDs some sp2-hybridized
carbon is almost always present, it has been suggested that this non-diamond phase of carbon is the
source of surface fluorescence of NDs. However, the clear connection between the carbon phase and
fluorescence of carbon nanoparticles has not been established.

The  aim of  this  work  was  the  verification  of  the  theory  of  the  surface-“graphite”  origin  of  the
nanodiamonds’ fluorescence. To do this, the fluorescence of the aqueous suspensions of the following
carbon nanoparticles with different sp2/sp3 carbon hybridization ratio were studied:
Carbon dots (graphene oxides) (CD);
Nanodiamonds decorated with carbon dots (CDND);
CDNDs purified from sp2-hybridized carbons by different methods;
NDs as much as possible cleared of graphite carbon.

The  surface  properties  of  CNPs  and  their  relations  with  fluorescence  were  studied  by  the
methods of vibrational spectroscopy – confocal Raman and IR adsorption spectroscopies. The changes
of  the  fluorescence  of  CNPs  with  the  change  of  the  pH  of  the  suspensions  were  observed,  the
quantum  yields  of  their  fluorescence  were  calculated.  The  obtained  results  support  the  proposed
hypothesis.

This study has been performed at the expense of the Russian Science Foundation (grant number
17-12-01481) (A.L., T.D. – data acquisition, data analysis), Basis Foundation (A.V. – data processing).
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Paramagnetic  defects  induced  by  e-beam  irradiation  in  synthetic  Ib  type  high-pressure  high-
temperature  (HPHT)  micro-  and  nano-diamonds  were  studied  by  continuous  wave  (CW)  electron
paramagnetic resonance (EPR) spectroscopy at X-band (9.4 GHz), pulsed EPR at X- and Q-bands (34
GHz) and photoluminescence (PL) spectroscopies as a function of radiation fluences (up to 5×1019 e-

/cm2)  and  post-irradiation  thermal  annealing.  Increasing  fluence  causes  a  reduction  in  the  initial
content  of  substitutional  nitrogen  (P1  centers)  accompanying  by  a  progressive  formation  of
paramagnetic  negatively  charged  vacancies  (V-)  as  well  as  spin-triplet  interstitials  (R1/R2).  On
annealing of all the irradiated samples at 850 oC the contents of both V- and R/R2 drastically diminish.
In contrast, the contents of, mainly, the negatively charged nitrogen vacancy spin-triplet centers NV-

 (W15) as well as secondary spin-triplet centers (identified as W16, W17, W18, and W33) progressively
grow (cf. Fig. 1). For the annealed samples EPR spectra of so-called “forbidden” ΔMS = 2 electronic
spin transitions observed at  g  ≈ 4 (“half-field” EPR spectra)  allow for  quantification of  NV-  centers
providing contents  from 4 ppm for  the fluence to  5×1018  e-/cm2  to  12 ppm (5×1019  e-/cm2).  Further
annealing at 1400 oC significantly reduces the content of W17, W18, and W33 but not W15 and W16
defects. The efficacy of NV-  center fabrication and resulting “brightness” as a function of the e-beam
radiation fluence are also reported. Analysis of PL spectra provides for identification of color centers
in  the  irradiated  diamond  samples  and  tracking  their  evolution  on  annealing.  The  data  help  in
understanding the role of different factors affecting the formation of color centers in diamond toward
optimization of the fabrication protocols.

 Fig.1. Half-field CW EPR spectra of 5×1019 e-/cm2 electron irradiated samples before (black line) and after
annealing at 850 oC (red line). All spectra were recorded at room temperature (T = 295 K), PMW = 100 mW, Am = 0.1

mT, RG = 2×105, nacq = 25, n = 9.465 GHz (not annealed) and n = 9.417 GHz (annealed). Arrows point to
“forbidden” lines attributed to R1/R2 interstitial triplet centers (g = 4.64±0.01) as well as W15 (g = 4.27±0.01),

W33 (g = 4.25±0.01), W16 (g = 4.20±0.01), W17 (g = 4.18±0.01) and W18 (g = 4.15±0.01) centers.
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Gold and nanodiamond: new jewels for sensing, imaging, diagnostic and
drug delivery.
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Gold decorated nanodiamond could find numerous applications in the biological field. Thanks to
the  combination  of  the  astonishing  properties  of  both  components,  applications  may  range  from
optical labeling and imaging to molecular and drugs delivery and biosensing.

The use of AuNP-ND hybrid system was proven to be very effective in photoacoustic tomography.
Similarly, to the graphene energy absorbing capability, nanodiamond can amplify the photoacoustic
signal  of  the  gold.  Moreover,  the  quenching  of  the  ND  fluorescence  creates  an  energy  transfer
mechanism between the excited nanodiamond and the gold NP, capable to support this remarkable
amplification.

Gold decorated nanodiamond was successfully used as Surface Enhanced Raman Spectroscopy
(SERS) substrate showing excellent SERS activity mainly based on the charge transfer process.

This process is particularly advantageous in all cases of fluorescent substrates since the charge
or  energy  transfer  turns  off  the  fluorescence  allowing  the  acquisition  of  the  Raman  signal.
Furthermore,  as  in  the  case  of  the  photoacoustic  signal,  diamond  can  easily  dissipate  the  heat
developed by the irradiated metal, increasing the durability of the SERS substrate.

Another application of nanodiamond-gold hybrid system could be found in the delivery and label
of hydrophobic substances, mainly drugs. The diamond allows the transport of insoluble substances in
an aqueous environment, thus avoiding the use of potentially toxic solvents or surfactants. Moreover,
the  Au  strongly  improve  the  contrast  in  electron  microscopy  images  allowing  better  detection  of
nanoparticles inside the cellular system.

This  review  describes  the  techniques  used  for  the  synthesis  of  these  materials  and  a  critical
discussion of some recent results on their application will be done. As examined, the synergy between
the  two  particles  is  particularly  evident  in  the  improvement  of  the  plasmonic  and  photoacoustic
properties  of  the  gold.  In  addition,  the  catalytic  and  sensor  activity  of  the  hybrid  system  show
peculiarities not found in the individual components alone.
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 Composite proton-conducting membranes with nanodiamonds
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Perfluorinated proton-conducting membranes have great opportunities for the use in hydrogen
fuel cells. Short side chain membranes are of special interest due to their high performance in wide
temperature range. Various types of modifications are also being applied to improve the membranes
properties [1].

The development of new type of composite membranes based on a polymer matrix modified by
particles  of  functionalized  detonation  nanodiamond  (DND)  will  provide  an  increase  in  proton
conductivity  in  combination  with  greater  strength  and  temperature  stability  of  the  membrane
characteristics (the key problems of membrane materials). The authors have developed methods for
preparing nanodiamonds as perfect crystals (sp3-hybridization) with negative ζ-potential in hydrosols,
without  surface  regions  with  sp2-hybridized  carbon  atoms.  This  makes  possible  to  regulate  the
ordering  of  nanodiamond  ensembles  in  the  resulting  polymer  matrix  during  the  sublimation  of  the
solvent  from  the  layers  of  the  solution  with  the  polymer  and  diamond  components  during  the
preparation of membrane films by casting from solution.

The  experimental  results  obtained  by  proton  conductivity  and  mechanical  strength
measurements, small and very small neutron scattering (SANS and VSANS), atomic force microscopy
are discussed.

The work was supported by Russian Foundation for Basic Research (grant No 19-03-00249).

Fig.1. SANS on dry membranes with incorporated DND particles.
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Lateral boron doped diamond nanowires, properties, performance and
prospects for quantum technologies.
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Electronically active low dimensional structures have been made in a variety of material systems,
while quantum dot like defects in diamond are a huge field of study, lateral nanowire structures are
yet  to  draw  such  attention.  Nanowires  in  other  material  systems  have  been  investigated  in
applications as varied as quantum computing, chemical or optical sensing and power electronics to
name but a few.

 
By  utilising  a  mix  of  additive  and  subtractive  processing  a  novel  lateral  diamond  nanowire  is

fabricated and characterised. The substrate and foundation for this nanowire is a highly boron doped
diamond epilayer (10E20 boron/cm^3), grown on high purity insulating single crystal CVD diamond
epi layer. The dopants are confined spatially in a 1-2nm region, this delta function like distribution can
be  shown  to  have  similar  electronic  properties  to  a  bulk  doped.  The  ∂-doped  epi-layer  is  then
patterned  and  etched  to  leave  wires  with  width  dimensions  on  the  order  15nm  and  arbitrary
controllable lengths. In this talk we will discuss the transport mechanisms and phenomena observed,
as well as showing novel field effect transistors utilising a varying number of these wires to achieve
high current handling and demonstrate the scalability of this unique technology.

SEM, AFM and SIMS profiles of nanoscale boron doped diamond processed into novel low dimensional structures
for advanced technology.
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Microcapacitors based on fluorinated graphene films
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Graphene materials have been ideal material platform for constructing flexible electronic; its 2D
structure,  high  specific  area  and  good  conductivity  are  attractive  for  energy  storage  devices.  The
fluorinated graphenes with composition C2F were synthesized using low temperature fluorination by
BrF3 from natural graphite. Suspension of fluorinated graphite in toluene was used to produce films
having  a  thickness  of  1  -  10  µm.   The  UV  radiation  treatment  of  film  surface  performed  local
conversion of fluorinated graphene to graphene. Depending on irradiation conditions, it is possible to
vary  functionalization  degree  of  the  resulted  graphene  material.  The  almost  complete  removal  of
fluorine atoms of surface layer of films was achieved using focusing radiation of low power laser (l =
380  nm).  Produced  electrode  material  with  high  electrical  conductivity  and  flexibility  is  useful  for
energy storage devices without binders or conductive additives. We reveal an influence of structural
features and functional composition of graphene material on electrochemical performance of in-plane
supercapacitors. Pattern of microelectrodes was drawing by UV laser and supercapacitors properties
of these elements were measured for different acid electrolytes. Obtained materials showed tunable
electrochemical  performance,  which reaches  1.5  mF/cm2  at  rate  0.8  mV/s.  The change of  chemical
states  of  capacitor  surface  under  electrical  charging  was  controlled  by  XPS  and  NEXAFS  in  situ
measurements. We reveal an influence of structural features and functional composition of graphene
material on electrochemical performance of in-plane micro supercapacitors.
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Carbon-metal endohedral structures synthesized by pyrolysis
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Prospects  of  creation  of  new  type  materials  composed  of  endohedral  molecular  cells  which
provide  saving  native  physical  and  chemical  properties  of  encapsulated  metal  atoms  of  rare  earth
elements are discussed. In connection with this, recent results concerning synthesis, functionalization
and structural features and behaviors of endofullerenes and derivatives in solutions are presented as
well  as  the  data  of  physical-chemical  researches  and  neutron  scattering  experiments  showed  self-
assembly  phenomena  of  endohedral  molecular  objects.  In  comparison  to  aforesaid  material,  the
alternative  metal-carbon  systems  prepared  from  metal-organic  compounds  by  pyrolysis  should  be
considered  as  evolved  from  molecular  crystals  to  delicate  matrices  incorporating  metal  atoms  or
groups  along  with  a  formation  of  local  atomic  graphite-like  order  at  the  level  of  tiny  globular
structures observed by transmission electron microscopy and X-ray diffraction (Fig. 1). Forthcoming
principles  of  preset  designing  of  endohedral  materials  are  under  development  and  application  for
some model systems.

The  work  was  supported  by  Russian  Foundation  for  Basic  Researches  (grant  №  18-29-19008,
18-32-00500)

Fig. 1. High-resolution TEM image of core-shell structure prepared by pyrolysis of yttrium bis-phthalocyanine
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Two photon fluorescence of the hollow spherical carbon nitride
nanostructures
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Recently graphitic  C-N materials,  including graphitic  C3N4  (g-C3N4),  has become the hotspot in
the materials science for its unique electronic structure. With medium band gap as well as thermal
and chemical stability in ambient environment, it becomes one of the most promising photocatalytic
materials  [1].  In  addition,  considerable  attention  has  been  paid  on  its  photoelectronic  application,
such as light emitting device, photocathode, optical sensor, etc. [2]. Later it was found some times ago
that graphitic modifications of C3N4 were extremely fluorescent under laser irradiation [3, 4].  It was
demonstrated that that the intensity of the fluorescence depends on the nanostructure of the carbon
nitrides: at the maximum it is more than two orders as high for carbon nitride spheres as for graphitic
carbon nitride particles [5].   The record high value of the fluorescence quantum yield (QY), up to 32%
at excitation 532 nm and 38% at excitation 633 nm. was attributed to the spherical shape of this form
of carbon nitride (s-C3N4 structures) [5]. It was also found that fluorescence excited in s-C3N4 has the
high intensity of the anti-Stokes fluorescence.

The aims of this report is to study non-linear effect of the pulsed laser excitation with different
graphitic  C3N4  structures  including  s-C3N4  structures  and disordered graphitic  C3N4  (g-C3N4)  on  the
anti-Stokes fluorescence.  In summary, experimental studies, conducted recently, demonstrated that a
difference of the fluorescence intensity of different modifications of g-C3N4  materials could be more
than  two  orders.  Physics  of  these  phenomena  is  not  understood.  Because  of  extremely  high
fluorescence  and a high two-dimensional  rigidity  of  carbon nitride materials  studying effect  of  the
crystal  structure,  nano  and  bonding  on  the  optical  properties  of  these  materials  should  result  in
finding novel photonic materials with highest three or two-dimensional elastic moduli and extremely
high fluorescence.
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Charge transport in composites with 2D, 1D and 0D carbon
nanostructure fillers
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One of the great achievements of nanoscale science is the development of large scale synthesis of
2D  (graphene),  1D  (carbon  nanotubes)  and  0D  (fullerenes  and  nanodiamonds)  carbon-based
nanostructures (CBNs). The CBNs as fillers allow the synthesis of composites with various matrices
improving their electrical, mechanical and thermal properties.

In this presentation, the analysis of the electrical conductivity of composites (preferentially using
SU-8 negative photoresist as matrix) with 2D, 1D and 0D CBN fillers is studied both experimentally
and theoretically. The charge transport was investigated as a function of filling factor, temperature,
size distribution of CBNs and hydrostatic pressure.

In all cases, it is primordial to closely control the distribution of the CBNs in the matrix, in order
to properly describe the charge transport from tunneling processes to percolation, from hopping to
power-law behavior. Especially is interesting the effect of applied pressure on the composites where
the increase of the effective dielectric permittivity improves the screening of the Coulomb interaction
and reduces the optimal hopping distance of the electrons[1-4].

 The advancement in the development of these exceptional functional composites with CBNs will
be illustrated by macroscopic or lithographically defined structures.

Acknowledgment.  This  work  was  performed  in  collaboration  with  Claudio  Grimaldi,  Maryam
Majidian, Peter Matus, Arnaud Magrez, Vladimir Kuznetsov and many others. The financial support of
the Swiss National Science Foundation is acknowledged.
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Percolation phenomena in nanocarbon composites
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Nanocarbon  composites  present  a  new  type  of  nanomaterials  consisted  of  electric  conducting
carbon nanoparticles and a non-conducting matrix. A typical example of such composites is a polymer
matrix doped with carbon nanotubes (CNT) [1]. Due to a high aspect ratio of nanotubes insertion of
very small quantity of CNT (on the level of 0.01%) promotes the percolation transition resulting in an
enhancement  of  the  conductivity  of  the  material  by  10  –  12  orders  of  magnitude.  Another  type  of
nanocarbon composite is a film consisted of partially reduced graphene oxide produced as a result of
thermal  reduction  of  graphite  oxide  material  [2  –  4].  Distinctive  peculiarity  of  both  types  of
nanocoposites  relates  to  the  dependence  of  the  specific  resistivity  of  the  materials  on  the  applied
voltage [4 -  6]. Such a behavior caused by non-ideal contacts between neighboring carbon particles
involving into the composite. The resistance of this contact depends drastically on the intra-contact
field,  which promotes the dependence of  the material  resistivity  on the applied voltage.  The model
description  of  such  a  non-linear  dependence  has  been  presented.  The  calculation  results  are
compared  with  both  literature  data  and  the  measured  data  obtained  for  reduced  graphene  oxide
thermally treated at various temperatures.

This work is supported by the state tasks No..3.1414.2017/4.6 and 3.7131.2017/6.7.
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Raman study of gradient polypropylene composites filled with carbon
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Functionally graded materials are currently in the focus of multidisciplinary research in materials
science [1-4].

In the present work, gradient composites of polypropylene (PP) filled with 7.5-15 wt.% of CB have
been  studied.  The  composites  were  prepared  by  a  special  procedure  providing  the  enrichment  of
surface with conducting CB particles.

     The effect of surface layer enrichment of polymer composites with CB has been investigated
with the aid of Raman spectroscopy (λexc = 785 nm). The Raman spectra of studied samples were
completely dominated by the bands G and D of the filler CB particles over PP bands. The increase of
the incident  laser  power above 10 mW has led to  corresponding growth in  the temperature of  the
composite resulting in the melting of PP matrix, since CB particles strongly absorb in the NIR spectral
region.  Therefore  only  laser  powers  below  10  mW  with  laser  focusing  on  the  very  surface  of  the
sample have been employed during Raman measurements.

     For Raman study small-sized samples were cut out from hot-pressed composites normally to
the  pressing  surface  and  flattened  using  sledge  microtome.  This  geometry  of  samples  gives  the
possibility to characterize concentration gradient of carbon filler in polymer matrix while scanning of
laser beam in the direction, perpendicular to pressing surface. The spectra were run in multiple points
with an incremental step of 5-10 mcm. It has been found that integral intensity of G and D Raman
bands of CB was relatively constant and low in points situated far from the sample surface but showed
a  gradual  increase  and  growth  in  close  proximity  to  the  surface  layer.  Thus  the  growth  of  CB
concentration in the vicinity of the composite surface has been confirmed. Surface concentration of
CB was estimated on the basis of calibration dependence. The linear dependence of Raman integral
intensity  of  CB  signal  on  filler  concentration  was  obtained  for  the  samples  with  constant  filler
concentration  in  polymer  matrix.  The  reproducibility  of  data  obtained  was  due  to  uniform samples
surfaces, prepared with the help of sledge microtome, and constancy of all the parameters for Raman
spectra measurements.

   Other peculiarities of Raman measurements on carbon/PP gradient composites will be reported
and discussed.

This work was supported by RFBR  grant № 18-29-19112
 

References
M. Naebe, K. Shirvanimoghaddam, Applied Materials Today (2016) 5,  223.1.
K. Claussen, T. Scheibel, H-W. Schmidt, R. Giesa, Macromol. Mater. Eng. (2012) 297, 938.2.
Almasi, M. Sadeghi, W. Lau, F. Roozbahani, N. Iqbal, Mater. Sci. Eng. C. (2016) 64, 102.3.
R. Parihar, S. Setti,  G. Srinivasu R.Sahu, Sci. Eng. Compos. Mater. (2018) 25, 309.4.



44

Or-19
Biomedical applications

The biodegradation of fullerene C60 by human enzyme myeloperoxidase
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The drug without the knowledge of its fate in the organism is nothing. Although fullerene C60 is of
particular interest among other carbon nanostructure’s, data on its transformations in mammals are
virtually  absent.  Attempting  to  find  the  possibility  of  degradation  of  fullerene  C60  by  mammalian
enzymes, we have selected myeloperoxidase (MPO), which is one of the key components of the innate
immune system of mammals and ensures neutrophil activity against foreign agents. Fullerene (Neotec
Product, Russia, 99%) was used as nanoC60 prepared by the solvent-exchange method (a light yellow
solution with a particle size ranging from 130 to 390 nm and a zeta potential of –30 mV). MPO was
isolated  from the  extract  of  frozen  HL-60  cells  and  purified  by  affinity  chromatography’s,  and  this
allowed  to  obtain  a  homogeneous  product  with  a  high  specific  activity.  The  nanoC60  solution  was
incubated at 37oC in the presence of 100 nM MPO in 150 mM NaCl, adding hydrogen peroxide daily
to  a  final  concentration  of  50  μM.  The  selected  time  and  concentration  mode  of  adding  hydrogen
peroxide does not inactivate the enzyme, i.e., provided a stable formation of HOCl. The monitoring of
changes of the reaction mixture showed that, during the first two days of incubation in the presence
of MPO the yellow solution became colorless. In the UV spectra of the reaction mixture, the intensity
of  the  peak  at  333–335  nm  decreases  over  time  until  the  complete  disappearance.  The  IR
spectroscopy  data  showed  that  the  signals  characteristic  of  the  unsubstituted  fullerene  core  C60

disappeared 3 days after the addition of hydrogen peroxide. The mass-spectra of the reaction mixture
on the 5-6 days contained no fragments with the molecular weights of 720 and above, which, in turn,
indicates the degradation of core [1]. In the methyl tert-butyl ether extract of reaction mixture of the
5th  day  by  chromato-mass-spectrometry  were  detected  the  present,  among  others,  of  the  following
compounds,  namely  4-methylheptan-2-on,  3-methylbensaldehyde,  4-ethyl-1,3-benzenediol,  4-
hydroxy-4-methylpentan-2-on  and  2,2,4,4-tetramethyltetrahydrifuran.  Thus,  we  for  the  first  time
demonstrated the  principal  possibility  of  biodegradation  of  fullerene C60  molecule  using the  human
neutrophil  enzyme  MPO.  This  process,  unlike  other  examples  of  the  biological  modification  of
fullerenes, leads to a complete loss of the fullerene molecule topology.
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Carbon nanoparticles as carriers for medical radionuclides
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Due to the distinctive physicochemical and biological properties that arise at the nanoscale, as
well  as  a  unique  set  of  properties  with  respect  to  other  nanoparticles,  nano-diamonds  (ND),  multi-
walled  nanotubes  (MWNT)  and  graphene  oxide  (GO)  can  be  used  as  carriers  of  radionuclides  in
radiopharmaceuticals (RP). The creation of RP based on ND, MWNT and GO particles with a modified
surface implies the possibility of obtaining nanoparticles with adjustable size and controllable rate of
desorption of a radionuclide in the body, sorption of radionuclides in various chemical states, keeping
them on the surface and ensuring targeted delivery [1].

99mTc, 223Ra, 213Bi and 211Pb are ones of the most widely used and researched radionuclides in the
SPECT-diagnosis and alpha-therapy of cancer, cardiovascular and many other diseases [2, 3].

The samples of carbon nanoparticles obtained in the work were characterized by the methods of
transmission  electron  microscopy,  infrared  spectroscopy,  X-ray  photoelectron  spectroscopy,  Raman
and  dynamic  light  scattering.  The  sorption  properties  of  the  obtained  samples  of  carbon
nanomaterials  with  respect  to  99mTc,  223Ra,  213Bi,  and  211Pb  on  various  types  of  ND,  MWNT and  GO
surfaces  were  studied.  Complete  extraction  of  99mTc,  213Bi,  and  211Pb  from an  aqueous  solution  in  a
physiologically  acceptable  pH  6-7.4  within  5-30  minutes  was  established  [4].  Several  samples  with
adsorbed radionuclides washed in saline were found to be stable during the day.

The  results  show  the  promise  of  using  carbon  nanoparticles  as  radionuclide  carriers  in
composition of modern radiopharmaceuticals.

This work is supported by the Russian Science Foundation (project № 18-13-00413).
References

K. Chow, X.-Q. Zhang, M. Chen, R. Lam, E. Robinson, H. Huang, D. Schaffer, E. Osawa, A. Goga,1.
D. Ho, Nanodiamond Therapeutic Delivery Agents Mediate Enhanced Chemoresistant Tumor
Treatment, Sc. Transl Med (2011) 3, p. 73ra21.
Banerjee, M.R.A. Pillai, N. Ramamoorthy, Evolution of Tc-99m in diagnostic2.
radiopharmaceuticals, Seminars in nuclear medicine(2001) 31(4), p. 260.
L. Garashchenko, V.A. Korsakova, R.Y. Yakovlev, Radiopharmaceuticals based on alpha emitters:3.
preparation, properties, and application, Physics of Atomic Nuclei (2018) 81(10), p. 1515.
L. Garashchenko, N.N. Dogadkin, N.E. Borisova, R.Y. Yakovlev, Sorption of 223Ra and 211Pb on4.
modified nanodiamonds for potential application in radiotherapy, J Radioanal Nucl Chem
(2018)318(3), p. 2415.



46

Or-21
Biomedical applications

Nanodiamond and cellulose: a technological liaison for restoration
methodologies

Palmieri Elena 1 , Cicero Cristina 2 , Mercuri Fulvio 2 , Zammit Ugo 2 , Orlanducci Silvia 1

palmieri.ele@hotmail.it
1 Department of Chemistry Sciences, Univ. degli Studi di Roma Tor Vergata, Rome, Italy
2 Department of Industrial Engineering, Univ. degli Studi di Roma Tor Vergata, Rome, Italy

The interest of the scientific community in nanodiamond is related to its many features, which
mainly  derive  from  its  structure  and  composition,  explaining  its  possible  employment  in  the
Restoration and Conservation of Cultural Heritage.

The  conservation  science  requires  expertise  ranging  from  the  humanities,  to  the  physics  and
chemistry. The composition of the artwork as well as its preservation state determine the protocol to
be  followed  and  the  materials  to  be  used  for  an  effective  restoration  treatment.  Amongst  the
nanomaterials that have been proposed, in the form of dispersions of nanoparticles, micellar solutions,
microemulsions and gels, nanodiamond (ND) represent nowadays one of the most exciting material to
be used in the field of cultural heritage. The use of nanocomposites diminishes the impact on both the
operators and the environment because of a reduced use of chemicals with respect to the materials
traditionally  employed.  At  present,  the ND obtained by detonation of  explosive material  constitutes
the  most  interesting  and  studied  form  of  nanodiamond,  also  thanks  to  the  low-cost  process  of
production that leads to a high-quality material. ND are structured in a core-shell configuration, being
composed by a diamond core with a rigid lattice structure surrounded by an amorphous sp2 carbon
shell composed by one or more layers of fullerene. The unique surface chemistry is the peculiarity that
characterizes  the  ND  with  respect  to  other  carbon  nanostructures,  making  it  possible  to  perform
chemical  manipulation,  without  compromising  the  properties  of  the  diamond  core,  thus  explaining
their application in many fields among which for instance cultural heritage.

The  application  of  nanodiamond  composites  and  dispersions  as  consolidating  agents  for
parchment substrates has been studied. Different nanocomposites and dispersions based on ND have
been tested showing very promising results and making ND a high-performance additive in the field of
restoration.  The  short-  and  long-term effect  of  ND treatment  on  parchment  has  been  evaluated  by
analysing the collagen denaturation temperature, measured by the Light Transmitted Analysis (LTA),
compared  to  the  one  observed  in  non-ND-treated  parchment.  ND  composites,  at  certain
concentrations, seem to improve the structural stability of the collagen networking, slowing down the
effects of ageing.

The  use  of  nanodiamond  dispersions  has  shown  to  be  effective  in  contrasting  the  thermo-
hygrometrically  induced  ageing  and  in  reducing  the  negative  effects  promoted  by  employment  of
traditional  materials  for  consolidating  purpose,  such  as  Klucel  G.  (hydroxy  propyl  cellulose).
Therefore,  nanodiamond  has  confirmed  itself  to  be  a  promising  material  to  be  applied  to  the
Restoration and Conservation of Cultural Heritage.
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Review of the development of molecular design and the results of studies of hybrid structures of
nanodiamonds  associated  with  molecular  objects  (polymers,  fullerenes,  diphthalocyanines  of  rare
earth elements) has been presented to demonstrate a variety of new hybrid molecular structures to be
introduced in biomedicine for diagnostics and therapy of socially significant diseases. It seems very
attractable  and  profitable  in  practice  to  apply  paramagnetic  rare  earth  atoms  (Gd,  Ho,  Pr  etc.)
integrated  into  endofullerenes  and  diphthalocyanines  to  accelerate  strongly  a  transversal  spin
relaxation  of  surrounding  protons  in  biological  tissues.  This  may  be  promising  to  create  effective
prototypes  of  contrasting  agents  for  Magneto-Resonance  Imaging  when  these  nanostructures  are
modified with hydrophilic groups to get a good solubility in aqueous biological media. Along with a
substantial enhancement of the relaxivity by one order in magnitude these substances allow minimize
the risks of hazardous pollution of biological medium by heavy toxic atoms from the complexes during
medical  tests.  It  is  achieved by means of  the encapsulation of  magnetic  atoms into durable carbon
cage of fullerene being resistant to chemical attacks in processes of metabolism of living organisms.
On the other hand, the other kind of new structures based on nanodiamonds modified by rare earth
elements  have  been  tested  to  observe  a  luminescence  induced  by  X-ray  exposing.  The  latter  is
considered  as  a  way  to  enhance  greatly  the  abilities  of  photodynamic  therapy.  In  this  method  a
photosensitizer is excited by laser to generate very cytotoxic singlet oxygen breaking the tumor cells.
The proposed X-ray  luminescent  structures  are  considered as  very  important  to  realize  a  desirable
application  of  photodynamic  therapy  for  deep  lying  tissues  that  remains  still  not  possible  or
complicated  for  standard  method  based  on  laser  excitation  of  photosensitizers.  The  designed
composites have been studied by Dynamic Light  Scattering and Neutron Small-Angle Scattering to
analyze their structures and self-assembly in aqueous solutions.
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A  formula  for  complex  conductivity  of  monolayer  graphene  was  derived  in  [1].  The  graphene
membrane irradiated by the weak time-periodic electric field in the terahertz range was considered
there  to  this  aim.  The  method  of  the  proof  was  based  on  the  study  of  the  time-dependent  density
matrix. The exact solution of the von Neumann equation for density matrix was found within the linear
approximation  on  external  field.  The  induced  current  was  calculated  and  then  the  formula  for
quantum  complex  conductivity  as  a  function  of  the  external  field  frequency,  Fermi  energy  and
temperature was derived. The found formula for quantum complex conductivity allowed us to obtain
also the formulae for inductance L and capacitance C and to show that the graphene membrane was a
 kind of the resonant circuit near the Dirac point. We show that the found in [1] real and imaginary
parts  of  complex  conductivity  obey  the  Kramers-Kronig  (KK)  dispersion  relations.  We  find  a  deep
relation  between  the  graphene  optical  conductivity  peculiarities  and  Zitterbewegung  (ZB).  ZB
("trembling motion"  from German)  is  a  fast  oscillating motion of  elementary particles,  in  particular
electrons that obeys the Dirac equation. ZB phenomenon was first predicted by Erwin Schrödinger in
1930 [2] as a result of his analysis of the wave packet solutions of the Dirac equation for electrons in
free space. He concluded that the interference between positive and negative energy states produced
what  appeared to  be  a  fluctuation  (at  the  speed of  light)  of  the  position  of  an  electron  around the
mean value with  an angular  frequency of  2mc2  /h.  ZB of  a  free  relativistic  particle  has  never  been
observed because of  the huge value of  the trembling frequency.  However,  graphene with  its  Dirac
states  near  the  K  and  K’  critical  points  is  an  ideal  test  area  to  simulate  many  of  the  quantum
electrodynamics  phenomena.  In  particular,  ZB  was  shown  in  [3]  to  exist  in  graphene  with  the
trembling frequency realistic to be measured. Also we see that the complex conductivity obtained in
[1]  has  a  ωresonance  at  the  frequency,  which  coincides  with  the  ZB  one   calculated  in  [3]  for
monolayer  graphene.  On  the  other  hand  we  show  that  the  resonance  frequency  can  be  expressed
through the introduced in [1] values for the graphene inductance and capacitance. So we see that it is
just ZB, which determines conductivity dynamics in the vicinity of the Dirac point. So we can say that
the main sense of the formula for complex conductivity in the vicinity of the Dirac point is ZB. We see
also  that  the  value  of  ZB  frequency  is  related  with  the  found  magnitudes  of  the  inductance  and
capacitance by Thomson’s formula i.e .ωBZ =(LC)-1/2 .
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At  the  heart  of  the  controversy-plagued  discussions  of  the  mechanism  and  efficiency  of  the
oxygen  reduction  reaction  is  the  identification  of  the  active  sites  in  electrocatalysts  ranging  from
carbon  blacks  to  graphene  nanoribbons  and  heat-treated  phthalocyanines.  The  symptomatic
distinction between the two-electron and the four-electron process points to the dissociation of O2 as
the central issue. Here we use the heretofore unrecognized resolution of this dichotomy in gas-phase
oxidation of graphene-based materials (e.g.,  coal combustion) – where the production of CO2  or CO
has  long  been  of  both  practical  and  fundamental  importance  –  to  identify  the  electrocatalytically
active sites. Our computational results, using density functional theory, are presented and compared
with abundant experimental evidence on the behavior of pristine graphene as well as its N-, B- and
transition-metal-doped  counterparts.  Electron  transfer  readily  occurs  through  a  carbene-type  site
upon  O2  chemisorption  on  the  zigzag  edge.  Whether  dissociation  occurs  hinges  on  proton  transfer
occurring  either  before  or  after  the  triplet-to-singlet  stabilization  of  a  peroxy-type  surface
intermediate.
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The graphene synthesis  on low-cost  cubic-SiC/Si(001)  wafers  represents  a  realistic  method for
mass production of graphene layers suitable for electronic applications and compatible with existing
silicon  technologies.  The  graphene  grown  on  such  substrate  typically  exhibits  nanometer-sized
domains with different lattice orientations [1]. Here we present the in-situ investigation of layer-by-
layer graphene growth on the cubic-SiC/Si(001) wafers. The measurements were performed by means
of a number of methods: scanning tunneling microscopy with atomic resolution, low-energy electron
microscopy  (LEEM),  high-resolution  laterally-resolved  X-ray  photoelectron  spectroscopy  (µ-XPS),
angle-resolved photoelectron spectroscopy (µ-ARPES), and micro low-energy electron diffraction (µ-
LEED)  [2].  The  experimental  data  evidence  the  opportunity  to  control  the  local  thickness  of  the
graphene  overlayer  on  the  silicon  carbide  substrate  in-situ  during  UHV  synthesis.  Significantly,
presented data  disclose  the mechanisms of  the surface transformation and layer-by-layer  graphene
growth on cubic-SiC/Si(001) in UHV at high temperatures. Finally, we will briefly report the electronic
structure,  transport  and  magnetic  properties  of  such  continuous  and  uniform  nanostructured  few-
layer graphene with self-aligned nano-domain boundaries synthesized by the method above [1-3].

            This work was carried out within the state task of ISSP RAS and supported by the Russian
Foundation for Basic Research (Grant Nos. 17-02-01139, 17-02-01291).
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The increasing progress in the study of pristine and chemically derived graphenes led to arising
of  new  subclass  of  graphene  materials,  functionalized  graphenes  (FGs).  These  are  the  conductive
graphene  layers  decorated  with  the  certain  types  and  amounts  of  functional  groups.  Owing  to  the
presence of these functionalities, FGs exhibit new electronic properties and can be easily grafted with
various  moities.  All  this  makes  FGs  to  be  perfect  candidates  for  a  large  field  of  applications:  gas
sensing, biosensing, formation of photovoltaic and optoelectronic devices.

In this study we present our results on the synthesis, physical properties and application of three
different  FGs.  Carboxylated  (C-xy)  graphene  was  synthesized  via  photochemical  modification  of
graphene  oxide  (GO)  films  [1].  By  the  means  of  various  spectroscopy  methods  and  electron
microscopy it is demonstrated that C-xy graphene is presented by perforated graphene layers grafted
with  up  to  11  at.%  of  carboxyl  groups  [2].  The  valence  band  structure  and  work  function  of  C-xy
graphene is determined to significantly differ from the ones in pristine graphene. Further studies has
shown that  grafting  of  C-xy  graphene with  aptamers  can  be  performed,  allowing manufacturing  of
viral biosensors. The second FG, carbonylated (C-ny) graphene with up to 11 at.% of carbonyl groups
was synthesized via wet-chemistry GO modification [3]. This FG exhibits low conductivity and highly
defective structure. Nevertheless, C-ny graphene is determined to be an efficient frame for obtaining
luminescent  films  by  non-covalent  bonding  with  lanthanide  β-diketonate  complexes.  Aminated
graphene (Am) with up to 5 at.% of amine groups is a third member of CFs family obtained via the
two-step liquid phase GO reduction. The presence of amines is shown to allow Am graphene grafting
with fullerenes or dyes. Considering high conductivity of up to 280 S/m this makes Am graphene to be
a perfect candidate for formation of various optoelectronic devices and photovoltaic systems.

Thus, FGs appears to be a versatile platform for the formation of graphene-based structures and
rigorous study of graphene physical properties. At the same time, only the initial steps are done in this
field and synthesis of new types of FGs is of a high interest nowadays.

The  presented  work  was  financially  supported  by  the  Russian  Foundation  for  Basic  Research
(grant no. 18-29-19172). The experiments were carried out on the equipment of the Joint Research
Center  “Materials  science  and  characterization  in  advanced  technology”  and  the  Unique  Scientific
Equipment “Kurchatov Synchrotron Radiation Source”.
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Each  year  demand  for  stable  and  powerful  electrochemical  sources  is  growing  rapidly.  New
materials  are  being  developed  to  increase  stability  and  specific  capacitance  of  electrochemical
resources.  Doping  electrodes  with  other  during  fabrication  or  as  a  post  treatment  can  become  an
alternative to existing techniques. In this study, we investigate incorporation of nitrogen and oxygen
atoms   inside  graphene  and  highly  oriented  pyrolytic  graphite.  For  doping  we  use  DC  plasma  in
various atmospheres. Structural characteristics of the samples were analyzed by Raman and  X-ray
photoluminescence  spectroscopies.  The  obtained  data  demonstrate   incorporation  of  about  3  at,  %
nitrogen in carbon lattice. These values influence the capacitance of energy sources dramatically. The
capacitance  of  the  sample  has  increased by  the  order  of  6  and reached 600 F/g.  These  values  are
close to the best-achieved results. Incorporation of nitrogen and oxygen has been explained by DFT
numerical  simulation[1].  They were performed in VASP (Vienna Ab initio Simulation Package) code
and  ORCA  software.  DFT  simulation  results  are  in  a  good  agreement  with  experimental  data.  DC
Plasma  post  treatment  of  carbon-based  structures  can  be  used  for  improvement  of   the  specific
capacitances  of  electrodes.  Scalability  of  the  process  allows  mass  production  of  electrodes  for
supercapacitors. 

This work was supported by Russian Foundation for Basic Research 17-08-01414 A.
References

1. Evlashin, S. et. al. N-Doped Carbon NanoWalls for Power Sources. Scientific reports, 2019, In
Progress



53

Or-28
Carbon Nanostructures

Influence of molecular oxygen on oriented and mismatched graphene on
Co(0001)

Shevelev V.O. 1 , Bokai K. A. 1 , Vilkov O. Yu. 1 , Usachov D. Yu. 1

victorshevelev@yandex.ru
1 Saint Petersburg State University, Saint Petersburg, Russia

One of the most used method of epitaxial growth of graphene on transition metal surfaces is a
chemical  vapor  deposition  (CVD).  It  allows  to  product  highly  uniform  films  with  large  area.  The
interface  of  graphene  with  metals  has  a  huge  potential  to  realize  spin-polarizing  device  contacts,
magnetism and superconductivity. Though, the strong interaction in most graphene-metal interfaces
breaks  the  characteristic  linear  π  bands  of  graphene that  give  rise  to  high-mobility  massless  Dirac
quasiparticles.  Intercalation  of  atoms  or  molecules  in  between  graphene-metal  interfaces  can
decrease  this  interaction  and  still  remains  in  focus  of  research.  There  are  a  number  of  works
dedicated  to  investigation  of  oxygen  intercalations  in  the  cases  of  graphene  on  Ru,  Cu,  and  Ir
substrates,  characterized  by  weak  interaction  between  graphene  and  substrate.  The  other  notable
interface  is  graphene/Ni(111).  Recent  findings  showed  that  oxygen  intercalation  of  this  interface
clarify the role of rotated domains in intercalation process [1]. Likewise, intriguing interface for spin-
based  devices  is  graphene/Co(0001)  [2].  Here  oriented  graphene,  in  contrast  to  one  on  Ni(111)
surface, possess strong sublattice asymmetry [3] which may affect the adsorption and intercalation of
oxygen. Nevertheless, this topic has not received any attention yet.

Herein,  we  demonstrate  comprehensive  study  of  intercalation  of  oriented  and  misoriented
graphene on Co(0001) with molecular oxygen. We have found, that in both cases annealing of samples
in oxygen atmosphere leads to intercalation of oxygen atoms under graphene which results in notable
weakening of the interaction between graphene and substrate. In the case of misoriented graphene
oxygen  intercalation  was  accompanied  by  termination  of  graphene  domain  boundaries  by  oxygen
atoms. In the case of well oriented graphene termination of boundaries was not detected, pointing to
preserve the integrity of most graphene layer. In the both cases prolonged annealing leaded to partial
etching  of  graphene,  that  results  in  formation  of  carbonates.  Besides  that  XPS  and  PEEM  studies
demonstrated appearance of stoichiometric and non-stoichiometric Co oxides, the latter were formed
in  the  areas  of  Co,  not  covered  by  graphene.  Moreover,  micro-NEXAFS  has  shown  an  absence  of
detectable amount of oxygen under graphene. These facts allow us to conclude that in the case of Co
surface, covered by graphene, the latter is able to efficiently prevent the formation of bulk Co oxides
even during annealing of the sample in oxygen atmosphere.

This work was supported by Saint Petersburg State University Grant 11.65.42.2017 and RFBR
Grant No. 17-02-00427 А.
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Swelling  of  multilayered  graphene  oxide  (GO)  membranes  is  directly  related  to  the  size  of
“permeation channels” which enable diffusion of  solvents and solutions.  As demonstrated in earlier
studies  the  interlayer  distance  of  Brodie  graphite  oxides  immersed  in  liquid  alcohols  increases
proportionally  to  the  length  of  molecules  providing  multilayered  intercalation1  with  interlayer
distances  up  to  ~50Å.2  However,  GO  membranes  and  graphite  oxides  are  materials  with  different
swelling properties.3  Therefore,  we performed XRD study of  swelling for  Hummers  graphite  oxides
and graphene oxide (HGO) membranes in a set of progressively longer liquid alcohols (methanol to 1-
nonanol). Both precursor graphite oxides and freshly prepared HGO membranes were found to swell
in the whole set of liquid alcohols with increase of interlayer spacing from ~7Å (solvent free) up to
~26  Å  (in  1-nonanol).  Pronounced  ageing  effects  were  observed  for  membranes  stored  on  air  for
periods over 3-6 months with significant sample to sample variations. The HGO membranes and thin
films  stored  at  ambient  conditions  for  5  years  showed  nearly  complete  absence  of  swelling  in  all
alcohols  but  preserved  swelling  in  water.  In  contrast,  graphite  oxide  powders  showed  unmodified
swelling in alcohols even after 4 years of air storage. Ageing of GO membranes during on air storage
can  be  one  of  reasons  for  strong  scatter  of  permeation  properties  reported  over  past  years.
Standardization of drying and storage conditions is required for better reproducibility of experiments
with GO membranes.

Fig.1. XRD patterns recorded from of GO powder immersed in excess of liquid alcohols (CuKalfa radiation)

References
1. Klechikov, A.; Sun, J. H.; Baburin, I. A.; Seifert, G.; Rebrikova, A. T.; Avramenko, N. V.; Korobov, M.
V.; Talyzin,       A.V., Nanoscale 2017, 9 (20), 6929-6936.
2. Garcia, A. R.; Canoruiz, J.; Macewan, D. M. C., Nature 1964, 203 (494), 1063-1064.
3. Talyzin, A. V.; Hausmaninger, T.; You, S. J.; Szabo, T., Nanoscale 2014, 6 (1), 272-281



55

Or-30
Graphene & related materials

Harnessing the Mechanism of Graphene Oxide Formation. The Role of
Water.

Dimiev Ayrat 1 , Shukhina Ksenia 1 , Khannanov Artur 1

AMDimiev@kpfu.ru
1 Kazan Federal University, Kazan, Russia

Graphene Oxide (GO) has become one of  the most  studied materials  of  the last  decade,  being
successfully  tested  for  numerous  applications.  GO  is  formed  by  oxidizing  graphite  by  potassium
permanganate  in  concentrated  sulfuric  acid  media.  Recently  we  demonstrated  that  conversion  of
graphite  to  GO involves  three  distinct  steps:  formation  of  stage-1  graphite  intercalation  compound
(GIC),  conversion  of  stage-1  GIC  to  pristine  graphite  oxide,  and  delamination  of  PGO  with  its
conversion to GO upon exposure to water.1,2 The most intriguing and most elusive step in this process
is the second one, resulting in formation of the covalent C-O bonds. In this study, we investigate the
role of water in this process by monitoring the reaction in-situ by optical and Raman microscopy. We
demonstrate  that  the  rate  of  reaction,  and  the  structure  of  GO  product  highly  depend  on  the
concentration of sulfuric acid. The rate of the reaction is the highest in the range of the sulfuric acid
concentrations 88-92%. At the acid concentrations <80%, graphite is not oxidized because the stage-1
GIC condition is not attained due to the low Red-Ox potential of the acid. At the same time, reaction
does not proceed at all at the acid concentrations >100%, elucidation the important role of water in
the process. Finally, we arrive to conclusion that the actual oxidizing agent species, attacking carbon
atoms,  are  not  derivatives  of  permanganate  anion  in  sulfuric  acid,  as  it  is  commonly  believed,  but
water molecules. Moreover, we demonstrate that the step of covalent oxidation is reversible: the as-
formed C-O bonds can be easily cleaved with reinstating the original intact graphene structure.
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Lithium-ion  batteries  (LIB)  are  widely  used  as  power  sources  for  portable  devices  due  to  the
small  size  of  lithium ion  and  the  higher  voltage  of  these  batteries  as  compared  to  lead  and  nickel
batteries. To ensure a lasting operation of modern devices and to supply new, more powerful devices,
electrode  materials  with  high  capacities  and  energy  densities  are  required.  The  generation  of
electrical energy in LIB occurs because of extraction of lithium ions from the anode material, and this
process determines the characteristics of the battery. MoS2/C composites are most promising as an
anode material due to the high capacity of the sulfide component and its stabilization on the surface of
conductive carbon component (C). The interface between MoS2 and carbon plays an important role in
the  operation  of  the  hybrid  material  as  the  LIB  anode.  The  interface  must  provide  stability,
conductivity, and electroactivity of the anode material.

To  improve  these  parameters,  we  have  proposed  to  strengthen  the  interfacial  interactions
between carbon and MoS2 components by using perforated graphene material (HG) [1] as electrically
conductive support for MoS2 and applying temperature along with reaction components compression
during the synthesis [2]. The initial composites obtained by precipitation of MoS3 on the HG surface
were  annealed  in  a  pressing  mould  at  400–600  °  C  and  100  bar.  A  study  of  the  products  of  the
synthesis  revealed the formation of  covalent C – Mo bonds,  which lead to the stabilization of  MoS2

nanoparticles at  the boundaries of  nanoscale holes present in graphene layers.  Compression of  the
reagents  contributes  to  the  formation  of  a  thinner  MoS2  coating,  compared  with  the  samples
synthesized without mechanical pressure. The number of layers and the lateral size of MoS2 crystals
depend on the synthesis temperature. Tests of hybrid materials in Li-ion half-cells revealed the higher
values of the specific capacity of MoS2/HG synthesized under pressure. A strong interaction between
the components prevents destruction of MoS2 during the discharge/charge of electrodes and leads to
an increase in the specific capacity up to 900 mAh/g at a current density of 0.1 A/g.
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Carbon  nanotubes  (CNT)  have  exceptional  mechanical,  thermal  and  electronic  properties.  The
application  of  CNTs  most  widely  employed  so  far  has  been  the  construction  of  various  detection
devices, such as gas sensors, electrochemical detectors and biosensors with immobilized biomolecules
[1]. Properties and specification of such devices are defined by the structure of the CNT, of which they
are made.

Unique  properties  of  carbon  nanotubes  (CNTs)  such  as  high  conductivity,  nanotexture,  and
resiliency  are  very  beneficial  for  electrochemical  applications  where  pure  CNTs  and/or  their
composites play the role of electrode material [2]. Depending on the type of CNT, their properties and
application  differ.  Single-wall  carbon nanotubes  (SWCNTs)  have  peculiar  electronic  transport,  high
current-carrying  capability,  small  intrinsic  capacitance,  and  extraordinary  thermal  and  mechanical
properties. Therefore, SWCNT use as material for electronics and lithium ion batteries [3]. Multi-wall
carbon  nanotubes  (MWCNTs)  have  employed  as  conductive  additive  for  the  layer-structured
compound  that  has  been  widely  used  as  very  effective  cathode  material.  MWCNTs  reduce  the
resistance and improving the electrochemical performance of the composite cathode [4].

In the present research, MgO supported e-Keggintype polyoxomolybdate clusters were used as a
catalyst precursor for the CCVD synthesis of CNTs. The advantages of these catalysts is that, there
have molecular clusters structure for the formation of discrete catalyst particles with a controlled size
[5].

The influence of temperature, gas flow rates and gas ratio on structure of CNT were discovered
in  the  present  work.  The  materials  were  tested  as  electrode  materials  for  a  supercapacitor
performance.  The  deformation  leads  to  significant  changes  in  electrical  conductivity:  with  an
increasing deformation of CNT, its conductivity decreases.

The work was partially supported by the Russian Foundation for Basic Research
(grant № 18-33-01053).

References
[1]      P.C. Matter, Physics Condensed Matter, 15 (2003), p. 3011–3035
[2]      G. Lota, K. Fic, E. Frackowiak, Energy and Environ. Sci., 4 (2011), p. 1592–1605
[3]      M. Trojanowicz, TrAC, 25 (2006), p. 480–489
[4]      X. Liu, Z. Huang,S. Oh, B. Zhang, P. Ma, M. Yuen, J. Kim, Composites Science and Technology
72 (2012), p. 121-144  
[5]      E.V. Lobiak, E.V. Shlyakhova, L.G. Bulusheva, P.E. Plyusnin, Y.V. Shubin, A.V. Okotrub, J. Alloys
Compd., 621 (2015), p.351–356.



58

Or-33
Carbon Nanotubes

Thermoelectric properties of single-wall carbon nanotube thin films
obtained by vacuum filtration

Tambasov I.A. 1 , Voronin A.S. 2 , Evsevskaya N.P 1, 3 , Tambasova E.V. 4

tambasov_igor@mail.ru
1 Kirensky Institute of Physics, Federal Research Center KSC Siberian Branch of Russian Academy of
Sciences, Krasnoyarsk, Russia
2 Krasnoyarsk Scientific Center, Federal Research Center KSC Siberian Branch of Russian Academy of
Sciences, Krasnoyarsk, Russia
3 Institute of Chemistry and Chemical Technology, Federal Research Center KSC Siberian Branch of
Russian Academy of Sciences, Krasnoyarsk, Russia
4 Reshetnev Siberian State University of Sciences and Technologies, Krasnoyarsk, Russia

The  nanostructured  materials  based  on  single-wall  carbon  nanotubes  (SWCNTs)  and
nanocomposites based on them are very promising for thermoelectric applications. This is because a
high value of Seebeck coefficient was found for semiconducting single-walled carbon nanotubes.

In the present study, we have separated industrially accessible SWCNTs into semiconducting and
metallic  fractions  by  using  aqueous  two-phase  extraction.  In  addition,  thin  films  based  on
unseparated,  semiconducting  and  metallic  SWCNTs  were  obtained  by  vacuum  filtration.  The
microstructure, optical transmittance and thermoelectric properties of thin films were investigated.

Fig. 1 shows the method for preparing thin SWCNT films and the temperature dependence of the
thin SWCNT film power factor.

It  was  found  that  the  largest  Seebeck  coefficient  was  observed  for  thin  films  based  on
semiconducting SWCNTs. The maximum Seebeck coefficient was 98 µV/K at the temperature of 170
C. The power factor for a thin un-SWCNT film was 213 µW·m-1·K-2 at room temperature. However, as
the temperature increased, the power factor decreased down to 54 µW·m-1·K-2 at the temperature of
200 C. The power factor for thin m-SWCNT film was 47 and 74 µW·m-1·K-2 at room temperature and
200 C, respectively. The maximum power factor for a thin sc-SWCNT film was 2.8 µW·m-1·K-2 at 160 C.
We believe that the thin films obtained from industrially available SWCNTs might become the basis
for the manufacture of highly efficient thermoelectric nanocomposite materials.
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Fig. 1. A block diagram of the process of thin SWCNT film formation and the temperature dependence of the thin
SWCNT film power factor.
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We report novel and unique method of the localized modification of SWCNT film
by  the  means  of  Atomic  Force  Microscope  (AFM)  force  lithography.  By  controlling
the  tip-film  interaction  force  it  is  possible  to  create  regions  with  highly  increased
reflective properties both in visible and infrared regions,  keeping at  the same time
transmittance  and  conductivity  of  the  film  on  the  roughly  same  level  as  before
modification.  Such  modification  can  be  utilized  for  the  creation  of  all-carbon  static
holograms,  diffraction  lattices  and  photonic  crystals.  We  report  the  detailed
spectroscopic analysis of the tubes modification in infrared, visible and THz ranges
and  structural  data  from  the  neutron  scattering.  We  demonstrate  the  possible
structures,  that  can  be  created  by  such  modification  and  prove,  that  after  the
modification  no  extra  phase  appears  in  the  matter  of  the  film.  The
authors acknowledge Skoltech NGP Program (Skoltech-MIT joint project)

a) Photograph illustrating several ~90 um squares pressed by AFM with different cantilever pressure in the 60%
(transparency) SWCNT film. b) Reflectance spectra of densified regions in dependence of the modification force

level.
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Single-walled  carbon  nanotubes  (SWCNTs)  possess  outstanding  chemical,  physical  and
mechanical  properties,  which can find applications in different  fields,  for  instance,  nanoelectronics.
The  properties  of  SWCNTs  are  completely  dependent  on  their  atomic  structure.  As-synthesized
nanotube  samples  usually  contain  mixtures  of  nanotubes  with  different  atomic  structure  and
electronic properties. This causes inhomogeneity of their properties and limits their applications.

Several  methods  have  been  established  for  the  controllable  modification  of  the  electronic
properties  of  SWCNTs.  They  include  chemisorption  and  physisorption  on  the  outer  surface  of
SWCNTs,  substitution of  atoms in  walls  of  SWCNTs,  intercalation of  SWCNT bundles  and filling of
internal  channels  of  SWCNTs.  Among  these  methods,  the  filling  of  nanotube  channels  is  a  very
promising method for tailoring the electronic properties of SWCNTs, because a variety of substances
with appropriate properties can be encapsulated inside nanotubes [1].

In  this  work,  we  perform  the  filling  of  metallicity  mixed  and  sorted  SWCNTs  with  d-metal
halogenides  by  a  capillary  technique  using  the  melts  of  the  salts.  We  study  the  influence  of  the
encapsulated compounds on the electronic properties of SWCNTs [2, 3]. High-resolution transmission
electron  microscopy  proves  the  high-yield  filling  of  SWCNTs  and  formation  of  one-dimensional
nanocrystals of the salts. X-ray photoelectron spectroscopy (XPS) confirms the chemical composition
of the introduced compounds. We show that the filling of SWCNTs leads to the modification of Raman
modes of nanotubes. The shifts of the peaks and alteration of the profile of radial breathing mode and
G-band of  Raman spectra testify  to a strong doping of  SWCNTs.  XPS proves that the encapsulated
salts lead to p-doping of SWCNTs accompanied by the downshift of their Fermi level and the charge
transfer from nanotubes to the encapsulated compound.

The obtained information about the influence of the filler on the electronic properties of SWCNTs
is elemental for applications of nanotubes in nanoelectronic devices.
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Pulse  lasing  driven  by  a  real  saturable  absorber  (SA)  in  a  fibre  laser  cavity  is  conditional  on
modulation characteristics determined by the nonlinear material and implementation geometry of the
SA.  Generally,  these  parameters  can  be  only  preset  during  the  SA  fabrication.  For  instance,
modulation depth of a single-wall carbon nanotube saturable absorber (SWCNT-SA) transferred on a
D-shape fiber is governed by its thickness and length [1]. Here we demonstrate electronic control of
pulse  lasing  regimes  in  an  all-PM  fibre  laser  by  using  an  original  electrochemically  gated  in-line
SWCNT-SA.

To  prepare  a  SWCNT-based  electrochemical  cell  we  used  high  quality  aerosol  synthesized
SWCNTs collected on the cellulose filter directly from the reactor zone. SWCNTs were dry-transferred
on  a  polarization  maintaining  side-polished  fiber,  then  covered  by  ionic  liquid,  encapsulated  and
implemented it into the fiber laser (Fig. 1a). By applying the voltage on the SWCNT-SA we were able
to  switch  the  laser  operation  between  the  sub-picosecond  mode-lock  and  microsecond  Q-switch
regimes [2]. In Fig. 1b shown the optical spectra of these regimes. A transmittance-correlated map of
the voltage-induced switching between the pulse lasing regimes is shown in Fig. 1c. Thus, effective
electronic control of pulse lasing in fibre lasers with the gated SWCNT-SA was established.

Figure 1. (a) Scheme of the fiber laser with a gated SWCNT-SA; (b) SWCNT-SA sample linear transmittance
depending on the voltage. Colour corresponds to the generation regime depending on the voltage; (c) Optical

spectra measured both in Mode-lock and Q-switch regimes
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Despite  the  rich  history  and  the  outstanding  mechanical  and  electrical  properties  of  SWCNT,
their commercialization has been quite slow, mainly because of the prohibitively high cost and poor
quality of SWCNT materials with scantily defined standards and their control. Besides, the challenge
of  introducing  SWCNTs  into  different  systems  has  not  been  commercially  addressed.  Untreated
SWCNTs  represent  themselves  as  the  entangled  mesh  of  interbound  bundles  and  the  task  of  their
efficient dispersion into polymer matrices requires special approaches.

In this presentation, we demonstrate that the recent developments in synthesis of high quality
SWCNT and their processing into intermediate products, including purification, dispersion in liquids,
polymers, and various special matrices offer a broad spectrum of their application. We illustrate a few
successful  examples  of  such  applications:  dramatic  improvement  of  electrical  properties,
enhancement mechanical properties,  batteries performance etc. We believe that the affordability of
SWCNTs  and  the  intermediate  products  should  ensure  market  acceptance  and  stimulate  further
scientific research leading to novel applications.
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Confocal Raman microscopy is one of the most fundamental tools of the scientific lab. It is a very
powerful  analytical  technique  that  can  be  of  great  benefit  to  characterization  of  carbon  materials.
Raman instruments are very fast, non-destructive and provide a great deal of flexibility in samples.

We  describe  in  this  paper  a  new  Raman  microscopy  approach  (Fig.1),  specially  developed
scanning confocal Raman Microscope Confotec® MR200, which is very compact, (fully integrated with
a standard optical microscope) and powerful tool. With a newly designed spectrograph and the recent
optical technologies, Confotec® MR200 sensitivity, spatial resolution and spectral calibration accuracy
have been highly improved, making it the optimal solution for carbon applications. Confotec® MR200
is  the  best  Raman  microscope  in  its  class  that  deserves  the  maximum  score  for  the  price/quality
criterion.

Every lab that is characterizing carbon materials will benefit from having access to such Raman
tool.

Fig.1. Scanning Confocal Raman Microscopes Confotec® MR200.
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Smart materials possessing different functional properties can be widely used in the development
of new-generation devices that work without special elements of automatic control. The whole class of
such devices can be attributed to electric heaters (heat fans, electrical inventories, electrical heating
cables, etc). For them, the property of temperature self-regulation is of special significance.

As  the  basis  of  such  functional  materials,  various  polymeric  matrices  modified  with  carbon
nanomaterials  (CNMs)  are  most  often  used.  For  instance,  in  [1],  a  film  heater  made  of  carbon
nanotubes  (CNTs)  is  described;  it  can  be  used  as  anti-slip  coatings  for  aviation.  In  [2],  the
development of mesoporous and macroporous paper made of a CNTs-modified polymer composite is
presented.  To  obtain  heating  paper  a  "Triton  X-100"  surfactant  was  used  as  a  binder.  In  [3],  a
technique for manufacturing a heating element based on a fluoroplastic modified with a 20- and 35-
wt.% paste containing a graphene-like material is reported. In our previously published paper [4], we
describe  a  method  for  producing  a  nano-modified  composite  based  on  silicone  rubber,  from which
heating element samples having a self-regulation effect were made.

In the present paper, we consider the effect of different concentrations of CNTs, synthesized over
different  catalysts,  on  changes  in  the  specific  volume  and  surface  resistance.  In  the  course  of  the
research, the regularity of the effect of CNTs weight contents in an elastomer on the change in its
electrical resistance was established. A methodology for manufacturing experimental samples based
on nano-modified elastomers was developed, as a result of which tests were carried out by applying a
constant  voltage  from  two  electrodes.  Besides,  the  temperature  field  was  studied  at  different  DC
supply  voltage  on  the  surface  of  heating  elements  made  of  elastomers  containing  different  CNTs
amounts.  It  was found that the power and heat release of the self-regulating heater increase when
increasing the CNTs weight content.

Moreover, it was experimentally proved that when the nanomodified heaters are connected to a
DC source, the effect of self-regulation of the temperature on their surface can be observed due to the
stabilization of the electric current value.
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Nanoporous material (adsorbent) with specially adjusted porous structure and surface chemistry
demonstrating high activity to methane provided by the principle of volume filling of its micropores by
gas  molecules  is  the  basis  of  adsorption  storage  systems  of  natural  gas,  which  represent  an
alternative  to  known  technologies  of  compressed  and  liquefied  natural  gas.  The  most  promising
adsorbents today are nanoporous carbon adsorbents of different origin [1]. Bulk (packing) density of
an adsorbent, the increase of which provides high volumetric storage capacity of adsorption system, is
one of the most important parameters besides main structural-energy properties of porous material
[1].

In this work, several samples of nanoporous carbon adsorbents of different genesis (derived from
thermosetting  plastics,  wood,  peat,  natural  coal  and  silicon  carbide)  have  been  synthesized  using
different  activation  methods.  “Tuning”  of  nanoporous  structure  parameters  was  being  performed
using  data  of  XRD,  SAXS  and  SEM investigations  on  each  stage  of  synthesis.  Such  parameters  as
effective  width  (Xo)  and  volume  (Wo)  of  micropores,  characteristic  energy  of  adsorption  (Eo)
determined  on  the  basis  of  the  Dubinin  Theory  of  volume  filling  of  micropores  [1,2]  using
experimental data of N2 adsorption at 77 K were used as well. Obtained values of these parameters
varied in wide ranges: Xo = 0.8-1.84 nm, Wo = 0.8-1.8 cm3/g, Eo = 13-30 kJ/mol. Methane adsorption
was measured in  the pressure range from 0 to  30 MPa and temperatures from 177 to 360 K on a
special  volume-gravimetric  high-pressure  adsorption  unit.  Samples  with  the  highest  adsorption
activity to methane were selected for further development of the technology of increasing of their bulk
density  and  obtaining  of  shaped  samples,  which  were  further  studied  in  terms  of  specific  volume
capacity, adsorption cyclic stability and mechanical strength.

It was shown, that the most effective adsorbents for methane storage were the materials derived
from  wood  and  peat  and  activated  by  thermochemical  method  with  further  densification  under
pressure.  Specific  volumetric  storage  capacity  for  methane  of  the  best  samples  exceeded  220
nm3(methane)/m3(storage  system)  at  pressures  up  to  8  MPa  and  temperature  of  273  K.  Produced
shaped  materials  (Fig.1)  of  advanced  packing  density  and  specific  storage  capacity  were  used  for
filling of the prototypes of storage systems with further tests [1].

Fig.1. Shaped nanoporous carbon materials of advanced packing density and specific storage capacity.
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CARBON NANOMATERIALS BASED ON PLANT BIOPOLYMERS AS
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    The  intensive  development  of  nuclear  power  has  led  to  a  sharp  increase  in  the  volume  of
radioactive  waste  and  the  pollution  of  huge  amounts  of  water.  For  the  purification  of  water  from
various radionuclides, highly porous carbon sorbents, including graphene materials, are widely used.
However, the use of graphene materials for water purification from radionuclides is hampered by the
imperfection of the technologies for their production, which do not allow obtaining more material at
an affordable price.

    The  purpose  of  this  study  was  to  study  the  sorption  properties  of  graphene  nanoplatelets
(GNP) synthesized by the method of  self-propagating high-temperature synthesis  (SHS)  concerning
long-lived heavy  radionuclides  (U238  and Th232).  Figure  1  shows the  sorption  index  С for  samples  of
GNPs obtained from lignin (Clg), starch (CSt) and bark (CB) by the SHS method in relation to heavy
U238 and Th232 radionuclides. As can be seen from Figure 1, the use of GNP is the sorption rate S for
these samples is not less than 97% of uranium and thorium, which shows the promise of using the
GNP obtained by the SHS method as a sorbent of radionuclides.

    This work was supported by the RFBR grant  №18-29-24129.

Figure 1. Adsorption index S for samples CL, CS and CB in relation to U238 and Th232 radionuclides.
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Trifluoromethylfullerenes (TFMFs) is a vast class of fullerene-based materials with more than 100
characterized compounds only for C60  and C70. However, the synthetic availability of most of them is
relatively poor which significantly limits the number of explored applications.

Up until now all of the TFMFs were synthesized in radical reactions with fullerenes, which is a
great  method  for  the  research  on  the  influence  of  the  CF3  groups  arrangement  on  the  molecule
structure,  stability  and  electronic  properties  but  not  so  much  for  the  production  of  the  particular
TFMFs  themselves  in  sufficient  quantities.  [1]  The  most  popular  method  of  ampoule
trifluoromethylation  applied  to  C70  leads  to  only  several  major  products  such  as  some  isomers  of
C70(CF3)8 and C70(CF3)10, none of which have particularly remarkable properties on their own. [1]

Here we report a new trifluoromethylation method suitable for fullerene anions. The method is
based  on  several  electrophilic  trifluoromethylation  agents  such  as  Togni  and  Umemoto  reagents
applied  towards  C60,  C70  and  Cs-C70(CF3)8  anions  generated  from  their  dihydrides.  The  patterns  of
trifluoromethylation are explored and the outlook on the kind of TFMFs becoming accessible by the
combination of the nucleophilic and electrophilic trifluoromethylation methods is presented.

This work was supported by RFBR (grant № 18-33-01192).
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Syntheses of the C60 derivatives containing dioxane moieties are poorly presented in periodicals
and there are no works using the ultrasound for the production of such compounds [1–3]. Herewith,
the dioxane derivatives of C70 have not been currently obtained. We have developed a selective and
efficient method for the synthesis of 1,9-dihydro[C60-Ih][5,6](1,4-dioxano)fullerene and 5,6-dihydro[C70-
D5h(6)][5,6](1,4-dioxano)fullerene. Our method is based on the heterogeneous reaction of C60 or C70 with
α-diols in the presence of solid NaOH under ultrasonication (Scheme).

The use of ultrasound allows the selective addition of the dioxane addend to the fullerene cages
with  the  quantitative  yields  in  heterogeneous  media  without  phase  transfer  catalysts.  The  highest
yields  of  compound  2  (86  and  92%  for  C60  and  C70,  respectively)  are  achieved  for  the  ratio  of  the
reactants fullerene:1а-d:NaOH = 1:103:62.5. All synthesized compounds have been identified with a
set of spectroscopic techniques (MALDI TOF/TOF, one- and two-dimensional 1H and 13C NMR, IR, UV-
Vis). Based on the 1H and 13C NMR and UV-Vis data, we have concluded that the C70–dioxane adduct is
a  5,6-isomer.  If  C60  and 1a  are  involved in  the  sonochemical  reaction  in  o-dichlorobenzene without
NaOH,  we  observe  the  formation  of  polyadduct  C60(CH2OH)6  instead  of  compound  2.  The
ultrasonication under room temperature results in a decrease in selectivity of the product 2 formation.
When using the substituted diols 1b-1d, compound 2 is formed with lower yields as compared to the
case of 1a. We explain this fact with the break of the α-C–C bonds in 1b-1d when ultrasonicated with
the subsequent formation of ethylene glycol 1a, which is further added to the C60 or C70 cages.

Currently, we scrutinize the mechanism of this reaction with EPR and UV spectroscopic methods.
The  work  was  supported  with  the  Russian  Foundation  for  Basic  Research  (project  number

19-03-00716).
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Organic  solar  cells  (OSС)  with  bulk  heterojunction  (BHJ),  which  involve  donor  polymers  and
acceptor  fullerene  derivatives,  are  widely  used,  because  they  possess  mechanical  mobility,  low
weight,  and  ease  of  preparation  [1].  A  [6,6]-phenyl-C61-butyric  acid  methyl  ester  (PCBM)  that  has
enhanced acceptor properties compared to that of initial C60 and proved to be a reference compound
in current-voltage measurements was one of the first acceptor fullerene derivatives [2]. Currently, the
developed PCBM–poly-3-hexylthiophene system in  OSC-BHJ  has  reached its  maximum.  Considering
that the modification of donor polymers is a rather complex and time-consuming problem, one of the
ways to rise the power conversion efficiency (PCE) of OSCs is an increase in energy of LUMO of an
acceptor fullerene derivative.

The  LUMO  energy  of  new  1,2-dihydrofullerenes  1–8,  bearing  aromatic  fragments  bound  to  a
fullerene  core  through  a  double  or  triple  bond,  is  theoretically  assessed  in  this  work  with  the
PBEPBE/6-311G(d,2p) quantum chemical approach to obtain OSC-BHJ with high PCE. We assumed
that the addition of an aromatic fragment to a fullerene core through a double or triple bond will lead
to a conjugated system of π-orbitals, which will contribute to a better migration of electrons inside it
during the conversion of solar energy compared to that of PCBM and its derivatives. The theoretical
results  obtained  in  this  work  will  be  used  in  the  purposeful  synthesis  of  new  promising  1,2-
dihydrofullerenes  and  subsequent  current-voltage  measurements  for  their  inclusion  in  the
composition of promising OSCs with BHJ.

This work was financially supported by the Russian Foundation for Basic Research (project no.
18-03-00092 А).

Fig.1. The structure of 1,2-dihydrofullerenres 1–8.
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Superconductivity in Alkali-Doped Fullerides with Wood’s metal and
heterofullerides with two different alkali metals A(1)A(2)MC60
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Alkali-doped fullerides nd A(1)А(2)А(3)C60 (A(i) = K, Rb, Cs) are superconductors, having the highest
superconducting transition temperature Tc among molecular solids. In potassium-doped K3C60 Tc=18
K, Tc=29 K in Rb3C60, Tc is 33 K for RbCs2C60, and for Cs3C60 under pressure Tc=40 K has been reported
[1]. Substitution one or two alkali atoms in A3C60 gives possibility to get superconductors with lower or
even with higher Tc as compared with the host fulleride. For example, in fulleride K2LuC60 Тс=20 K [2],
that  is  higher  than in  the host  fulleride K3C60.  There are  a  lot  of  different  methods for  synthesis  of
fullerides.  We  developed  a  method  of  reactions  of  the  liquid  gallams  (eutectic  alloys  Ga:In,  Ga:Sn,
Ga:Bi) with a solution of fullerene in the organic solvents for synthesis the heterofullerides with one or
two alkali metal atoms [3]. Also synthesis is available in the organic solvent from amalgams [4]. The
intercalation  reaction  between  the  amalgam  of  intercalated  metal  run  in  the  organic  solvent  like
toluene  or  tetrahydrofurane  (THF).  Heterofulleride  K2HgxC60  synthesized  by  with  method  is  a
superconductor with Тс=22 К (higher than for the host K3C60 [4]).

Here we report our experimental data on the synthesis and investigation of superconductivity in
fullerides  and  heterofullerides  doped  by  Wood’s  metal  (W  –  Sn,Pb,Bi,Cd,  melting  temperature
Tm=65оС), alloy Y (Y - Bi,Sn.Pb,In,Cd,Tl – Тm=41.5оС) and Tl doped heterofullerides with two different
alkali metals – ACsTlC60 (A=K, Rb) Synthesis was carried out in a vacuum full-glass system at T=110оС
in toluene [3] with contact of  fulleride solution with liquid metals. Tl participated in the reaction in a
form  of  alloy  with  alkali  metals.  All  reagents  were  liquid  to  allow  executing  a  reaction  at  reduced
temperature.  Homogeneity  of  the  composition  of  obtained  compounds  is  close  to  the  ideal  that  is
especially  important  for  the  complicated compounds.  Synthesis  of  the  initial  alkali  metal  fullerides,
partial removal of toluene, blending of fulleride suspension with suspension of heterometal halogenide
was done in absolute toluene or THF. Drying of products of reaction and packaging in ampoules for
measurements were carried out in vacuum. We found superconductivity in heterofullerides K2W1C60

(Tc=16  K),  Rb2W1C60  (Tc=8  K)  and  K2Y1C60  (Tc=8  K).  Also  synthesized  heterofullerides  with  Cesium
KCsTlC60 (Тс=21.7 K) and RbCsTlC60 (Тс=26.4 K) are superconductors.
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We  have  studied  the  temperature  dependence  of  the  photopolymerization  rate  in  pristine
C60  and  molecular  complexes  {Pt(dbdtc)2}2•C60  and  {Pt(nPr2dtc)2}•(C60)2  by  Raman  spectroscopy  at
temperatures 190÷330K. The Raman spectra were measured under continuous illumination by 100
μW  laser  power  at  λexc=532  nm  by  means  of  consequent  scans  with  60  seconds  duration.  The
measurements exhibit an intensity increase of the dimer-related Ag(2) mode of the C60 molecule and a
decrease  of  the  monomer’s  one.  The  photopolymer  content  grows  exponentially  with  the  exposure
time  while  the  time  constant  increases  with  the  decrease  of  temperature.  Since  the  fullerene
polymerization  related  to  the  2+2  cycloaddition  reaction  needs  the  parallel  orientations  of  double
C=C  bonds  of  neighboring  molecules,  the  temperature  induced  activation  of  the  C60  rotations
substantially  affects  the  photopolymerization  rate  under  fixed  conditions  of  laser  power,  excitation
wavelength  and  beam  focusing.  Thus,  the  photopolymerization  rate  exhibits  an  activation  type
temperature  dependence.  The  activation  energy  EA  of  the  photopolymerization  time  constant,
obtained  from  the  Arrhenius  dependence  of  the  time  constant  on  the  temperature,  is  found  to  be
(0.24±0.04)  eV  for  pristine  C60,  (0.13±0.01)  eV  and  (0.18±0.01)  eV  for  {Pt(nPr2dtc)2}•(C60)2  and
{Pt(dbdtc)2}2•C60  molecular  complexes,  respectively.  The  activation  energy  for  pristine  C60  is
consistent  with  the  energy  barrier  0.3  eV  between  various  equilibrium  molecular  orientations  [1],
while the decrease of the activation energy for the C60 complexes agrees well with higher stability of
the pristine C60 photopolymer [2,3].  Acknowledgments. The research is carried out within the state
task of ISSP RAS and partial  support of  the RAS Presidium Program “Physics of condensed matter
and new generation materials”

Fig.1 Arrhenius  dependence of the photopolymerization time constant τT/τ277 on the temperature for the pristine C60

(triangles) and {Pt(nPr2dtc)2}•(C60)2 complex (circles), dot lines – linear approximation of experimental data. Shaded
area shows the phase transition fcc-sc near 260 K.
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Glass  transition  in  different  materials  remains  is  one  of  the  most  exciting  phenomena  for
research in both experimental and theoretical investigations in the area of condensed matter physics.
A particularly interesting field in this respect is investigation of polymers glass transition [1]. Different
polymers are applied in modern technologies and new fields of application are emerging. One of the
most actively evolving research fields involves study of thin polymer films.

Neutron and X-ray scattering studies of polymers structure in glassy and liquid state have been
performed  during  last  30  years  and  have  proven  to  be  very  supportive  [2].  Recently  performed
investigations of polymer thin films and glass transition of bulk polymer systems gave new insights.
Presently,  the  most  interesting  topic  is  the  study  of  polymer  nanocomposites,  and  their  glass
transition, as new materials for technological applications [3].

We report the reflectometry investigations of structural organization and glass transition of thin
films of polymer nanocomposites. Neutron reflectometry was performed at the GRAINS instrument of
the IBR-2 reactor (Dubna). X-ray reflectometry was also performed in Dubna. Specular reflectivity was
measured and analysed for free surface of different nanocomposites consisting of dPS/PS as a matrix
and C60/C70  as  nanofillers.  For  neutrons  scattering,  the  temperature  range covering the transitional
region between molten and amorphous glassy states (40-135 ºC) was investigated. Initial modelling
results allowed clarifying the nanoparticles concentrations that could be distinguished by the method
[4]. The influence of nanoparticles on glass transition temperature of thin films, as well as the internal
structure of these thin films, a highly debated subject in the literature at present, were investigated.
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Comprehensive analysis of the mechanisms determining the ordering of hydroxylated fullerenes,
fullerenols C60(OH)X and C70(OH)X (X ~ 30), in aqueous solutions has been performed using modeling
the  arrangement  of  hydroxyl  groups  on  the  surface  of  fullerenes  and  a  set  of  experimental  data
obtained in  X-ray and neutron scattering experiments.  The fractal  type structures of  fullerenols  [1]
organized at the scales of several tens of molecular diameters are described by means of scattering
data  complementary  combined  treatment  in  direct  and  reciprocal  space.  This  allowed  evaluate
correctly  the  subtle  features  of  fullerenols  mutual  arrangement  defined  by  fine  balance  of
hydrophobic and hydrophilic interaction of molecules with non uniform distributions of hydroxyls. The
modeling was computed with the use of  quantum chemistry methods by minimizing molecular energy
for different configurations of OH-groups by their attachment to the surfaces of carbon cages. It was
shown the  preferred  localization  of  hydroxyls  at  the  opposite  poles  while  equatorial  zone  becomes
depleted with the groups and become hydrophobic. As a result fullerenols’ agglutinating happens in
aqueous  solutions  via  hydrophobic  areas  at  carbon  cages.  This  fact  regulates  the  active  growth  of
supramolecular structures in fullerenol’s solutions at three spatial scales covering the distances from
a few up to hundred molecular radii. A self-similar nature of these structures was established. Initially
fullerenols  have  built  primary  groups  (several  molecules)  then  joint  into  intermediate  clusters
integrated  within  large-scale  aggregates  ~100  nm.  Structural  peculiarities  of  fullerenols’  ordering
have been studied as dependent on their concentration which range covers a variety of systems from
highly diluted solutions to concentrated gel-like systems. The presented results enable to generalise
the basic principles of fullerenols’ behaviour in aqueous media that is necessary for real progress of
carbon materials applications in biomedicine and advanced chemical technologies.
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Microwave  studies  of  copper-based  structures  based  on  C60  have  shown  the  superconducting
properties of these materials at nitrogen temperatures [1]. This paper presents the results of studying
the  microwave  properties  (45GHz)  of  nanostructures  based  on  C60/YBa2Cu3O7-δ  (YBCO)  using  the
original technique described in [2]. Figure 1 illustrates the temperature dependence of the amplitude
of the reflected signal for thin samples with dimensions 10x10 mm: 1 – Cu, 2- synthesized nanopowder
YBCO,  3-  YBCO  nanopowder  aged  for  4  hours  at  temperature  of  600C,  4-  the  nanostructure
(C60/YBCO) which is  obtained by mixing the powder of  fullerene C60  in a mass ratio of  6:1 with the
synthesized nano YBCO and aged for 4 hours at a temperature of 600 °C. When the critical transition
temperature  (Tc)  in  the  superconducting  state  is  reached,  the  amplitude  of  the  reflected  signal
increases  sharply.  As  shown  in  Figure  1  (curve  4)  for  sample  C60/  YBCO,  Tc  is  shifted  to  the  low-
temperature  area  (Tc=80,2  K).  Such  a  shift  may  be  due  to  the  appearance  of  additional  Josephson
junctions due to the interaction of C60 and YBCO. In this case, the transition width decreases 2 times.
This  is  probably  due  to  the  formation  of  additional  C60–CuO  bonds,  which  led  to  a  more  abrupt
transition, as observed earlier [1]. Studies of new structures based on C60/YBCO are mostly used when
creating superconducting reflective surfaces for the radar stealth of objects.
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Time delay in electron-fullerene elastic scattering
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The  time-picture  of  collisions  of  microscopic  particles  was  suggested  relatively  long  ago  [1],
being a natural continuation of the classical description. However since than it existed in a dormant
state. Only recetly it became clear that temporal picture can play a very important role in analyses of
interaction  between  very  short  high  intensity  lasers  pulses  with  atoms  and  molecules  [2].  The
collisions with electrons were almost completely left out.

In  this  talk  we  discuss  the  temporal  picture  of  electron  collisions  with  fullerene.  Within  the
framework of a Dirac bubble potential model for the fullerene shell, we calculated the time delay in
slow-electron elastic scattering by it.  It  appeared that the time of transmission of an electron wave
packet  through  the  Dirac  bubble  potential  sphere  that  simulates  a  real  potential  of  the  C60  cage
exceeds  by  more  than  an  order  of  magnitude  the  transmission  time  via  a  single  atomic  core.
Resonances in the time delays are due to the temporary trapping of electron into quasi-bound states
before it leaves the interaction region.

The simplicity of the model that represents the fullerene, namely infinitely thin potential, permits
to perform calculation pure analytic.  The partial  time-delay τi(E)  as a function of  incoming electron
energy E is connected to the partial l-wave scattering phase shift δi by the following formula

τi(E)=2(dδi(E)/dE)   (1). 
The sign and magnitude of  the time delay  depends upon presence or  absence of  bound levels

with a given scattering phase. Since C60 has a bound negative ion s-state, close to zero E the phase
shift behaves as ~(π-E1/2) that leads to time delay ~-E -1/2 that goes to -∞ . Note that appearance of the
s-level leads to a jump in times delay – from +∞ to – ∞ at E→0. The time delay reaches its maximum
for  f-wave  at  E=  0.94  eV  and  is  as  big  as  about  500  atomic  units  or  1.3x104  attoseconds.  The
calculations demonstrate that the C60 time delay exceeds that for an isolated atom by more than an
order of  magnitude. Entirely,  for small  E the time delay averaged over angular momenta increases
from  –  125  to  +280  at.  un.  with  E  increase  from  0.01  to  0.04,  with  subsequent  abrupt  decrease
followed by oscillations while E grow.

For more details see [3].
            It  is  of  interest  to  study  time  delays  in  elastic  scattering  processes  experimentally.

However, one should keep in mind that the duration of a quantum-mechanical process determined by
(1)  differs  from  respective  value  in  classical  physics,  since  uncertainty  principle  puts  its  limitation
upon accuracy of definition of both duration τ(E) and energy E, since Δτ×ΔE>1 at. un.
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Highly soluble fullerene derivatives with two or more fullerene cages are of particular interest as
prospective acceptor  materials  for  design of  stable  photovoltaic  devices  with improved morphology
and charge transport properties. Recently it was demonstrated that photoelectric characteristics of n-
alkyl ethers of double-caged fullerene derivatives nonmonotonically correlates with alkyl chain length
[1]. Highest photovoltaic performance was found for solar cells based on the C9 and С10-alkyl ethers
whereas  the  devices  based  on  C8  and  C18-alkyl  ethers  unexpectedly  revealed  two-fold  PCE  drop.
However, the photovoltaic properties of C7, C11–C17 alkyl ethers have not been studied.

Here we report a series of novel highly soluble double-caged fullerene derivatives with C7,  C11,
C13, C14, and C15-alkyl groups in the ester function and their effect on photovoltaic performance of solar
cells based thereon.

Novel double-caged fullerene derivatives have been prepared through lithium salt-assisted [2+3]-
cycloaddition  of  azomethine  ylides  generated  from  glycine  esters  and  paraformaldehyde  [1].
Synthesized  compounds  were  LC  isolated  as  individual  compounds  with  95+%  purity  and
characterized by MALDI mass-spectrometry and NMR spectroscopy. Optical and electronic properties
of  novel  double-caged  fullerene  derivatives  have  been  studied  by  UV/Vis-spectroscopy  and  cyclic
voltammetry.  The  effect  of  alkyl  moiety  on  solubilities  of  double-caged  fullerene  derivatives  is
discussed.

Novel  double-caged  fullerene  derivatives  were  tested  as  an  acceptor  material  in  P3HT-based
organic solar cells and demonstrated strong dependence of PCE on the length of the alkyl moiety. The
morphology of the active layer was studied by microscopy methods. The effect of alkyl chain length in
double-caged  fullerene  derivatives  on  their  solubility,  morphology  and  photoelectric  characteristics
(series and shunt resistances and short-circuit current density) is discussed.

This work was supported by RFBR (project № 17-03-00488).
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Encapsulated metal atoms or clusters considerably affect the electronic and chemical properties
of  the  endohedral  fullerenes.  They  donate  electrons  to  the  carbon  cage,  and  metal-based  frontier
orbitals, occupied or vacant depending on the metal, can be implicated in the redox processes. The
effect of the endohedral moieties on the chemical behavior is of particular importance since virtually
any  practical  application  of  fullerenes  requires  their  chemical  derivatization  in  order  to  increase
solubility,  create  a  linker,  or  to  tune  certain  electronic  characteristics.  Of  interest  are  not  only  the
general trends in reactivity but also the regiochemical implications due to the orienting effects of the
exohedral atoms.

Insertion of a CF2 bridge into a C-C bond via reaction with CF2ClCOONa provides an interesting
test case for both experimental and theoretical studies of reactivity. There are two possible alternative
mechanisms: the carbene pathway and the intramolecular nucleophilic substitution upon attachment
of  CF2Cl-.  The  present  study  addresses  CF2  addition  to  the  trimetallic  nitride  endohedral
metallofullerenes (EMF) and its  effect  on the structural  and electronic  properties.  We consider  the
two major Sc3N EMFs - Sc3N@Ih-C80 and Sc3N@D3h-C78. Despite general similarity, the two molecules
have a number of differences both in the shape and topology of the carbon cage and in the dynamics
of the endohedral cluster. The endohedral molecules were found to be less reactive than the pristine
fullerenes,  and  the  reaction  regioselectively  affords  the  [6,6]-open  isomers  where  the  inserted  CF2

group  cleaves  the  [6,6]-bond  to  2,2-2,3  Å.  Analyzed  against  the  experimental  observations,  the
computational results corroborate the CF2Cl- pathway rather than the previously suggested carbene
mechanism.

The reported study was funded by RFBR according to the research project № 18-33-00896. The
research  is  carried  out  using  the  equipment  of  the  shared  research  facilities  of  HPC  computing
resources at the Lomonosov Moscow State University.
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field on the plasma of a high-frequency carbon arc
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Theoretical  estimates,  and  then  quantum  chemical  calculations,  confirmed  that  fullerene
formation rate in plasma depends on the values of temperature and electron density [1, 2]. The helium
pressure increase in the chamber was also shown to lead to an increase in the temperature gradient
and  the  electron  density  in  the  arc  -  discharge  plasma,  with  the  higher  fullerene  content  in  the
resulting  fullerene  mixture  increasing  significantly  [3].  As  above,  it  can  be  assumed  that  the  arc
plasma, being in a magnetic field, and therefore under its pressure, will form a fullerene composition
upon cooling, depending on the pressure.

Studies of the effect on the fullerene composition and yield in an HF arc discharge plasma in case
when  the  discharge  current  vector  and  magnetic  field  direction  vector  were  collinear  have  been
carried out. In a fullerene mixture formed without a magnetic field, the amount of higher fullerenes
(Сn,  where  n  >  70)  was  8.7  wt.%.  In  case  of  a  phase  shift  between  the  discharge  current  and  the
magnetic field strength of π/2, the number of higher fullerenes is up to 9.8 wt.%. The field synthesis
cophased with the discharge current results in the higher fullerene formation in amounts of 12 wt.%.
For both cases, the field influence leads to a decrease in the fullerene content by 2–3 wt.%.

Thus, the study results of the influence of the magnetic field on the composition and number of
the formed fullerenes correspond to the pressure effect of the buffer gas, helium, in the chamber. Not
only will collinear magnetic fields, but also perpendicular ones to the discharge current be presented
in current work in the research results.

The reported study was funded by RFBR according to the research project № 18-32-20011.
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Stability of small nitrogen clusters inside the carbon cage: Molecular
dynamic study
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Non-molecular  forms  of  nitrogen  are  regarded  as  promising  high-energy  materials.  They  are
metastable  compounds,  which  can  transform into  the  molecular  nitrogen  with  a  significant  energy
release.  Many all-nitrogen clusters and crystals  were theoretically  predicted [1],  and some of  them
were experimentally synthesized under the extreme conditions (see, for example, [2]).

Here  we  consider  two  small  nitrogen  clusters:  tetrahedral  N4  and  cubic  N8.  Their  geometries
correspond to  the  local  minima at  the  potential  energy  landscape  [1].  Even at  room temperatures,
they decompose due to their thermal vibrations. Therefore, pristine N4 and N8 clusters are not suitable
for  practical  applications.  There  are  many  ways  to  stabilize  them  –  chemical  passivation,  space
confinement, the introduction of carbon atoms into their skeleton [3], etc. In particular, encapsulation
of nitrogen system inside the C60 carbon cage can result in the significant increase of kinetic stability
of the former. Such effect was previously reported for the N3, N5, and C4H4 molecules, encapsulated
inside the C60 [4-5].

To find the influence of outer C60 cage on the stability of small nitrogen clusters, we performed
comparative  molecular  dynamics  study  of  N4  and  N8  clusters  as  well  as  N4@C60  and  N8@C60

endohedral  complexes.  We  apply  non-orthogonal  tight-binding  interatomic  potential  [6],  which
combines acceptable accuracy and high performance. More rigorous density functional approach was
also  used  for  some  sensitive  calculations.  Specially  prepared  initial  configurations  with  randomly
distributed  atomic  velocities  evolve  in  time  according  to  Newton’s  equations  of  motions.  The  time
evolution  of  heated  atomic  systems  until  decomposition  of  nitrogen  clusters  was  visualized.
Decomposition  channels  were  studied  in  detail.  Activation  energies  and  frequency  factors  of
corresponding processes were derived from the temperature dependence of the lifetimes of nitrogen
clusters. According to our calculations, the presence of C60 leads to increasing of N4 and N8 lifetimes.
We  assume  that  carbon  cages  can  be  regarded  as  efficient  containers  for  high-energy  all-nitrogen
clusters.

The  reported  study  was  funded  by  RFBR  according  to  the  research  project  No.  18-32-20139
mol_a_ved.
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electron concentration change

Dudnik A.I. 1, 2 , Osipova I.V. 1 , Novikov P.V. 3 , Churilov G.N. 1, 2

heavenrise@yandex.ru
1 Kirensky Institute of Physics, Federal Research Center KSC SB RAS, Krasnoyarsk, Russia
2 Siberian Federal University, Krasnoyarsk, Russia
3 Krasnoyarsk Institute of Railway Transport, Krasnoyarsk, Russia

There are various models of  the formation of  fullerenes,  based both on the idea of  assembling
fullerenes from small clusters [1] and on annealing large clusters with the emission of carbon dimers
[2].  These  models  reveal  important  aspects  of  the  phenomenon  of  spontaneous  transformation  of
carbon vapor into stable fullerene molecules. From a practical point of view, a model that takes into
account  the  rate  of  change  of  temperature  and  electron  concentration  in  plasma  along  the  arc
discharge radius may be of great interest.

Earlier,  we  proposed  a  model  [3,  4]  of  the  formation  of  fullerenes  accounting  the  charges  of
carbon  clusters  in  a  plasma.  Then  it  was  improved  [5].  The  model  takes  into  account  the  cluster
heating  and  cooling.  In  addition,  the  heating  and  cooling  of  the  carbon  clusters  by  buffer  gas  is
considered.  The  calculations  give  the  qualitatively  correct  correlation  between  fullerene  yields  in
helium and argon.

In  this  work,  in  the  model  the  data  obtained  on  the  temperature  distribution  and  electron
concentration  in  a  carbon-helium  plasma  [6]  were  taken  into  account.  The  results  of  calculations
carried out for different pressures of the buffer gas correlate with the results of experiments [6] and
will be used in the future to improve the technique of controlled fullerene synthesis.

The reported study was funded by RFBR according to the research project № 18-32-20011.
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By means of the dynamic light scattering methods ( optical heterodyne scheme),  the appearance
of large aggregates of fullerene C70 (with the diameter 570–600 nm) and the further sharp increase in
their concentrations within 2, 3 days with no visible change in their size have been revealed. This is
evidenced  by  the  centering  at  the  same  frequency  of  Doppler  shifts  in  the  scattering  spectra  of
aggregates (Fig.1A, B).

It is also shown that the directional motion of the aggregates and accordingly Doppler shifts in
the spectra are associated with the light pressure, with  the entrainment of formed aggregates by the
laser beam (a light power of about 15 mW) and are not associated with convection, i.e. with heating
caused by the same beam (Fig.1C, D).

The work was supported by Russian Foundation for Basic Researches (grant
No 18-29-19008).

Fig.1. Spectra of light scattered by the С70 fullerene sample. (A) on the first and third days of observation, (B) on the
third and fourth days of observation. (C) with the successive weakening of the scattering beam entering the sample

by double damping filters (a) without the weakening of the scattering beam, (b) in the presence of a double
damping filter, (c) at the fourfold weakening of the scattering beam, and (d) at the eightfold weakening of the
scattering beam. (D) spectra of light scattered by the С60 fullerene sample at a scattering angle of 90° for (a)

scattering from two counterpropagating joined beams simultaneously and (b1 and b2) the case where one of the
counterpropagating scattering beams is blocked.
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Cryometry data and excess thermodynamic functions in the binary
systems: adduct of  fullerene C60, fullerene C70 - H2O
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Using  a  Beckman  thermometer,  the  concentration  dependence  of  water  crystallization
temperatures  was  investigated  for  C60(OH)22–24  –  H2O,  C70(OH)12  –  H2O,  C70[C(COOH)2]3  –  H2O,
С60(C5H9NO3)2 - H2O, С60(C6H14N2O2)2 – H2O, C60(C6H13N2O2)2 – H2O, C60(C4H8NO3)2–H2O binary systems at
273.15 – 272.50 K.

The  semi-empirical  Virial  Decomposition  Asymmetric  Model  of  virial  expansion  of  the  excess
Gibbs  energy  of  the  light  fullerene derivatives  solutions  was  applied.  On the  basis  of  the  proposed
model,  partial  and  average  molar  thermodynamic  functions  of  binary  solutions  as  well  as  the
conditions of stability against phase separation were determined.

All  systems  demonstrate  gigantic  positive  deviations  from  the  ideality  and  have  micro-
heterogeneous behavior in the concentration in molar fraction scale higher then 3÷5*10-5 a.u.

This work was supported by Russian Foundation of Fundamental Investigations – RFBR (Projects
№№  18-08-00143  А,  19-015-00469  А,  19-016-00003  А),  as  well  in  the  framework  of  the  state
assignment of  the Ministry  of  Science and Higher Education of  the Russian Federation (Project  №.
8.2080.2017 / 4.6).
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In  recent  decade,  it  has  been  established  that  many  higher  fullerenes  obeying  the  isolated
pentagon  rule  (IPR)  were  susceptible  to  skeletal  transformations  forming  structures  with  fused
pentagons or even with heptagon in the carbon skeleton upon chlorination [1-2]. It was assumed that
the chlorination of the most common fullerenes C60 and C70 leads to the formation of exclusively IPR-
chlorides  up  to  D3d-C60Cl30  and  C70Cl28,  respectively.  However,  the  possibility  of  Stone-Wales
rearrangements  and  the  formation  of  non-IPR  structures  of  fullerene  C60  under  harsh  chlorination
conditions  was  shown  in  [3].  Single  crystal  X-ray  diffraction  revealed  three  chlorides  with  non-IPR
frameworks: D2d-1805C60Cl24, C2v-1810C60Cl24, and D5-1794C60Cl20.

In  this  work,  optimization of  the  synthesis  of  non-IPR derivatives  of  C60  was  carried out  under
chlorination  with  SbCl5.  The  impact  of  initial  substrates,  time  of  synthesis,  and  temperature  on
chlorination products was studied. After HPLC separation of the products, the crystals of two non-IPR
isomers  C60Cl24  and  non-IPR  chloride  1809С60Cl16  (Fig.  1,  a)  were  investigated  by  single  crystal  X-ray
diffraction.  Both  non-IPR  C60Cl24  (Fig.  1,  b  and  c)  isomers  were  further  characterized  by  IR
spectroscopy.  To  receive  more  information  on  the  products  of  the  syntheses,  high-temperature
trifluoromethylation  of  the  chlorination  products  was  applied  followed  by  HPLC separation.  In  this
way,  1810C60(CF3)14  (Fig.  1,  d)  was  isolated  and  studied  by  X-ray  diffraction  and  IR  spectroscopy.
Molecular  structures  as  well  as  chlorination  and  trifluoromethylation  patterns  of  the  isolated
compounds are discussed in more detail.

This study was supported by the RFBR, grant № 19-03-00733.

Fig.1. Molecular structures and Schlegel diagrams of non-IPR chlorides 1809C60Cl16 (a), 1805C60Cl24(b), 1810C60Cl24(c) and
1810C60(CF3)14 (d).
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   Fullerenes due to pleiotropic activity are promising agent for different medical  applications.
They are used as a separate active component and as a carrier of  medications in targeted delivery
and/or  prolonged therapy.  The fullerenes  water  solutions,  which  were  prepared by  extraction  from
C60/NMP, characterized by the unique small cluster sizes (~ 10 nm) and  the acceptable middle size
cluster for nanomedicine (~60 nm) of fullerenes that lead to improved biocompatibility of fullerenes.
We  assume  that  fullerene  interacts  with  NMP  via  a  charge  transfer  mechanism.  Stabilization  of
fullerenes in water solutions due H-bonding between water and NMP. The evidence of the type of the
molecular  interaction  we  found  from  the  quantum-chemical  calculation’s  results  in  the  density
functional  theory  with  long-range  separated  hybrid  functional  and  subsequent  analysis:  wave
functions, PES, the charge transfer transition density matrix from time dependent DFT calculations of
100 excited states(f>0.001).

  Based  on  the  aqueous  dispersions  of  fullerene,  it  was  designed  a  number  of  drug  delivery
system  as  fullerenes-polyphenols,  fullerenes-alkaloids,  polysaccharides-fullerenes.  We  presented
crucial information about each active component of the drug-delivery systems, below in this narrative.

  Oxyresveratrol is a polyphenols compound, well-known representative of stilbene, found in the
roots, leaves, stem and fruit of many widely distributed plants. It possesses antitumor activity. As a
bioactive compound oxyresveratrol has demonstrated strong antioxidant activity, effectively scavenge
free radicals. Oxyresveratrol exhibited a wider effective dosage range as an intracellular antioxidant
for  reducing  oxidative  stress.  The  molecules  of  oxyresveratrol  aggregates  under  the  influence  of
additive fullerene as a result of supramolecular self-organization.

    Berberine is alkaloids found in such plants as Berberis. It can reduce the growth and spread of
various different types of cancer, and a inhibit cell proliferation and to be cytotoxic towards cancer
cells. Nevertheless, the bioavailability of Berberine is low. In this reason, we proposed the fullerenes
like a berberine's carrier to improve his bioavailability and selectivity.

    Pectins,  as  a  compound,  are  linear  polysaccharides  composed  primarily  of  D-galactoronic
acids.  Pectin  has  the  anti-adhesive  apoptosis-promoting,  apoptosis  -inducing  properties  and  can
increase apoptotic responses of tumor cells to chemotherapy. Pectin can increase the bioavailability of
the drug in oncology treatment because of similar structure of pectin to glucose, and the increased
cancer cellular uptake of glucose on compare to healthy cell.  So, if  we will  proved the existence of
pectin’s shell around fullerenes in water solutions we can say that we create the carrier-drug systems
for active targeting with high selectivity and a wide set of bioactivity.

    Small-angle neutron scattering, dynamic light scattering, and UV-Vis spectroscopy investigated
the undermentioned systems. In addition, a computer model of carrier-drug interaction was proposed
based on quantum chemical calculations.
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The majority of chemical transformations involving the addition of addends to C60 core have two
main  disadvantages:  the  formation  of  poly-adducts  along  with  the  target  mono-adduct  and,
consequently,  the  need for  the target  mono-adduct  purification by  column chromatography.  This  is
also  true  for  the  synthesis  of   3'H-cyclopropa[1,9](C60-Ih)[5,6]fullerene-3'-carboxylic  acid  (FCA)
previously reported by our group [1]. 

Accroding to our recent results, decreasing the molar equivalent of cyclopropanation agent from
1.8 eq to 0.3 eq in relation to C60  leads to benzhydril  ester FCA being the only product along with
unreacted C60.  The ester can be separated in 30% yield based on total C60  (100% based on reacted
C60),  which is  higher  than previously  reported (55% based on reacted C60).  In  order  to  prepare the
target FCA from the mixture of its benzhydril ester and C60 we removed benzhydril protecting group
directly from the mixture under the conditions we reported previously. The isolation of  FCA from the
mixture with C60 involved esterification of  FCA with 2-chlorotrityl chloride resin with the subsequent
washing  of  FCA-linked  resin  from unreacted  C60.  Cleavage  of   FCA from the  resin  can  be  done  by
standard  reagents  which  are  used  in  solid  phase  peptide  synthesis.  The  synthesis  of  other  mono-
adducts  of  C60  (for  example,  with  amine group)  can be  performed in  a  similar  way using the  same
resin. 
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It is commonly accepted that fullerene formation occurs via self-organization of initially chaotic
carbon system without precursors of certain structure. The detailed arguments in favor of this route
have been brought forward in reviews [1,2]. However, after more than thirty years since the discovery
of fullerenes, the puzzle of the high yield of certain abundant isomers of fullerenes (like a C60 fullerene)
is  not  yet  solved.  Numerous  molecular  dynamics  (MD)  studies  show  that  just  after  formation  a
fullerene shell contains structural defects (such as 7-, 8-rings and other rings, sp-hybridized atoms).
Thus  annealing  of  these  defects  is  necessary  for  the  formation  of  the  “perfect”  fullerene  shell
containing an even number of sp2 atoms. To explain this annealing of defects of the fullerene structure
and the abundance of certain isomers of fullerenes it is necessary to fully understand the reactions of
structure transformation after fullerene shell formation.

Here we perform reactive MD simulations of dynamical behavior of a fullerene shell with an odd
number of atoms. Namely, the stochastic migration of two-coordinated atom position (or sp-defect) is
observed.  The  schemes  of  bond  rearrangements  during  the  migration  events  are  presented.  The
performed  analysis  of  the  correlation  between  the  fullerene  energy  and  number  of  7-  and  8-rings
allows us to conclude that such a migration can lead to formation of the perfect fullerene shell and
thus contributes to selection of abundant isomers of fullerenes. The conclusion drawn from the MD
simulations is confirmed by density functional theory calculations of barriers of migration events that
change  the  number  and  configuration  of  the  different  rings.  Based  on  these  results,  we  propose  a
possible  atomistic  mechanism  of  annealing  of  fullerene  defects  caused  by  the  migration  of  the  sp-
defect in a fullerene shell with an odd number of atoms at intermediate stages of fullerene synthesis.

Fig.1. Simulated structure evolution showing the sp-defect migration in the C69 fullerene at temperature of 3000 K.
Current and former sp atoms are colored in green and blue, respectively.
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Comparative study of endofullerenols with magnetic atoms in aqueous
solutions by neutron scattering and NMR

Kulvelis Yu.V. 1 , Lebedev V.T. 1 , Ievlev A.V. 2 , Chizhik V.I. 2 , Artemiev A.N. 3 , Belyaev A.D. 3 , Knyazev
G.A. 3

lebedev_vt@pnpi.nrcki.ru
1 B.P. Konstantinov Petersburg Nuclear Physics Institute, NRC "Kurchatov Institute", Gatchina, Russia
2 Saint Petersburg State University, Saint Petersburg, Russia
3 National Research Centre "Kurchatov Institute", Moscow, Russia

Crucial  problems  of  aqueous  solutions  stability  of  water-soluble  forms  of  fullerenes  and
endofullerenes  are  of  great  importance  for  their  biomedical  applications,  which  progress  strongly
depends  on  the  knowledge  of  the  interactions  between  these  molecules  especially  in  the  case  of
magnetic  atoms  (Gd,  Fe)  inside  carbon  cages  [1,2].  Hydroxyls  on  the  surface  of  cages  make  very
difficult to predict a preferable way of fullerenols’ mutual arrangement in aqueous media as defined
by  a  competition  between  hydrophobic  and  hydrophilic  interactions,  electric  and  magnetic  dipolar
forces between molecules. The cages may also carry magnetic moments due to known phenomena of
spin leakage from encapsulated metal atom to surrounding carbon shell. The EXAFS measurements
have  proved  the  endohedral  structures  of  these  metal-carbon  complexes  and  given  necessary
structural  parameters  defining  coordination  geometry  and  the  distances  between  metal  atom  and
surrounding carbons.

The experimental results are devoted to comparative studies of endofullerenols with 4f- and 3d-
metal  atoms having magnetic moments stimulating molecular ordering in aqueous medium when a
significant screening of electrostatic dipolar interactions occurs due to very high polarity of water. A
comprehensive  analysis  of  neutron  scattering  data  for  the  solutions  of  different  fullerenols  has
enabled to treat the relaxivity effects from encapsulated atoms creating randomly varying magnetic
fields.  The  protons  spins  interact  with  these  fields  making  precessions  under  the  applied  fields  in
NMR experiments. Thus, the modelling of Magneto-Resonance Imaging (MRI) technique was realized,
widely  used  in  modern  diagnostics.  The  performed  experiments  serve  to  provide  a  basement  for
design  of  new  contrasting  agents  for  MRI  as  well  as  elucidated  the  features  of  endofullerenols’
superstructures in solutions as dependent on their concentrations, pH and temperatures. This should
be important for biomedical applications of these new materials.

The work was supported by Russian Foundation for Basic Researches (grant No 18-29-19008).
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Despite being insoluble in most polar solvents[1], fullerene C60 can form stable colloid dispersions
in  aqueous  media[2].  Such  Aqueous  Fullerene  Dispersions  (AFD)  have  a  number  of  practical
applications, including use in biology and medicine as anti-inflammatory agents[3]. For this purpose,
AFDs are obtained by dissolution of fullerene C60 in 1-methylpirrolidone (MP), mixing it with aqueous
solution of appropriate stabilizer and removing MP by dialysis through semi-permeable membrane[4].
This  method  has  recently  been  improved  significantly  by  substituting  dialysis  with  more  efficient
process  of  tangential  flow  filtration.  In  this  work,  a  number  of  physical-chemical  characteristics  of
AFD, obtained by this method, are described.

UV-Vis absorption spectra were recorded on a double beam spectrophotometer in the range of
190-800 nm. Sizes of nanoparticle was measured by dynamic light scattering method and ζ-potential
was  established.  Freeze-dried  dispersions  have  been  studied  using  Fourier  transformed  infrared
spectroscopy (FTIR) and elemental composition has been studied using elemental analyzer. Fullerene
within AFD has additionally been identified using matrix assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry.

UV-Vis spectra showed a wide band of absorption from 550 to 400 nm and 3 peaks at 230, 270
and 340 nm. As with dialysis method, 340 nm peak has shown great linearity of calibration curve and
is suggested to be used for quantitative analysis. Number and position of peaks did not depend of the
particle size, which varied greatly, depending on stabilizer used. Hydrodynamic radius of particles in
unstabilized AFD has been established as roughly 50 nm and two to six times that for AFDs stabilized
with  different  poloxamers  and  polysorbates.  ζ-potential  was  estimated  as  roughly  -15  mV  for  all
dispersions studied.  FTIR spectra of  freeze-dried samples were compared to spectra obtained from
pristine  fullerene.  While  all  the  major  peaks  are  retained,  a  number  of  small  emerging  peaks  is
observed. The latter can be attributed to presence of water and MP within the freeze-dried powder.
This  can  be  confirmed  by  elemental  analysis,  which  showed  2.28%  nitrogen  and  1.11%  hydrogen
content  within  fullerene freeze-dried sample.  These results  indicate  water  and MP presence within
fullerene clusters. The possibility of hydrogen and nitrogen being covalently bound to fullerene within
clusters  have  been  excluded  by  applying  MALDI-TOF  mass-spectrometry,  results  of  which  clearly
show a singular peak at m/z=720.

Results described in this work could be useful to elucidate AFD physical and chemical properties.
Fullerene cluster’s ability to incorporate light molecules, shown here on example of MP and water,
could be used in the future for small molecule drug delivery and controlled release.
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Fullerenes  show  rather  strong  antioxidant  activity,  which  has  much  prospects  in  cosmetic
industry and medicine [1].  The experiments on cytotoxicity indicate the absence of significant toxic
effects of fullerene solutions, regardless of the fullerene aggregate size [2]. The development of new
efficient methods to obtain stable C60 aqueous solutions is of current interest with respect to practical
applications. Thus, it was shown [3] that amino acids and a number of other natural substances have a
stabilizing  effect  on  aqueous  dispersions  of  C60  and  in  some  cases  reduce  the  particle  size,  which
improves membranotropic properties.

In  this  study,  structural  characterization  of  complexes  of  C60  with  different  stabilizers  (lysine,
arginine,  piperazine,  etc.)  in  water  were  done  within  a  combined  approach  including  small-angle
neutron scattering (SANS), small-angle X-ray scattering (SAXS), dynamic light scattering (DLS) and
UV-Vis absorption spectroscopy. Structural changes of the aggregates were observed depending on
the type of the stabilizer used. A stabilization mechanism of the systems at nanolevel is discussed.

Fig.1.Experimental data on scattering of neutrons (a), X-rays (b) and light (c) by aqueous colloidal solutions of
fullerenes C60 with different stabilizing agents.
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We  have  studied  the  crystal  structure  of  the  molecular  complex  C60*{Fe(C5H5)2}2  by  X-ray
diffraction  analysis  at  pressures  up  to  50  kbar  using  the  diamond  anvil  cell  (DAC)  technique.  In  a
parallel  way, the pressure dependence of the phonon modes in the Raman spectra of C60(Fc)2  were
acquired  up  to  100  kbar.  The  structural  data  were  collected  for  the  high  quality  single  crystals  of
typical  size  ~200  μ  using  the  four-circle  Oxford  Diffraction  diffractometer  equipped  with  two-
dimensional CCD Atlas S2 and DAC with Boehler type Ia anvils. The Raman spectra were recorded in
the  back-scattering  geometry  using  spectrograph  Acton  SpectraPro-2500i  with  Peltier  cooled  CCD.
The  right  part  of  Fig.1  shows  the  pressure  dependence  of  the  unit  cell  volume  V/V0  fitted  by  the
Murnaghan equation  of  state  (V/V)B'  =1/{1+P·(B'/B)}  (dashed line).  The dependence is  smooth and
monotonous,  the  bulk  modulus  and its  derivative  B=8.485 GPa  and B'=10.36  are  close  to  those  of
other  C60  complexes.  The  left  side  of  Fig.1  emphasizes  the  pressure  dependence  of  the  shortest
distance  L  between  the  donor  Fc  and  acceptor  C60  molecules.  The  data  clearly  demonstrate  two
regions fitted by independent linear dependence with different pressure coefficients (dashed lines).
This peculiarity is  an indicator of  the intermolecular interactions crossover,  probably due to partial
charge  transfer  between  the  donor  and  acceptor  molecules  starting  at  this  point.
Acknowledgments. The research is carried out within the state task of ISSP RAS and partial support
of the RAS Presidium Program “Physics of condensed matter and new generation materials”.

Figure 1. Pressure dependence of the unit cell volume V/V0 and the shortest distance between the donor and
acceptor molecules L for the C60(Fc)2 molecular complex.
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Switching  luminescence,  one  of  the  promising  ways  of  current  photochromic  techniques,  was
primarily demonstrated on benzospiropyrans [1]. Introducing of diverse functional groups, metals or
even  large  molecular  moieties  to  the  spiropyran  structure  allows  producing  a  large  set  of  hybrid
photochromic systems. Recently [2], the first photochromic fullerene–spiropyran adduct (1) has been
synthesized via the 1,3-dipolar cycloaddition of azomethyne ylide to C60.

In the present work, we report on the results of spectrophotometric and luminescence studies of
fulleropyrrolidine 1. We have obtained the absorption and photoluminescence (PL) spectra, lifetimes
of  the  excited  states,  concentration  and  temperature  dependences,  quantum  yields  of  PL  (ϕPL)  of
fulleropyrrolidine  in  its  spirocyclic  (closed)  1  and  merocyanine  (open)  forms.  A  as  result,  the  first
example of fullerene-containing photochromic compounds have been found due to photoisomerization
1 → 1i [3]. The 1i form has the PL yield one order larger than pristine spiropyrans and with ϕPL = 0.09
seems  have  the  highest  luminescence  among  the  fullerene  monoadducts.  The  calculated
thermodynamic parameters of photoisomerization 1 → 1i, dipole moments and mean polarizabilities of
1, 1i and parent spiropyrans (the PBE/3ζ method, Priroda 11.0 program) suggest that the introducing
the fullerene core to the photochromic system leads to the enhancement of the efficacy of the switch.

The  reversible  luminescent  switching  upon  transits  1  ↔  1i  and  the  higher  photostability  of
compound 1 make the photochromic fullerene derivatives promising for new molecular devices and
related nano-applications.

The work was supported by the Russian Foundation for Basic Research (project No 19-03-00716).
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Recently, special attention is drawn to the magnetic properties of materials, in which there are
no magnetic atoms of transition elements. Thus, in a number of pure carbon structures, as well as in
some organic substances, ferromagnetic hysteresis is observed, which persists to high temperatures.
The most interesting results on the magnetic properties of carbon objects were obtained in the study
of structures based on fullerenes, graphene and nanotubes. Typically, fullerenes are combined into a
molecular lattice of the face-centered cube (FCC) type. There are various methods to modificate such
fullerenes, allowing to change the symmetry and transform the molecular lattice. It is, for example,
polymerization. The most complete polymerization, up to partially three-dimensional one, is realized
when fullerenes to expose to high pressures and high temperatures (HPHT). In this case, the initial
molecular FCC lattice can be transformed into a covalent tetragonal, orthorhombic or rhombohedral
one.  With  this  technology,  as  temperature  and  pressure  increase,  the  degree  of  disorder  in  the
arrangement  of  molecules  can  increase,  and  molecules  themselves  begin  to  collapse.  As  a  result,
amorphized  graphite-like  (sp2)  and  diamond-like  (sp3)  carbon  structures  are  obtained,  which  are
accompanied by an increase of the magnetic centers concentration [1].

In this paper, we study the magnetic properties of a doped with Na composite where fullerenes
C60 are placed in the carbon matrix based on exfoliated graphite (EG, [2]). The mixture of C60, EG, and
NaN3,  which  is  decomposed  into  Na  and  N2  at  275  oC,  was  processed  by  HPHT technology  at  the
pressure of 7 GPa and the temperature of 600 °C. The X-ray diffraction analysis of the samples shows
that C60 molecules under these conditions remain mostly undisturbed. Measurements of the magnetic
moment in the obtained samples were performed by the vibration method in the PPMS QD apparatus.

The total magnetic moment, M, of all samples turned out to consists of a sum of dia-(D), ferro-
(FM),  and  paramagnetic  (PM)  contributions:  M  =  MD  +  MFM  +  MPM.  The  magnetic  susceptibility
weakly  depends  on  the  temperature  down  to  T=50  K,  and  the  positive  PM  contribution  to  it
significantly increases at T<50 K. In samples where С60 prevails over EG, the MPM (H) curves at T=3 K
can be well reproduced by a Brillouin-type function using g-factor g=2 and a total angular momentum
J=1,  which corresponds to  magnetic  moment  equal  to  2mB  per  a  magnetic  center  (mB   is  the Bohr
magneton).

The  concentration  of  PM  centers,  NPM,  obtained  from  the  data  on  paramagnetic  properties  of
samples predominantly consisting of fullerenes, lies within (3–5)·1018 g–1, which is a typical value for
magnetic  centers  in  defective  carbon  structures  [3].  As  the  concentration  of  EG  in  the  samples
increases, the value of NPM also increases significantly. The contribution of the impurity of sodium in
the magnetic properties of the material is not essential.
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Background. Aqueous dispersion/solution of fullerene C60 (AFS) obtained by the biocompatible
diafiltration  method  [1]  have  previously  been  shown  to  have  interesting  biological  properties,
including antiviral action against the herpes simplex virus types 1 and 2 and anti-inflammatory - in the
murine model of atopic dermatitis with very low toxicity [2]. AFS nanoparticles contain, in addition to
C60,  N-methylpyrrolidone  (MP)  molecules  in  the  form  of  a  charge  transfer  complex  and  water,
although their spatial distribution in the particle is not yet known. It is obvious that the properties of
C60  solution  (single  molecules)  in  toluene  and  AFS  (clusters)  should  be  significantly  different.  The
purpose of the present study was to compare a chromatographic behavior of AFS and C60 in toluene
using thin-layer chromatography (TLC).

Methods. The AFS (1 mg C60/ml, particles size ~200 nm, z-potential -24.2 mV) was prepared as
described  in  [1]  and  contained  pluronic  F-127  (stabilizer).   Chromatographic  experiments  were
performed  at  room  temperature  on  glass-based  plates  with  silica  gel  without  fluorescent  indicator
(Merck,  Darmstadt)  cut  into  50x100  mm.  Samples  were:  AFS,  fullerene  C60  solution  in  toluene  (1
mg/ml), nC60 (~100 µg/ml, dispersion obtained by conventional ultrasonic method),  MP (10 mg/ml),
pluronic F-127 and fullerenol. Mixture of toluene and dimethylformamide (1:1) was used as the mobile
phase.  The  fullerene  was  visually  detectable  as  brown  spots  on  a  white  background  of  TLC  plate,
while  iodine fumes increased the contrast  of  the  spots.  The visualized spots  on the plate  (for  AFS)
were  neatly  cut  out,  extracted  with  the  same  mobile  phase  and  their  contents  were  analyzed  by
MALDI-TOF mass spectrometry.

Results.  TLC analysis  of  C60/toluene solution showed only  one brown spot  near  the front.  The
AFS sample demonstrated 4 spots: 1st near the front, 2nd just below (Rf ~0.92), 3rd with Rf ~046 and 4th

at the start.  In relation to nC60  was detected 2 spots:  very weak on the front and noticeable at  the
start.  Fullerenol  showed only one spot at  the start,  while pluronic had a high mobility  with a Rf  of
about 0.9–0.93. Analysis of the cut out spots showed that they contain only C60 (m/z 720).

Conclusion.  The  results  of  TLC  analysis  coupled  with  mass  spectrometry  demonstrate  the
absence of a noticeable chemical modification of fullerene in the process of obtaining a concentrated
form of AFS (1 g/L). Moreover, the TLC can serve as a simple express-analysis of the authenticity of
AFS.  It  is  important  to  note  that  the  colloidal  status  of  fullerene  particles  significantly  affects  the
chromatographic  behavior.  Although  all  the  spots  into  which  the  fullerene  dispersions  of  were
separated contain the same substance, it is reasonable to assume that the particles retained in these
spots should differ in some of their properties, and this requires further study.
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In  this  report  we  discuss  our  strategies  for  preparation  of  fullerene  compounds,  which  can  show
metallic conductivity or to be Mott insulators with strong magnetic coupling of spins and strong spin
frustration.
For preparation of  compounds with triangular lattices from fullerene radical  anions we use cations
and  components  having  C3v  symmetry.  (MDABCO+)(C60

•-)(TPC)  (1)  (MDABCO+  is  N-
methyldiazabicyclooctanium,  TPC  is  triptycene)  is  a  rare  example  of  fullerene  based  quasi-two-
dimensional  (2D)  metal,  which  contains  closely  packed  hexagonal  fullerene  layers  (Fig.  1a)  [1].
Modification  of  a  structure  of  metal  1  by  using  substituted  triptycenes  is  discussed.  Bulkier  MQ+

cations  (N-methylquinuclidinium)  increase  the  interfullerene  distance  in  the  layered  complex
(MQ+)(C60

•-)(TPC) (2) and transfer it to the Mott insulator with an antiferromagnetic coupling of spins
(Q = -27 K). Variation of the cations used allows to modify properties of fullerene salts. Cryptand(M+)
cations  form  air-stable  complexes  3  and  4  with  partial  charge  transfer  to  fullerenes.  They  have
hexagonal  packing  of  fullerenes  (Fig.  1b)  and  show metallic  conductivity  or  charge  separation  [1].
Tributylmethylphosphonium  cations  allow  one  to  pack  C60

•-  and  endometallofullerene  Sc3N@C80
•-

radical anions in (TBMP+)(Fullerene•-)×0.33C6H4Cl2 salts (6, 7) in closely packed Kagome lattices (Fig.
1c) with strong magnetic coupling spins (Q = -109 and -43 K, respectively) without magnetic ordering
down to 1.9 K [2]. Salt 6 is a candidate for the observation of a quantum spin liquid state in the C60

•-

system.
The work was supported by RSF №18-13-00292 and RFBR №17-53-12017.

Fig. 1. (a) Projection of organic (MDABCO+)(TPC) layers on hexagonal fullerene layers in 1; (b) view on the
fragment of hexagonal fullerene layer in {cryptand[2.2.2](Na+)}(C60)3

-×2C6H4Cl2 (3) [1]; view on the Kagome lattice
from C60

•- in 6 [2].
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Inert  and  non-toxic  fluorocarbon  compounds  are  promising  as  dielectric  materials  and  as
constituents  of  composite  materials,  providing  high  thermal,  chemical  and  photostability  [1].
Particularly  interesting  members  of  the  fluorocarbon  family  are  trifluoromethylated  fullerenes  that
additionally feature electron acceptor and fluorophore properties mediated by their fused assemblies
of unsaturated five- and six-membered rings. Recently, many trifluoromethylated fullerenes have been
found to  show a  good linear  correlation  between the  first  reduction  potential  and  the  theoretically
calculated  LUMO energy  [2].  However,  a  number  of  trifluoromethylated  fullerenes  were  not  to  be
included in  that  study because of  their  low solubility  in  the commonly  used solvents  that  rendered
electrochemical experiments impossible.

In  the  present  work,  we  report  a  new  general  approach  that  may  enable  electrochemical
investigations of many less-soluble fullerene compounds by utilizing perfluorinated organic solvents.
As  a  test  case,  we  studied  the  S6-symmetric  C60(CF3)12  [3]  which  is  known  to  form  low-soluble
crystalline  phase.  The  isolated  and  comprehensively  spectroscopically  characterized  S6-C60(CF3)12

compound was subjected to cyclic voltammetry (CVA). The use of the perfluorinated solvents afforded,
for  the first  time,  sufficient  room-temperature solubility  of  S6-C60(CF3)12  and enabled optimization of
the CVA conditions for its study. S6-C60(CF3)12 was observed to undergo reversible reduction at –0.8 V
with  respect  to  the  С60

0/–  potential,  indicative  of  weaker  acceptor  properties  of  its  triphenylene-like
conjugated  substructures.  To  further  test  the  potential  of  the  perfluorinated  solvents,  we  plan  to
perform a broader electrochemical survey of various types of poorly soluble fullerene derivatives.
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During the last  decade,  the production and determination of  fullerenes in aqueous dispersions
(AFDs) has been showed an upward trend. The main areas of application of AFDs are medicine and
pharmacology.  AFDs  of  unmodified  fullerenes  (having  no  addends)  can  be  introduced  into  human
body  as  anticancer  or  antiviral  drugs.  However,  the  chemistry  of  fullerene  compounds  and  AFD
properties  still  should  be  fully  unraveled.  Fluorescence  spectroscopy  is  a  rather  sensitive  method,
occupies a special place in research of biological objects and can be used for low concentrations of
AFDs.

Luminescence  properties  of  pristine  fullerenes  and  their  derivatives  in  nonpolar  solvents,
especially  peculiarities  of  C60  in  organic  solutions  under  different  conditions  and  state,  have  been
previously investigated. However, much less data are known for AFDs. Thus, the aim of this study is to
estimate luminescence properties of aqueous fullerene C60 dispersions.

AFDs  were  obtained  by  the  ultrasound-induced  solvent-exchange  technique  from  toluene  (the
ratio of toluene to water is 1:5, within 24 h treating time). UV/vis/NIR, total organic carbon analysis,
HPLC-UV,  and  headspace  gas  chromatography/mass  spectrometry  were  used  to  characterize  the
obtained AFDs and showed the dissolved organic substances akin benzene, toluene, etc. at lower than
ppb-levels.

Excitation–emission map (EEM) fluorescence spectra of AFDs were obtained (Fig. 1). A band was
found  in  the  photoluminescence  spectra  of  AFD  C60  with  a  maximum  at  350–430  nm  at  excitation
wavelengths  of  280–350  nm.  In  toluene  solutions,  the  characteristic  regions  are  red-shifted  (ca.
200  nm  at  emission).  The  red  shift  proves  a  different  type  of  interaction  (fullerene–polar/nonpolar
solvent)  in  molecular  solutions  in  toluene  compared  to  colloidal  solutions  in  water.  There  are
peculiarities in the electronic structure of the EEM, in toluene solutions there are three characteristic
peaks maxima; although in aqueous, only one peak is manifested.

The optimum conditions  for  registration of  spectra  were selected (exciting/emission slit  range,
detector voltage, and integration time). Limits of detection for fullerenes in aqueous dispersions are
estimated as ca.  n×10-7  M (λEx  = 349 nm) that would allow the use of the technique at the level of
concentrations of AFDs in medicine. The influence of highly saline media based on buffer solutions,
phosphate  buffer  saline  (PBS),  and  sodium chloride  on  the  change  of  fullerene  EEM spectra  were
studied. After analyzing the obtained EEM spectra of AFDs, no significant difference was found, which
proves very similar intermolecular interactions in AFDs under different conditions. With fluorescence
spectroscopy, the spectra of formation of hydrogen bonds in existing systems for further use of AFDs
as  antiviral  and  antitumor  drugs  were  studied.  The  results  will  be  presented  in  more  detail  in  the
presentation. In the future, AFDs should be checked for the interaction with proteins, lipids, and other
biomolecules to understand the possible behavior of AFDs in human body.

Fig. 1. Luminescence spectra of an aqueous fullerene C60 dispersion, 10 ppm.
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High specific surface area and functional surface composition of detonation nanodiamonds allow
the modification of nanodiamonds surface with different compounds either by chemical synthesis or
adsorption  [1].  Pretreatment  of  nanodiamonds  sets  the  functional  composition  of  the  surface  and
provides its positive or negative zeta potential in the aqueous suspension. Previously, we have shown
that  being  quaternary  ammonium  base  the  surface  active  drug  (Myramistin)  can  adsorb  on  both
positively  and  negatively  charged  nanodiamonds  [2,3].  To  reveal  the  mechanism  of  the  adsorption
process  we  studied  the  adsorption  of  three  representatives  of  a  homologous  series  of
alkyltrimethylammonium bromides (dodecyl, tetradecyl and hexadecyl) on nanodiamonds of positive
and negative zeta potential. The amount of the surfactant on nanodiamond surface was determined
using tritium labeled compounds that were obtained by means of tritium thermal activation method
[4].

Nanodiamonds  produced  by  PlasmaChem  were  used  in  this  study.  Nanodiamond  powder  was
used  as  received  as  well  as  subjected  to  air  annealing  at  450°C  during  1  hour.  The  suspension  of
single-digit  nanodiamond  (SDND,  PlasmaChem)  was  used  as  received.  Nanodiamond  powder  was
suspended  in  water  as  it  was  described  in  ref  [2].  Nanodiamonds  were  characterized  by  means  of
FTIR,  BET  and  TEM.  The  suspensions  were  also  characterized  by  DLS.  It  was  found  that
nanodiamond subjected to air annealing and SDND possess negative value of zeta potential as well as
it functional composition was very close.

The adsorption experiments  were carried out  according to  the procedure described previously
[2,3].  For  all  types  nanodiamonds  we  obtained  adsorption  isotherms  of  alkyltrimethylammonium
bromides of Langmuir type. It reached plateau region at concentration value close to critical micelle
concentration.  However,  the  value  of  maximum  adsorption  was  decrease  with  molecular  weight
growth.  For  nanodimonds  that  were  subjected  to  air  annealing  and  SDND  the  isotherms  were
identical and maximum adsorption obtained for these samples was as much as 30 times higher than
maximum adsorption  on  nanodiamonds  of  positive  zeta  potential.  The  reversibility  of  adsorption  of
alkyltrimethylammonium bromides was determined in water and in 0.9% NaCl. For all samples it was
found  that  desorption  in  water  is  negligible  while  in  presence  of  salt  the  desorption  reached  57%
suggesting the dominant role of electrostatic interactions in the adsorption process. We also control
value  of  zeta  potential  as  a  function  of  surface  concentration  of  alkyltrimethylammonium bromides
surface concentration.  We have found that all  types of  nanodiamonds are stabilized in the aqueous
suspension when the adsorption reaches plateau region.
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Surface  properties  of  detonation  nanodiamonds  such  as  large  specific  area,  the  abundance  of
different  chemically  active  groups  and  traces  of  metals  [1]  make  this  nanomaterial  applicable  as  a
catalyst for the development of new analytical sensors, for example, for phenol detection [2,3]. In this
regard, a fixation of the nanoparticles on a solid matrix will facilitate further practical adaptation of
nanodiamond-based sensors for environmental monitoring. To achieve this goal, in the present study
we used NafenTM alumina nanofibers [4] as a solid matrix and nanodiamonds possessing high colloidal
stability in hydrosol [1] to fabricate the Nafen-nanodiamond composite material.

For  binding  of  nanodiamonds  with  Nafen  nanofibers,  the  colloidal  solutions  with  certain
concentrations of the nanomaterials were directly mixed with each other in aqueous medium while
stirring continuously. The composite was made by filtration deposition [5] of alumina nanofibers with
nanodiamonds and then sintered at 300 °C to ensure its structural stability in aqueous solutions.

A  study  on  the  SEM  morphology  of  the  obtained  samples  showed  that  the  mixing  led  to
spontaneous  deposition  of  nanodiamonds  on  the  surface  of  alumina  nanofibers.  The  zeta-potential
measurement  of  nanodiamonds  colloidal  solution  and  Nafen  colloidal  solution  showed  that
nanodiamonds are negatively charged, while the Nafen nanofibers are positively charged. Thus, the
electrostatic attraction is responsible for deposition of nanodiamonds on the nanofibers. The surface
charge  on  the  nanodiamonds  is  caused  by  the  presence  of  carboxyl  and  ketone  functional  groups,
while the alumina nanofibers exhibit amphoteric dissociation reactions of aluminum hydroxide. It is
confirmed by the sample analysis with the help of XPS method.

In conclusion,  it  should be added that the nanodiamonds incorporated into the alumina matrix
retained  their  reactive  surface.  It  was  shown  that  due  to  nanodiamonds,  the  obtained  composite
exhibited catalytic activity in oxidative azo coupling reaction (phenol – 4-aminoantipyrine – hydrogen
peroxide) and was able to detect phenol in aqueous medium.

The work is supported by the Russian Foundation for Basic Research Grant № 18-29-19078.
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To  obtain  detonation  nanodiamonds  (DNDs),  mixed  charges  are  used,  as  a  rule,  trotyl  with
hexogen (RDX), in which optimal parameters are selected for power density, oxygen balance, charge
density and armor. However, from a technological and economic point of view, the use of an individual
explosive would be optimal: the dangerous and time-consuming stage of mixing different explosives is
eliminated,  the  use  of  expensive  and  deficient  RDX  is  excluded.  In  addition,  it  is  desirable  to  use
recycled  explosives  with  sufficiently  high  power  and  sensitivity  to  the  initiating  pulse  and  giving  a
significant  DNDs  yield.  Recyclable  tetryl  (N-methyl-2,4,6-trinitrophenylnitramine)  responds  to  all
these qualities.

The  study  of  the  detonation  synthesis  process  was  carried  out  in  an  explosion  chamber  (EC)
"Alpha-2M",  with  a  capacity  of  2.14  m3.  Undermining  was  carried  out  in  water  reservation  (shell),
sometimes using an aqueous solution of urotropin. The diameter of the cylindrical charge is 60 mm,
the length is ~ 120 mm. EC gas environment is previous explosion gaseous products (PD – products of
detonation).

The previously used individual explosives either provide extremely low DND yield (proportion of
percent) or there is no industrial production of explosives.

DND obtaining process from industrially produced picric acid (PC) was studied for the first time.
Despite the presence of water armoring, the DND yield from the PC is small - no more than 1.2% wt.
Thus, the use of PC for industrial production of DND is not economically efficient.

Detonation of tetryl without a shell in a gaseous environment gave a negligible yield - 0.37% wt.
and unsuitable for industrial production.

On the contrary, only the use of water or water-urotropin solution armoring increased the DND
yield  by  ~  20  times  -  up  to  6.3-7.05%  by  weight  with  a  minimum  amount  of  non-combustible
impurities in DND - 0.36-0.94% wt.

Taking  into  account  the  large  reserves  of  tetryl,  our  method  allows  us  to  recommend  it  for
industrial production of DNDs.

A new industrial  method has been developed for obtaining DND from an individual explosive -
tetryl with a high yield (6-7% wt.) and a high DND content in the diamond blend (DB) (51-63% wt.),
which significantly simplifies the chemical cleaning of DNDs. In addition, DND enriched with DB can
be used in polymer chemistry, electroplating, oils and lubricants without additional processing.
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The work represents the study results of mechanical treatment of synthetic crystals of a diamond
in order to manufacture polished diamond pieces. Polishing of the studied diamonds was done with
the use of diamond micropowders with a coating that is chemically active towards silicon-based alloy
based upon carbon as well as diamond micropowders and uncoated nanodiamonds.

The theoretical  calculation of yield ratio is given based upon the analysis of  the morphological
characteristics of the crystal and the assessment of its purity while computer simulating on the Sarin
machine.

The  mass  losses  in  various  technological  operations  are  experimentally  determined.  The
correspondence of the actual mass losses with the theoretical calculations is established.

The  analysis  of  the  obtained  data  shows that  the  use  of  coated  diamond powders  doubles  the
treatment speed of single crystals of the synthetic diamond due to the effect of the physicochemical
environment  on  this  process.  Graphitization  of  diamond  occurs  on  the  surface  of  the  processed
crystal, which significantly simplifies the process of material removal during its machining.

Using  optical  interference  microscope  "Zygo  5000"  the  study  of  relief  and  roughness  of  the
surface  of  the  single  crystal  before  treatment  and  the  surface  of  the  diamond  after  its  mechanical
treatment with diamond micropowders of different granularity sizes, as well as nanodiamond powders
was conducted. The measurement results show that the roughness of the crystal at each technological
operation decreases with the reduction in the granularity size of the diamond micropowder from 2822
nm  to  7.322  nm  when  polishing  with  micropowders  without  the  coating  and  to  5.350  nm  when
polishing with micropowders with the coating.  With further  polishing using nanodiamond powders,
the roughness of the treated surface reached 2.2 nm on the single crystal of the synthetic diamond
which contains impurity of single nitrogen (C centers).

The roughness value is 1.04 nm on a polished surface of synthetic diamonds type IIa measured by
an optical interference microscope "Zygo 5000».

Consequently,  the  manufacture  of  polished  diamond  pieces  from  synthetic  diamonds  by
mechanical treatment with the use of micropowders with the coating that is chemically active towards
carbon allows doubling the productivity of the treatment process and reducing the roughness of the
treated surface.

The use of nanodiamonds while mechanical treatment with the use of micropowders reduces the
roughness of the treated surface and improves its quality.

 
Keywords: synthetic diamond, mechanical treatment, roughness. 
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In  order  to  optimize  the  process  of  obtaining  detonation  nanodiamonds  a  new  concept  is
introduced - the power density of explosives, equal to the ratio of the heat of explosion to the unit of
mass (1 kg) and the unit of time (1 μs). 1 μs is commensurate with the time course of processes in the
zone of chemical reaction of explosives. Thus,

W=Q/τ,
where W – explosive power kJ / kg * μs;
Q – heat of explosion, kJ / kg;
τ – time of energy release, μs.
The time of a chemical reaction is the time required for a substance to move from the detonation

wave front to the Chapman-Jouget plane,  where chemical  reactions end.  The detonation velocity of
explosives and the pressure of gases in the Chapman-Jouget plane are related to the power density of
explosives. The dependence of detonation nanodiamonds yield on the detonation velocity and pressure
in the Chapman-Jouget plane is found. The optimum yield of detonation nanodiamonds (> 5% wt.) falls
on the power density of explosives from 30 to 60 mJ / (kg  ̇  μs), the detonation velocity from 7250 to
8000 m / s and the pressure in the Chapman-Jouget plane from 21 to 28 GPa.

Thus,  a  new  unit  for  measuring  the  performance  of  explosives  in  the  synthesis  of  detonation
nanodiamonds has been proposed, which allows a priori to predict the yield of marketable products.

Figure. The dependence of DND yield on the explosive power density, where:
(TNT - trinitrotoluene, RDX - hexogen, TH - alloys of TNT and RDX of different concentrations,

Tetryl - N-methyl-2,4,6-trinitrophenyl nitramine).
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Perfluoropolyether  (PFPE)  fluids  are  perfluorinated  polymeric  compounds  commonly  used  as
lubricants  in  aerospace,  automotive,  industrial,  and  semiconductor  applications.   Fluorinated
synthetic  fluids  exhibit  exceptional  thermo-oxidative  stability  and  chemical  resistance,  low  surface
energy,  good lubricity  characteristics,  and extended bioinertness.  With  a  goal  of  further  enhancing
lubricating  properties  of  fluorinated  fluids  in  heavy  duty  applications,  in  the  current  study  we
performed developments of PFPE-based nanofluid containing DND additives. In our earlier studies it
was demonstrated that lubricating compositions containing detonation nanodiamond (DND) particles
with  small  aggregate  sizes  significantly  reduce  friction  and  wear  of  sliding  surfaces  due  to  a  fine
polishing effect of DND [1].

Colloidal stability of DND particles in nanolubricants is the key requirement for development of
lubricants  with  significantly  enhanced  properties  [1].  In  this  study,  perfluoropolyether  based  fluid
containing DND was synthesized by high energy ball milling. Preparation routes of PFPE-DND fluid
consisted  of  the  steps  of  modification  of  DND  surface  using  surfactants  and  formulation  of
nanodiamond containing fluidusing sonication. As a result, a dark browntransparent fluid containing
DND with aggregate size of 20-30 nm  in perfluoropolyether was obtained, demonstrating excellent
resistance  to  agglomeration  and  sedimentation  during  storage  for  five  years.  The  FTIR  and  XPS
characterization  analysisproved  that  perfluoropolyether  carboxylic  acid  surfactant  successfully
decorated nanodiamond surface..  

Viscosity  and  rheological  behavior  of  the  formulated  perfluoropolyether-DND  fluid  can  be
adjusted  depending  on  the  intended  applications.  For  example,  we  will  discuss  formulation  and
properties of novel greases based on PFPE, DND and polytetrafluoroethylene (PTFE).
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The  chemical  purity  of  carbon  nanomaterials  (CNM),  in  particular,  detonation  nanodiamonds
(DND), has a strong influence on their final properties. However, the classical methods of purification
CNM, for example, by purification of DND in acids and alkalis produce a large quantity of chemical
waste that requires special recycling.

In  this  paper,  we  proposed  an  alternative  method  for  the  purification  of  DND,  based  on  the
decomposition of nitrate salts into strong oxidant gases that form during their thermal decomposition
of salts.

Oxidizing gases allow you to transfer impurities in the gas or water-soluble form, which facilitates
their removal. After heating the mixture DND with ammonium nitrate salt, the product was washed
with  water  and  isopropyl  alcohol  and  then  dried.  Figure  1  presents  the  results  of  a  study  of  the
dispersion  of  particles  of  the  initial  DND  (unstable  suspension,  Fig.  A)  and  a  stable  aqueous
suspension of purified DND (Fig. B). The concentration of DND was 0.1 mass. %

As can be seen from Figure 1, we managed to get a stable aqueous suspension with an average
particle size of 40 nm, i. e. The dispersion of DND in a stable suspension is significantly higher than in
an unstable suspension, which is due to the removal of impurities, such as metals and their oxides.

Figure 1. Results of the investigation of the dispersity of the initial DND (A) and DND after purification (B).
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Diamond and diamond-like carbon (DLC) have been announced as the 21st–century material [1].
The main method for producing these materials is the chemical vapor deposition (CVD), and its most
popular  modifications  are  hot-filament  HF  CVD  (HF-CVD)  and  microwave  plasma  enhanced  CVD
(MWCVD)  techniques  [1‑3].  Those  techniques  continue  to  develop  actively.  Recently,  prospects  of
growing the diamond films by HF-CVD, operating with the use of the heterogeneous dissociation of
molecular  hydrogen  on  the  catalyst  surface  were  demonstrated  [4].  The  distinctive  feature  of  that
approach  consists  in  a  high-speed  gas  flow,  allowing  fast  delivery  of  the  active  particles  to  the
substrate before recombination. It is believed that a high concentration of the atomic hydrogen above
growing  diamond  surface  is  the  main  condition  of  the  successful  growth  of  diamond  and  DLC [5].
Moreover,  a  high  ratio  of  hydrogen  to  hydrocarbon  radicals  is  a  necessary  condition  for  a  stable
growth  of  diamond  crystals  [6].  Even  minor  changes  in  geometry  and  composition  can  lead  to
dramatic  fall  of  diamond  growth  [6].  Therefore,  to  optimize  existing  techniques  it  is  necessary  to
simulate  gas  dynamics  and  chemical  reactions  occurring  in  the  chamber.  A  lot  of  corresponding
papers contain either only the gas-phase reactions or only the surface ones.

We  started  developing  a  chemical  model  which  include  both  gas-phase  and  surface  reactions.
Despite  the  in-depth  study  of  practically  all  corresponding  gas-phase  reactions  [7],  rather  large
discrepancies in the values of pre-exponential factors do exist, not to mention the surface reactions
which rates depend on the properties of a specific surface. In this paper an analysis of the sensitivity
of the diamond deposition to the values of the pre-exponents of the main chemical reactions, based on
the gas-dynamic calculations of the reactor described in [2] is proposed.

Acknowledgements.  This  work  was  partially  financially  supported  by  Ministry  of  Science  and
Education of Russian Federation within the framework of the basic part of state tasks of Peter The
Great  Saint-Petersburg  Polytechnic  University  (project  code  16.7002.2017/8.9)  and  by  the  Russian
Foundation for Basic Research (grant № 19-08-00533).
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Composite  materials  based  on  detonation  nanodiamonds  (NDs)  and  different  polymers  (epoxy
resin,  polysulfone,  polyacrylonitrile,  fluoroelastomers  etc.)  have  a  noticeably  greater  modulus  of
elasticity  and  tensile  strength  compared  to  the  materials  without  NDs.  Surface  functionalization  of
NDs  allows  controlling  interactions  between  NDs  and  polymeric  matrix  and  the  distribution  of  the
nanoparticles  in  composite  polymeric  films.  This  work  aimed  to  investigate  the  effect  of  a  surface
modification of the NDs on their surface concentration in composite films based on polyvinyl alcohol
(PVA) and polyacrylonitrile (PAN).

NDs  produced  by  special  designing  and  technological  bureau  «Technolog»  (St.Petersburg,
Russia)  and  subjected  to  air  annealing  were  used  in  the  experiments.  NDs  were  modified  with
adsorption  layers  of  oleylamine  and characterised  by  FTIR,  TGA,  DLS,  Boehm titration  techniques.
Composite films based on PVA and NDs were prepared from an aqueous dispersion [1].  Composite
films based on PAN and NDs were prepared from a dispersion in dimethylsulfoxide. In the last case
NDs were modified with perfluorononanic acid. The total concentration of NDs in the composite films
was 1 %, weight fraction of modified NDs was 0.2, 0.5, 0.8 and 1.0.

Tritium  labelled  NDs  obtained  by  tritium  thermal  activation  method  [2]  and  autoradiography
were  used  to  study  the  surface  distribution  of  NDs  in  the  composite  films  [1,  3].  Two  series  of
experiments were carried out,  in which tritium label contained either initial  or modified NDs. After
processing the autoradiogramms distribution patterns of the NDs on the both sides of the films were
obtained, the total amount of NDs and fracture of modified nanoparticles in the surface layers were
calculated. It was demonstrated that oxidized NDs distribute uniformly in the both composite films.
Modification  of  NDs  surface  promotes  coagulation  of  the  particles  at  the  stage  of  film  formation,
sedimentation  of  the  aggregates  and  non-uniform  distribution  of  the  NDs  in  the  films.  As  a  result
surface layers at the bottom side of the films are enriched by modified particles. The cellular pattern
of NDs distribution in PAN-modified NDs film was observed.

           
This work was financially supported by RFBR (grant № 17-03-00985-a).
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Detonation nanodiamonds (NDs) can serve as a valuable filler of polymer materials due to their
high  dispersity,  chemical  resistance,  mechanical  strength  of  the  particle  core  and  reactivity  of  the
particle  shell.  The  filling  is  mainly  aimed  on  improving  the  mechanical  strength  of  the  polymer
material at a low content of the additive. The aim of our investigation is to study the effect of NDs
type, concentration, surface treatment, films manufacturing procedure and liquid media on modulus
of elasticity and tensile strength of composite films on the base of NDs and polyvinyl alcohol (PVA).
Surface oxidation of the NDs and heat treatment of the composite film may strengthen interactions
between  NDs  and  PVA  and  cause  hardening  of  the  film.  Surface  functionalization  of  NDs  with
oleylamine can influence on the surface concentration of the nanoparticles in composite films.

 Two types of NDs obtained from a) trinitrotoluene and hexagen (type 1) and b) from tetryl (type
2) (SKTB “Technolog”, Russia) were used. NDs were oxidized at 420oC under air condition for 2 h.
NDs  were  modified  with  oleylamine.  Oxidized  and  modified  NDs  were  characterized  by  IR
spectroscopy,  Boehm  titration,  TGA  and  DLS  techniques.  Composite  films  were  prepared  from
dispersion of NDs in aqueous solution of PVA. Films were dried at 40oC till constant mass. Mechanical
tests in the uniaxial  tension mode were carried out,  and the Young's modulus,  tensile strength and
films’ elongation before break were determined. Mechanical behaviour of initial films was compared
with the same characteristics of the films additionally heat treated (at 150oC for 3 h). The influence of
liquid media (water, salt solutions) on mechanical behavior was revealed.

It was demonstrated that NDs type 1 increased films’ strength, but NDs type 2- didn’t  due to
coagulation  at  the  stage  of  film  formation.  While  increasing  the  fraction  of  NDs  modified  with
oleylamine in  the  filler,  the  strength  and Young's  modulus  of  the  composite  films decreased to  the
values  obtained  in  the  absence  of  NDs.  Heat  treatment  didn’t  influence  on  tensile  strength  and  
Young's modulus; the mechanical behavior of the films becomes brittle. In order to expand practical
application of the composite films, the mechanical properties have been studied not only in the air but
also in aqueous solutions. It was shown that PVA films without heat treatment dissolved in water, NDs
addition slightly slowed down this process only.  After heat treatment the films became insoluble in
aqueous solutions; its plasticity and elongation before break increased dramatically (up to  400 %).

The  work  was  supported  in  the  framework  of  the  state  budget  topic  №  АААА-
А16-116030250108-3 (Colloid chemistry and physicochemical mechanics as a basis for the creation of
advanced materials and nanostructured systems with controlled properties).
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Recently, the interest in detonation nanodiamond (DNA) use is increasingly shifting to the field of
biology and medicine. One of the promising rapidly developing areas in pharmacology is the use of
DND  as  a  carrier  of  biologically  active  substances  (BAS),  including  drugs,  in  delivery  systems.  To
create such systems, it is necessary to use DND with predetermined and reproducible properties. This
is achieved by the use of chemical modification of its surface, such as chlorination, which activates
diamond surface in  relation to  various  nucleophilic  reagents.  Literature data  on the chlorination of
diamond surface are ambiguous and do not allow to conclude about the advantages of a particular
method of chlorination of DNA. Therefore, the aim of this work was to identify the optimal conditions
for the chlorination process of detonation nanodiamond surface for its further use in Biomedicine.

The results  of  chlorination of  DND of  one brand with molecular  chlorine in  the liquid and gas
phase, as well  as with Thionyl chloride and Sulfuryl chloride were compared. Chlorine content was
determined by microanalysis, x-ray fluorescence and x-ray spectroscopy.

The following is established:
  when  using  Sulfuryl  chloride  or  Thionyl  chloride,  samples  of  DND-Cl  contain  a  significant

amounts of sulfur, which is unacceptable for further use of these samples as carriers of BAS;
 the method of chlorination with molecular chlorine in the gas phase at elevated temperatures is

most  attractive  for  the  functionalization  of  DND  for  biomedical  applications;  the  optimum
temperatures of the chlorination are 320-350 oC;

 liquid -phase bottom chlorination does not provide sufficient chlorine content;
 the chlorination of DND with molecular chlorine in the liquid phase does not provide sufficient

chlorine content in the final product;
 the gas-phase chlorination can reduce the content of metal impurities in DND samples;
 chlorinated nanodiamond samples are hydrolytically stable in air for several hours, allowing the

use of DNA-Cl in further modification processes without loss of chlorine.
Acknowledgement.  The  authors  thank  the  colleagues  from  the  chemical  faculty  of  Moscow

state University A.  Egorov and K. Maslakov for their  help in the research of  physical  and chemical
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Here  we  present  the  results  from  our  investigation  of  the  structure  and  composition  of
microcrystalline  diamonds  obtained  by  sintering  at  high  pressures  and  at  high  temperatures  of
detonation  nanodiamond  particles.  Using  optically  detected  magnetic  resonance  (ODMR)  and
photoluminescence  (PL)  spectroscopy  under  ambient  conditions,  we  found  that  such  synthesized
diamonds has  negatively  charged nitrogen-vacancy  centers  (NV-  centers).  Significantly,  this  type  of
defects  was  obtained  without  any  irradiation  and  annealing.  Moreover,  defects  structure  of
microcrystalline  diamonds  strongly  differs  from  the  initial  detonation  nanodiamonds  (DND).  This
indicates the essential transformation of structure and composition of initial detonation nanodiamonds
particles during the formation of single crystals at high pressure and temperature. It is assumed that
diamond single crystals of size between 500 nm and 15 um are formed directly from 4 – 5 nm sized
diamond nanoparticles under conditions of high pressure and high temperature (HPHT) (P = 7 GPa, T
= 1300 – 1700 Co) [1].

For  comparison  with  previous  achievements  in  diamond  growth,  we  obtained  ODMR  and  PL
spectra  of  samples  of  diamonds  crystals  under  review and initial  DND sample.  Considering the  PL
spectra, we concluded that new samples can exhibit NV- centers characteristic radiation three times
brighter  than  that  of  DND  sample.  Furthermore,  ODMR  spectra  show  that  the  splitting  of  the
resonance line of HPHT DND samples is smaller than that of the detonation one and is approximately
equal  to  the  splitting  of  the  resonance  in  an  artificially  grown  single  crystal  diamond  subjected  to
irradiation  and  annealing.  It  evidence  that  crystal  lattice  relaxes  during  sintering  resulting  in  the
decrease  of  spin  Hamiltonian  parameter  E  responsible  for  internal  crystal  stresses  leading  to  the
decrease of the splitting of ODMR resonance line [2].

Fig.1. ODMR spectra of NV- centers in a diamond of DND and HPHT DND samples.
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In  recent  years,  there  has  been  growing  interest  in  using  paper  or  paper-like  substrates  for
batteries and other energy storage devices [1]. Paper can be used simply as the flexible substrate or,
exploiting its porous fiber-like nature, as an active film by infiltration or co-preparation with electronic
materials.  In  this  work,  white  paper,  electronic  paper  and  cellulose-based  substrate  (membranes)
have been used to fabricate devices with different layouts and, a new polymer electrolyte based on
nanodiamond was tested and compared with sodium sulphate liquid electrolyte.

Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)  (PEDOT:PSS)  was  employed  to  realize
anode  and  cathode  electrodes  and  separators  based  on  hydroxypropyl  cellulose  (HPC)  loaded  with
different  concentration  of  detonation  nanodiamonds  (NDs)  were  used.  The  energy  storage  devices
were  realized  using  large  area  techniques  like  spray  coating  for  the  deposition  of  high  conductive
PEDOT:PSS  electrodes  and  blade  coating  for  the  deposition  of  electrolytic  separator.  In  order  to
develop  a  green  solvent  free  methodology  to  prepare  devices,  all  components  were  choose  or
formulated in water-based dispersions.

Structural  and  morphological  characterization  of  nanocomposites  were  performed  by
microRaman spectroscopy. Electrochemical characterization of the devices was carried out by cyclic
voltammetry,  charge/discharge  and  electrochemical  impedance  spectroscopy.  Different
nanocomposites  based  on  ND  shown  very  promising  results  in  terms  of  stability,  mechanical
properties  and  specific  capacitance  making  ND  a  high-performance  additive  in  the  field  of  green
polymer electrolyte for printed energy storage devices on paper.
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  To the nanodiamond thermochemistry quite a number paper chined (e.g. [1]), however only in
some ones  have  been  taking  in  the  account  a  special  energetic  and  chemical  states  of  the  surface
atoms of the diamond nanocrystals. Let us to consider the regular diamond nanooctahedra with edge
in  the 3  to  100 nm range with  four  basic  their  surfaces  states,  i.e.:ideal  (111)  nonreconstructured,
(111),  but  reconstructured  by  the  Pandey  mode  (i.e.  by  single  and  double  carbon-carbon  bonds
alternation), and finally, nonreconstructured (111) faces, covered by monohydride and monofluoride.
The  calculations  was  performed  on  base  rupture  and  formation  of  chemical  bond  energies  :  H-H
435.1,С-С  355. 6, С=С 569 ,С-Н 403.8, F-F 159  and C-F 490 kJ/mole, respectively  and setuped in
bilogarithms at Fig 1.

The  calculation  results  demonstrates  an  enhanced  thermal  stability  of  the  diamond
nanooctahedra with monofluoride termination.
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Electronic effects on the interface “nanodiamond surface groups – water
molecules”
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Detonation  nanodiamonds  (DND)  have  a  unique  combination  of  properties,  such  as
biocompatibility,  ability  of  targeted  surface  modification,  ability  to  fluorescence  which  provides  the
prospects of its use in different applications, primarily in biomedicine. It is already established that
surface functionalization plays a key role in DND fluorescence in suspensions, in keeping drugs on the
surface and many others [1-3]. However, the mechanisms of interactions of DND surface groups and
molecules of the environment are still not clear.

In  this  study  the  experimental  and  theoretical  estimations  of  the  interactions  on  the  interface
“DND’s surface functional groups – water molecules” were made for DND with different functional
surface groups (-COOH, -OH, -H and –polyfunctional) using vibrational spectroscopy and DFT (Fig. 1).
The obtained results showed different effect of different surface functionalization on the molecules of
the solvent in aqueous suspensions. We proposed an explanation of the observed phenomenon based
on manifestation of electronic effects (inductive and mesomeric) on the surface of DND in water. The
obtained  results  demonstrated  the  essential  role  of  the  surface  chemistry  of  DND  in  studying  the
processes occurring in their suspensions.

This  study  has  been  performed  at  the  expense  of  the  grant  of  Russian  Science  Foundation
(project No 17-12-01481) (K.A.L., T.A.D. – conducting experiment) and RFBR (project №19-01-00738)
(S.A.D. - spectrum analysis using adaptive methods).

Fig. 1. Structure of the molecular complex of DND with 100 water molecules.
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functionalization in ordinary and heavy water
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Nanodiamonds  (NDs)  are  found  to  be  a  very  prospective  material  in  a  variety  of  different
applications [1]. However, the lack of knowledge about the origin of NDs luminescence prevents its
use as an effective versatile tool in many applications. It is well known that the change of pH value of
nanoparticle's environment [2],  as well  as the change of the environment itself  [3] may change the
luminescence of NDs. This study is devoted to the investigation of the influence of isotopic exchange
of the solvent on the luminescence of the detonation NDs with different surface groups. It was found
that as a result of the isotopic exchange of the solvent, the ND’s luminescence intensity changes in
accordance  with  the  strength  of  the  hydrogen  bonds  formed  by  surface  groups  with  surrounding
molecules of ordinary or deuterium water (Fig. 1): the bonds between the hydrogen of surface groups
and  oxygen  of  deuterium  are  weaker  than  the  same  bonds  with  the  oxygen  of  ordinary  water
molecule. A hypothesis about the effect of electron transfer from the ND’s surface to the solvent and
back on the formation of ND’s luminescence was proposed.

This  study  has  been  supported  by  of  Russian  Foundation  for  Basic  Research  (project  No.
18-32-00779_mol_a).

Fig.1. The change of luminescence intensity of NDs with different surface functionalizations with the isotopic
change of the solvent (H2O-D2O).
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The influence of surfactants on the fluorescence of nanodiamonds

Vervald A. 1 , Plastinin I. 1 , Dolenko T. 1

alexey.vervald@physics.msu.ru
1 Faculty of Physics, M.V. Lomonosov Moscow State University, Russia

Nanodiamonds are known for their multifunctional easily modifiable surface that is the origin of
both  their  strong  sides  as  well  as  their  biggest  downside  within  the  framework  of  biomedical
applications.  Due  to  the  surface,  nanodiamonds  can  be  used  as  a  base  of  bioconjugates  and  drug
carriers, or undergo aggregation into big, hard to pull apart clusters. While the exact mechanism of
detonation nanodiamonds’  fluorescence is  not known, many authors argue that the fluorescence as
well originates from their surface.

The  popular  way  to  aid  nanodiamonds  disaggregation  is  the  addition  of  surfactants  to  the
suspensions. On the other hand, in the biomedical applications the interaction of nanodiamonds with
the  amphiphilic  compounds  –  close  relatives  of  surfactants  –  and  their  micellar  structures  is
unavoidable.  The  accounting  of  the  influence  of  such  interactions  on  the  fluorescence  of
nanodiamonds is essential to the proper usage of these nanoparticles in the role of biomarkers.

In  this  study,  the  influence  of  the  variety  of  surfactants  with  different  length  of  hydrocarbon
chains  on  the  fluorescence of  detonation  nanodiamonds  with  hydrophobic  and hydrophilic  surfaces
was  studied  using  spectroscopic  methods.  It  was  found  that  in  general  surfactants  enhance  the
fluorescence  of  carbon  nanoparticles,  differently  with  the  respect  to  micellar  properties  and  the
lengths  of  hydrocarbon  chains.  The  hypothesis  about  the  mechanisms  of  the  observed  fluorescent
changes caused by the interactions of the surfaces of nanodiamonds with the surrounding surfactants
is proposed.

This  study  has  been  performed  at  the  expense  of  the  Russian  Foundation  for  Basic  Research
(grant  №18-32-00779)  (A.V.  –  conducting  the  experiments,  spectra  processing),  Russian  Science
Foundation (grant number 17-12-01481) (I.V. – spectra processing, data analysis; T.D. – data analysis).
The authors are sincerely grateful to O.Shenderova for providing nanodiamonds.
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Quantifying absorption and scattering contributions to light attenuation
by nanodiamonds
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Nanodiamonds  (ND)  are  one  of  the  unique  nanoparticles  being  investigated  due  to  their
exceptional  mechanical,  heat  and  optical  properties  inherited  from  the  bulk  diamond.  To  better
understand  the  size  distribution,  structure,  and  phase  composition  of  ND,  the  optical  experiments
including measuring absorbance (Abs) spectra are widely used [1,2].

Here, we show an experimental evidence of the domination of absorption over scattering in Abs
spectra of ND. We perform the Abs measurements on the UV-vis spectrophotometer equipped with
integrating  sphere  and  compare  them  with  conventional  absorbance  spectra.  Additionally,  we
measure the scattering light  intensity  at  the cuvette  side  wall  (scattering at  90 degree angle).  The
obtained experimental data were interpreted using the photon random walk simulations based on the
scattering cross sections and indicatrices given by the Mie theory [3].

We  conclude  that  only  the  agglomerates  of  approx.  100  nm,  remaining  in  the  hydrosols  [4],
govern the scattering. Their fraction can be effectively controlled by centrifugation [5]. We find that
despite being very close to λ-4 power law the light extinction by the primary 4 nm crystallites is due to
absorption only and scattering can be neglected. Another important result is that the Mie theory is
obligatory  for  the  description  of  the  ND  hydrosols  optical  properties.  Finally,  using  the  obtained
absorbance spectra we estimate the fraction of non-diamond phase.

Figure 1 – Detonation ND Absorbance (UV-vis) spectra. Supernatant contains mostly 4 nm primary crystallites and
absorbs the light. Precipitate contains a lot of agglomerates and scattering plays a role.
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Pressure effect on electron-phonon coupling in GeV centres in diamond.
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We report  low temperature  (80K)  photoluminescence  (PL)  studies  of  microcrystalline  diamond
with  germanium-vacancy  (GeV)  centres  under  hydrostatic  pressure  up  to  6  GPa.  For  the  details  of
diamonds synthesis see ref. [1].

The PL spectrum of GeV centres consists of two main groups of peaks: zero-phonon line (ZPL)
and phonon sideband (PSB). Pressure effect on ZPL was reported earlier [2]. Here we report pressure
effect  on PSB.  Due to the high structural  quality  of  the diamond crystal  we were able to  trace the
position and integral intensity of the peak associated with quasi-local vibrational mode (QLVM) of GeV
centre up to the highest pressure achieved in the experiment.  As the result we managed to determine
the  pressure  effect  on  the  quasi-local  phonon  energy  (the  distance  between  the  ZPL  peak  and  the
corresponding QLVM peak) and the Huang-Rhys parameter S characterizing the strength of electron-
phonon coupling. The Huang-Rhys parameter S was defined in following way: S = -ln[IZPL/(IZPL + IQLVM)],
where IZPL was integral intensity of ZPL and IQLVM was an integral intensity of corresponding quasi-local
vibrational mode.

The energy of the quasi-local phonon was found to increase linearly (dE/dP= 0.24 meV/GPa) with
pressure rise, while the Huang-Rhys parameter was found to decrease linearly (dS/dP= -5*10-3 1/GPa).
The decrease of S with increasing pressure indicated a weakening of the electron-phonon coupling. It
is worth noting that similar tendencies (increase of phonon energy and decrease of S) were found for
NV  centres  [3,  4]  with  dE/dP=0.9  meV/GPa  and  dS/dP=-9*10-2  1/GPa.  The  significant  difference
between pressure coefficients for GeV and NV centres can be associated with the difference of the
structures of these two types of defects in diamond lattice.         

Thus  we  come  to  the  following  picture  of  the  hydrostatic  pressure  effect  on  the  adiabatic
potentials and electronic structure of GeV centres in the framework of Frank-Condon approximation.
The pressure effect on the harmonic potential of the ground state is manifested in an increase in the
phonon energy, or in other words, in increasing the curvature of the potential. The increase of zero-
phonon transition energy is caused by the increase of the energy difference between bottoms of the
ground and excited states. Finally, the decrease of S means that the distance between the minima of
the  adiabatic  potentials  of  the  excited  and  ground  states  along  the  configurational  coordinate  Q
diminishes with pressure.

This work was supported by Russian Science Foundation Grant No. 19-12-00407.
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Non-agglomerated nanodiamonds inside metal matrix
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Primary  nanodiamond  particles  of  5  nanometers  in  size  are  united  in  agglomerates  [1-3].
Agglomerate in a metal matrix in composites does not lead to hardening, and can cause destruction of
all  material  as  durability  of  agglomerate  is  lower  than  durability  of  a  metal  matrix.  It  means  that
smashing of agglomerates is an important task. Mechanical alloying allows to shatter agglomerates,
but very often there are nanoagglomerates which availability is also undesirable. It is offered to add at
a  final  stage  of  mechanical  alloying  to  the  processed  material  metal  which  will  form  intermetallic
compounds  with  matrix  material.  The  formed  intermetallic  compounds  have  various  density.  It  is
given  to  emergence  of  additional  deformations  and  tension  around  nanoagglomerates  of
nanodiamonds.  The  additional  tension  and  deformations  will  lead  to  final  destruction  of
nanoagglomerates.  Figure  1  shows  the  cross  section  of  a  metal  matrix  composite  with  the
strengthening particles  which are  non-agglomerated nanodiamonds.  The matrix  contains  aluminum
and  copper.  The  paper  shows  that  it  is  possible  to  reach  non-agglomerated  condition  of  the
nanodiamond strengthening particles in a metal matrix.

 

Figure 1. The strengthening particles which are non-agglomerated nanodiamonds in a matrix "aluminum-copper"
(SEM, cross section is executed by an ion beam)
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rare earth metals
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Detonation nanodiamond (DND) particles sized 4-5 nm are proved to be a promising material in
medicine  due  to  its  non-toxicity,  relatively  small  sizes  and  tunable  surface  properties.  Our  recent
studies  suggest  a  method  for  obtaining  stable  colloids  made  up  of  primary  DND  particles  [1].
Polyvinylpyrrolidone (PVP)  is  revealed to  be a  biocompatible  stabilising agent  which prevents  DND
particles coagulation in isotonic aqueous-saline medium [2]. The high stability of DND particles is due
to surface carboxyl groups. The presence of these functional groups allows to graft DND particle by
metal  ions.  The  carboxylated  DND  particles  grafted  by  Gd(III)  show  significant  reduction  in
spin−lattice (T1) and spin−spin (T2) relaxation times of water protons [3]. This opens new perspectives
for using the Gd(III)-grafted DND complexes as novel MRI contrast agents.

Hereby we report on structural characterization of colloidal DND particles grafted by Ln (Ln =
Eu,  Gd).  Both  as-prepared  and  stabilized  by  PVP  samples  have  been  studied  by  dynamic  light
scattering  (DLS)  and  small  angle  neutron  scattering  (SANS)  methods.  According  to  our  results
presence of Ln leads to close packing of DND particles in branched clusters (Fig.1) with a mean size
about 60 nm. Using a contrast variation techniques we have determined the thickness of PVP shell
surrounding grafted DND particles in colloids.

Acknowledgment: Yudina E.B. thanks the RFBR (project N 18-29-19038 mk) and Kulvelis Yu.V.
thanks the RFBR (project N 18-29-19008 mk) for support of this research.

Fig.1. SANS curves of colloidal DND particles grafted by Gd (III).
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Traditional  methods  and approaches  to  the  study  of  the  reactivity  of  carbon nanoparticles  are
limited to the use of gas-phase and solid-phase oxidizers.  The use of liquid-phase oxidizers is  faced
with  the  problem  of  chemical  corrosion  of  recording  devices.  To  assess  the  reactivity  of  carbon
nanoparticles,  a  method  of  reactive  calorimetry  with  liquid  sodium  nitrite  was  proposed.  For  this
purpose, it was studied the possibility of applying the reaction of self-propagating high-temperature
synthesis of sodium carbonate between sodium nitrite with carbon nanoparticles to a temperature of
600  °  C  using  method  of  differential  scanning  calorimetry  (Netzsch  DSC  204  01)  in  nitrogen
atmosphere.  Sodium nitrite  melts  at  a  temperature of  272-275 °C.  To exclude gas corrosion of  the
equipment, urea was added to the reaction mixture to zero oxygen balance. The reaction was carried
out in an aluminum cell. The DSC curve of the sample composition with DND is shown in the figure.

Figure - DSC curve of DND oxidation with liquid sodium nitrite.
The presence of three stages in the oxidation of DND (with maxima at 430 ºС, 500 ºС and 545

ºС),  two stages in the oxidation of  carbon nanotubes (at  439 ºС and 500 ºС),  and one stage in the
oxidation of primary detonation carbon (maximum at 418 ºС) and P-803 soot (at 514 ºС). The staging
of the oxidation of DND can be due to its physical explosion, or the cluster structure of the particles
and their heterophase nature.

The heat of oxidation of carbon nanophases by liquid sodium nitrite was: for DND - 1.60; CNT -
0.94; DU - 1.49, soot - 2.17 kJ/g (theoretical heat release - not less than 3.28 kJ/g). The observed heat
losses can be attributed to the gas-filled samples of the DND, DU, and CNT and (or) the flow of part of
the oxidation reactions in the gas phase.

Differences  in  the  temperature  range  of  oxidation  reactions,  the  heat  of  reaction  and  the
observed staging allow this method to be used to identify carbon nanoparticles.

 The  study  was  carried  out  with  the  financial  support  of  the  Russian  Foundation  for  Basic
Research in the framework of the research project No. 18-29-19070 mk



120

P2-23
Nanodiamond particles

Use of nanodiamond for absorption of aerosol particles
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Air  pollution  is  one  of  the  major  risk  factors  for  public  health.  One  of  the  components  of  air
pollution is small particulate matter (PM). Particulate matter with a characteristic size less than 10
microns is especially hazardous to public health. One of the new ways for neutralization of PM10 is
spraying in the air of nanostructural sorbent [1]. Nanodiamond can be used as such adsorbent, and
electrostatic charging of particles can significantly increase the speed and efficiency of sorption [2].

Proposed  mathematical  model  of  coagulation  of  aerosols  is  based  on  the  equation  of
Smolukhovsky.  It  allows  calculating  the  speed  of  coagulation  and  sedimentation  of  aerosol.  The
electrostatic charge of absorbent particle is shown to lead to a significant acceleration of coagulation
processes and to interactions of a sorbent with sorptive (harmful particles).

The theoretical analysis and pilot studies of dynamics of evolution of an aerosol of nanodiamond
of two samples (ultradisperse diamond UDD-S and UDDG-S) are carried out at electrostatic spraying
of  particles.  Electrostatic  charge  of  nanodiamond particles  was  measured  to  be  about  10-19  C.  It  is
shown that with an electrostatic charge of particles they quickly (during ~ 45 seconds) coagulate with
the fine electroneutral aerosol sprayed in the air. The phenomenon of electrostatic coagulation can be
used  at  the  spraying  of  particles  of  a  nanostructural  adsorbent.  The  high  potential  of  detonation
diamond as an adsorbent is known [3].  Use of electrostatic spraying of the nanodiamond in the air
containing  harmful  aerosol  pollution  is  the  new  way  of  application  of  this  material  proposed  by
authors.

 Comparison  of  estimated  and  experimental  results  of  the  dynamics  of  coagulation  and
sedimentation of electrostatic charged and electroneutral particles of nanodiamond and sorbents was
made. The time of sedimentation of an aerosol cloud depending on the size of particles of a sorbent
and a method of their spraying is determined. Results of work can be used in the systems of cleaning
of the air environment off harmful aerosol emissions.

 
The reported study was funded by RFBR according to the research project №18-29-19070 mk
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Development of technology for producing chromium-diamond coatings
using dry diamond-containing compounds.
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Electrochemical  chrome  plating  is  the  most  popular  coating  for  steel  products.  The  use  of
detonation nanodiamonds (DND) to enhance the physicomechanical properties of a chrome plating is
widely known, and DND is used in the form of low concentrated (~ 5%) aqueous suspensions.

In this paper, we used dry compositions consisting of:
a mixture of DND (obtained from trotil-hexogen mixture), a surfactant, sodium carbonate, and citric
acid (a DND content of 62%);
diamond  blend  (DB),  obtained  by  detonating  tetryl  (N-methyl-2,4,6-trinitrophenylnitramine),  the
content of the DND is 62%.

Used standard electrolyte chrome plating: CrO3 – 250 g / l; H2SO4 – 2,5 % in the mode of hard and
wear-resistant chromium, the concentration of DND and DB in the electrolyte is from 0.1 to 5.0 g / l.

For hard chrome (ik=50, 60, 65, 70 A/dm2, t=50оС), current output increased: when using DND –
from 17 to 24%; with DB - from 17 to 20%; microhardness (with DND) - from 9.5 to 17.0 GPa (5 g / l,
70 A / dm2); with DB, from 9.3 to 14.5 GPa (5 g / l, 60 A / dm2).

For wear resistant chrome (ik=25, 30, 35, 40 A/dm2, t=60оС), current efficiency increased: when
using DND - from 13 to 19%; with DB - from 13 to 18%; microhardness (with DND) - from 8.0 to 13.6
GPa (5 g / l, 40 A / dm2); wear dropped from 3.0 to 0.8% (DND and DB - 1 g / l, 40 A / dm2), i.e. 3.8
times.

Thus, for the first time, very high quality indicators of chromium-diamond coatings were achieved
with the use of economically preferred dry diamond-containing compounds, and for the first time, DB
obtained by undermining tetryl was used.

Fig.1 Dependence of wear resistance,% of grinded mass of the coating in 20 hours (DB) for wear-resistant chrome
(A) and Dependence of microhardness for hard chromium (DB) (B)
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Nano-diamond powder as reflector for slow neutrons
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Efficient neutron reflectors are mandatory for building neutron sources, such as nuclear reactors
or spallation neutron sources, also in neutron investigations. For extremely slow, so-called ultracold
neutrons (UCN) with the energy of <10-7 eV, neutron optical potential of matter plays a role of nearly
ideal reflector. For UCN, the probability of specula elastic reflection from matter is close to unity at
any  temperature.  In  order  to  reflect  neutrons  with  higher  energy,  <10-6  eV,  one  uses  multi-layer
coatings, so-called super-mirrors. The probability of specula elastic reflection of neutrons from good
super-mirrors reaches 80-90 %. Until recently, efficient reflectors for neutrons of even higher energy,
up to 10-2, had not been known. At even higher energy inelastic processes prevail; they are the basis
for reflectors in nuclear reactors.

Recently, the phenomena of efficient diffusive reflection of very cold neutrons (VCN) from nano-
structured reflectors at  any incidence angle,  and quasi-specular reflection of  cold neutrons (CN) at
small incidence angles were observed for the first time. Nano-structured reflectors bridge nicely the
energy gap between reflectors based on two mechanisms mentioned above. In both cases powder of
diamond nano-particles was used as a nano-structured matter; in both cases reflection probabilities
exceeded by far the characteristics of alternative neutron reflectors.

Further,  we  assumed  that  substitution  of  hydrogen  in  nanoparticle  shells  by  fluorine  would
increase the reflection efficiency due to the suppression of neutron losses associated with their travel
in powder. In addition, a mean neutron-nuclei potential increases and gets sharper on surface due to
the  removal  of  amorphous  sp2  carbon  from  nanoparticle  shells;  thus,  the  neutron  scattering
probability increases. The last results of experiments  with fluorinated powder to illustrate efficiency
of  such  reflector  for  direct  extraction  of  very  cold  neutrons  and  obtained  improvement  of  quasi-
specular reflection of cold neutrons will be presented.

Further improvement in the quality of the nano-structured reflector could be associated with the
preparing  of  powders  with  the  necessary  properties.  Technologies  for  purification,  separation,
deagglomeration of nanodiamonds should be developed. The influence of powder parameters (particle
size, agglomeration degree, impurity content) on neutron scattering should be investigated to choose
optimal powders for specific reflectors construction at different tasks of neutron physic. First steps of
this investigation will be presented.

The reported study was funded by RFBR according to the research project № 18-29-19039
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Deagglomeration of shock-compressed synthesis nanodiamond
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At present time, the detonation nanodiamond is well known material, and its properties are an
extensive field for research. But, alternative methods for the synthesis of nanodiamonds, which
have been developed to laboratory or even industrial production, are also known. One of such
methods is shock compression of graphite in the mass of explosive (RDX) [1]. Nanodiamond
obtained in this way differs from detonation nanodiamond in its relatively low nitrogen content
[2]. Also the possibilitys to control the size of the final nanodiamond crystals by changing the
composition of the initial explosive is known. It was believed that dynamic synthetic
nanodiamond was a polycrystal with significant abrasive properties [1]. From this assumption it
was considered that the sols containing individual particles of such nanodiamond could not be
obtained.
This report discusses the method for production of hydrosols, containing free particles of
nanodiamond synthesed by shock compression of graphite. The first results of the study of the
properties of the obtained hydrosol are presented.
The hydrosol, containig the particles of dynamic synthesis nanodiamond was produced by a
method similar to that given in [3]. This method has been modified due to the polycrystalline
structure of the original product. IR, EPR and other spectra of the obtained product are given.
This work was supported by the grant оf Russian Foundation for Basic Research No. 17-
03-01217 (“Size Effects in Transition from Diamond Nanocrystals to Higher Adamantanes”).

Fig.1. The results of determining the particle size of hydrosol nanodiamond dynamic synthesis usingDLS.
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Size effect in the spectra of electron paramagnetic resonance of
impurity centers in diamond nanoparticles
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This paper considers the influence of the size effect on the spectrum of electron paramagnetic
resonance (EPR) of impurity paramagnetic centers in nanoscale diamond particles. It is theoretically
shown that with decreasing particle size, the hyperfine structure of the EPR spectrum disappears [1].
The reason for such a change in the spectrum is the delocalization of the wave function of the electron
of  the  surface  center  over  the  entire  nanoparticle  [2],  with  the  result  that  the  electron  "feels"  the
averaged field of all nuclei, which is zero. At the same time, paramagnetic centers located in the bulk
of the nanoparticle are also turned off from the hyperfine interaction due to spin diffusion [3]. Thus,
with a decrease in size, diamond nanoparticles exhibit characteristic structureless EPR spectra (Fig.
1).

Fig.1. EPR spectrum of nanodiamonds with decreasing it's size [1].
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Dynamic and static investigation of explosion nanodiamonds
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Nowadays nanodiamonds is widely used in a lot of different areas and its synthesis is one of the
necessary  and  actual  questions.  The  detonation  products  of  high  explosives  (HEs)  with  a  negative
oxygen  balance  contain  a  wide  phase  and  morphological  varyable  of  carbon  forms.  This  forms  of
condensed carbon in detonation products depend on the explosion conditions. So that development of
the detonation methods for the synthesis of various forms of nanodiamonds is primarily motivated by
their  commercial  and  advanced  applications.  Presently,  registration  of  small-angle  x-ray  scattering
(SAXS) signal  is  the only way to register experimentally the dynamics of  the size of  the condensed
carbon nanoparticles during detonation of HEs.

This  paper  presents  the  experimental  results  of  carbon  nanodiamonds  synthesis  during  the
detonation of composition TNT/RDX (50/50) and analysis of its saved products.

In  this  work  we  used  different  methods:  dynamics  registration  of  SAXS  signal  during  the
detonation,  static  registration  of  SAXS,  high  resolution  transmission  electron  microscopy  and  x-ray
diffraction of the recovered carbonaceous residue (soot) of this high explosive.

Comparison and complex analysis of all these methods allowed us to modernize dynamic method
for registration formation of nanodiamonds during the explosion.

This work was supported by Russian Foundation for Basic Research (project No. 17-03-00251).
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Hexogonal diamond is in detonation nano and microdiamonds
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   The  comprehensive  studies  of  the  processes  of  detonation  synthesis  using  mixed  explosives
have established the presence of a number of allotropic carbon modifications in the composition of the
products  obtained.  The  greatest  interest  among them are  nano-  and  microdiamonds,  which  have  a
cubic crystallite structure, as well as graphite with a hexagonal lattice. There is also a possibility of
the  presence  of  a  hexagonal  diamond  polytype  -  lonsdaleite,  identified  in  impact  and  synthetic
diamond-lonsdaleite formations, the manifestation of which is often recorded as packing defects of the
crystal structure [1, 2]. The samples of detonation micro- and nano-diamonds, after chemical cleaning
with a barothermal method, were studied in the present work in order to study the phase composition
and detect the presence of lonsdaleite. The samples were analyzed using high resolution transmission
electron microscopy, electron difraction and Raman scattering with excitation at 244 nm and 514 nm.

   Electron-microscopic studies of detonation microdiamonds (Fig. 1a) indicate the presence of a
layered diamond-lonsdaleite structure in the sample, mainly represented by a cubic diamond (D) with
periodic inclusions of lonsdaleite (L). It is confirmed by electron diffraction recorded during electron
microscopic  studies.  The  Raman  spectra  (RS)  registrated  with  excitation  at  514  nm  showed  the
presence of a complex maximum at 1333.4 cm– 1, which, after heating the sample up to 800 ° C, splits
into two maxima probably related to two carbon phases of cubic nano-D and L. One of  them is located
at  a  frequency  of  1316  cm–  1.  The  RS  of  detonation  nano-D  with  excitation  at  244  nm showed  the
presence of a maximum anomalously offset from the RS peak of micro-D into lower frequencies of the
range 1320 cm-1 ÷ 1325 cm-1 (Fig. 1b). It refers to the characteristic’s range of  L in the composition of
the  D-structure  [1,2].  The  obtained  results  indicate  the  possible  presence  of  hexagonal  D-phase
included  in  the  samples  of  detonation  nano-  and  micro-D  that  are  not  associated  with  the  lattice
defects in the cubic packing of detonation diamond structures.

Fig.1 a) Micro-diamond-lonsdaleitic layered structure - microphoto and electron-diffraction pattern; b) the Raman
spectrum of detonation bi-phase nanodiamond-lonsdaleite.
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In  this  work,  the  research  of  possibility  of  in-situ  synthesis  of  TiC  nanoparticles  in  aluminum
matrix during mechanical alloying at application as precursors of nanodiamond powders and titanium
particles  is  conducted.  Extremely  small  size  of  nanodiamond  particles  and  their  high  hardness  are
those  characteristics  of  nanodiamonds,  which  led  to  the  choice  them  for  experiments  [1].  High
hardness of  diamond nanoparticles and their  large number lead to an intensification of  mechanical
alloying  process,  and  the  small  size  positively  affects  on  decrease  in  the  size  of  synthesizable  TiC
particles [2].

The  optimum  composition  of  initial  materials  for  TiC  synthesis  in  aluminum  matrix  during
mechanical alloying is defined experimentally: Al – 30 g, Ti - 31.98 g; nanodiamonds - 8.02 g. Decrease
in amount of aluminum lead to an excessive intensification of synthesis process and (as reaction of
synthesis,  in  this  case,  starts  immediately  after  the  beginning  of  processing)  agglomerates  do  not
manage  to  be  shattered  completely;  it  leads  to  the  fact  that  a  considerable  part  of  synthesized
particles  have  the  increased  size.  At  the  same  time  (because  of  small  amount  of  aluminum),  a
significant amount of TiC nanoparticles is on a surface of composite granules, and it inevitably leads
to material pollution. Increase in amount of aluminum above optimum lead to synthesis process delay.
So, at a ratio of mass of aluminum to the sum of mass of the titanium and nanodiamonds equal 35 to
35, creation of TiC nanoparticles is not observed after 6 hours of processing.

At optimum composition, the synthesized TiC particles are nanodimensional and they are evenly
distributed in a matrix, there are no defects on interface “matrix – reinforcing particles”. The average
size of nanoparticles is equal to 30 nanometers. Figure 1 shows TEM image of the synthesized TiC
nanoparticles.

Figure 1. Synthesized TiC nanoparticles inside aluminum matrix (TEM image)
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Ultra-small,  low-strain,  artificially  produced  nanodiamonds  (USND)  with  an  internal,  active
colour  centre  have  substantial  potential  for  quantum  information  processing  applications  for
bioimaging and biosensing [1]. We demonstrate here the growing of USND (near 92 % from 5 to 13
nm) containing a single or a few bright NV-,  SiV-,  and GeV-   colour centres using the high pressure
high temperature (HPHT) method of synthesis based on hydrocarbon growth systems. Previously it
was shown that diamond materials obtained in pure hydrocarbon systems are commonly represented
mixtures of micro- and submicrometer-size fractions of diamond. Detonation nanodiamonds with the
size of 3-4 nm were incorporated in the initial hydrocarbon growth systems for enhancement of the
content  of  nano-size  diamond  fraction  in  the  products  of  synthesis.  The  controlled  overgrowing  of
detonation  nanodiamonds  in  hydrocarbon  medium with  N,  Si  or  Ge-containing  doping  components
allows to produce ultranano- and nano-size fractions of diamond with different impurity-vacancy color
centres.  Naphthalene  (C10H8),  hexamethylentetramine  (C6H12N4),  tetraris(trimethylsilyl)silane
(C12H36Si5) and tetraphenylgermanium (C24H20Ge) were used as the main hydrocarbon and N, Si, Ge
doping components the growth systems.  HPHT treatment of the samples was carried out in “Toroid”-
type apparatus. The experimental procedure consisted of loading the high pressure apparatus to 8.0
GPa,  heating  the  samples  to  synthesis  temperature  and  short  (1-3  s)  isothermal  exposure.  X-ray
diffraction, Raman and PL spectroscopies, SEM and TEM microscopies were used for characterization
of synthesized diamond materials. To purify the USND obtained from graphite impurities, we treated
them by mixing HNO3, HClO4 and H2SO4 at 250 ° C for 4 h neutralized with NH4OH and washed with
distilled water. The typical TEM image of USNDs (with SiV- centres) and their size histogram is shown
in the Fig. 1.

The study was supported by the Russian Foundation for Basic Research (grant 18-03-00936)

Fig.1. TEM micrograph with the size histogram of USND –Si. Scale bar 50 nm.
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Nanodiamonds  (ND)  are  promising  nanoparticles  and  they  are  actively  investigated  for
application  in  advanced  materials  fabrication,  quantum  computing,  biology  and  medicine.  Most
number of ND applications assumes their handling in the form of hydrosols typically containing both
individual primary crystallites of about 4-5 nm size and their agglomerates of the size of 100 nm. The
presence  of  agglomerates  significantly  complicates  characterization  of  nanodiamonds  with  optical
methods [1] and makes it difficult to determine the size of primary nanodiamond crystallites using the
Dynamic Light Scattering (DLS) method [2].

In  this  work  we  propose  a  method  for  ultrafine  fractionation  of  nanodiamonds  using  the
differential centrifugation in the fields up to 215000g. The developed protocols yield 4-6 nm fraction
giving main contribution to the light scattering intensity and no agglomerates fingerprints in DLS. The
desired 4-6 nm fraction can be obtained from various types of  initial  nanodiamonds:  three types of
detonation nanodiamonds (DND) differing in purifying methods [3], laser synthesis nanodiamonds and
nanodiamonds  made  by  milling.  Zeta  potential  of  nanodiamonds  stayed  intact  during  the
ultracentrifugation process. According to powder XRD and TEM data ultracentrifugation also leads to
a further fractionation of the primary diamond nanocrystallites in the hydrosols from 4 to 2 nm [4].

Figure 1 – Results of DND ultracentrifugation for various protocols differing in rotor speed, duration time and
presence of viscous PEG layer on the tube bottom. The insets show XRD pattern and TEM data.
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Broadband photoluminescence is observed in purified nanodiamonds (ND) of various origin.  In
early studies on the optical properties of nanodiamonds, this luminescence was generally associated
with a defective diamond surface [1], since its intensity increased with a decrease in nanoparticle size
and, therefore, with an increase in the surface / volume ratio of the material under study. In recent
years, the assumption about the source of luminescence of nanodiamonds has become more definite;
a relationship between luminescence and sp2-bonded carbon on the surface of diamond nanoparticles
was found [2]. When studying the dependence of luminescence on the degree of chemical purification
of  detonation  ND,  we  established  a  relationship  between  the  observed  luminescence  and  oxidized
nanographene (nGO) clusters decorated the ND surface [3]. Using transmission electron microscopy,
we found that the original (unpurified) diamond grains are mostly covered with multilayer graphene
shells and do not exhibit photoluminescent properties. When the amount of graphite is significantly
reduced by treatment with acids, and it basically remains in the form of rounded graphene clusters of
1-2 nm in size on a diamond surface, the photoluminescence of the nanomaterial reaches its maximum
value.  Further  acid  treatment  leads  to  a  decrease  in  the  number  of  graphene  clusters  and,
accordingly,  to  a  decrease  in  the  luminescence  intensity.  By  choosing  an  oxidation  time  of  initial
detonation nanodiamonds and removing adsorbed water from a ND surface, we managed to increase
the luminescence intensity by 2 orders of magnitude compared with the luminescence of well-purified
detonation ND. We also found that luminescence of NDs dispersed in water depends on the excitation
wavelength and pH value in the same manner as it does for pure nGO. These results testify in favor of
the  fact  that  the  broadband  luminescence  observed  in  various  types  of  nanodiamonds  is  not  their
intrinsic feature but is associated with graphene nanostructures adjacent to the diamond surface.

This work was supported by the Russian Science Foundation (grant number 17-12-01481).
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The  prospects  of  nanodiamonds  in  biomedicine  are  closely  linked  with  various  markers.  The
chemically active surface of DND enables conjugation with a variety of functional groups that allows
preparation  of  nanoparticles  with  controlled  chemical,  electronic  and  physical  properties  [1].  The
DND surface with  negative  zeta-potential  is  mainly  functionalized by  carboxyl  and hydroxyl  groups
that enable its grafting by metal atoms such as Eu or Gd. There are corresponding indications from
the complementary methods that the modification of the DND surface changes the colloidal stability
of  these  particles  in  water.  The  discussed  modification  also  resulted  in  a  viscosity  growth  of  the
solutions  that  points  to  reorganization  of  the  cluster  structure  in  systems  under  study.  Thus,  our
research  aimed  at  detecting  and  analyzing  changes  in  the  inner  structure  of  DND  clusters  using
small-angle neutron scattering (SANS) [2].

Conventional SANS study did not reveal any significant differences in the structure of modified
DND suspensions from previously studied systems (Fig. 1a). The normalized scattering curves repeat
each other. However, the neutron scattering in ultra-small range showed a significant difference (Fig.
1b  and first few points in Fig. 1a).  As before, the initial DND suspension demonstrated the Guinier
regime, but for the modified suspension secondary aggregation with a fractal dimension of 2.65 was
observed.  The  observed  effect  was  considered  as  the  basis  of  the  microstructural  mechanism  for
reducing stability during surface grafting.

This work was supported by the Russian Science Foundation (Project No.18-72-00099).

Fig.1. SANS spectra from the aqueous suspensions of DND itself and grafted with corresponding number of
lanthanide atoms, obtained at (a) YuMO time-of-flight SANS diffractometer (FLNP JINR, Dubna, Russia) and (b)

high-resolution SANS diffractometer MAUD (NPI ASCR, Řež, Czech Republic).
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In  recent  years,  the  interest  in  a  various  applications  of  nanodiamonds  (DND)  produced  by
detonation synthesis from carbon explosives has increased [1]. An obstacle to use of such DND is their
aggregation [2]. The rheological properties of the DND suspensions in silicone oil attract the attention
of researchers for the purpose of further applications as new lubricants, due to the improvement in
tribological  characteristics  [3,  4].  Some  methods,  for  example  wet  ball  milling  or  annealing  with
following  sonication  allow  to  obtain  stable  DND  hydrosols.  It  is  important  to  note  that  the
agglomeration processes essentially depend on the dielectric characteristics of the medium and the
filler.  It  is obvious that the dielectric properties of water and oil  is significantly different.  Thus, the
sedimentation stability of  suspensions and the processes of  secondary aggregation of  DND become
more  important  aspect  in  oil  media.  It  is  known  that  the  electrophysical  characteristics  of  DND
substantially depend on the quality of the particles [5]. So a large amount of sp2 phase on the particles
surface leads to an increase in conductivity.

In the present research the method of broadband impedance spectroscopy was used to study the
electrophysical  characteristics  of  DND  suspensions  in  polydimethylsiloxane  oil  at  various
concentrations. The frequency dependences of the dielectric constant, conductivity and dielectric loss
tangent were obtained in the temperature range from 0 to 50 °C. The differences in electrophysical
characteristics depending on the surface chemistry of DND particles were discussed.

This work partially supported by Russian Foundation for Basic Researches, project 18-29-19117
mk.
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Aqueous  dispersions  of  carbon-based  materials  such  as  detonation  nanodiamonds  (DND)  and
graphene oxide (GO) are of  current interest in view of the growing number of  their applications in
various areas. Composite systems based on the mixed DND/GO solutions is considered for avoiding
the problems of GO wrinkle formation and association.

In  the present  study,  the  structural  characterization of  the  partial  dispersion of  DND particles
and clusters, GO sheets and mixed solutions has been performed by scattering techniques including
small-angle X-ray (SAXS) and neutron (SANS) scattering following the previously reported approach
[1, 2]. The size and fractal character of the aggregates at different scales, as well as the structural
features of the particles (size, surface inhomogeneity) are compared for the three types of solutions.
The scattering from graphene oxide in water is well described in terms of the model of thin discs with
the  disc  thickness  of  below  0.5  nm,  thus  strongly  testifying  a  2D  structure  organization  of  the
dispersed associates, as well as the fact that they consist of a single graphene-type layer. With respect
to the composite, the binding of individual nanodiamond particles together with their homogeneous
and random distribution along the graphene planes has been concluded basing on the analysis of the
scattering data.

Fig.1. Experimental SANS curves (points) from separate DND and GO aqueous dispersions, as well as from their
composite. The lines show the calculated curves corresponding to different structural models.
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Impact diamonds are a new nanostructured multiphase carbon mineral formed at extremal P and
T–parameters  in  the  shock  process  when  an  asteroid  meets  the  Earth.  According  to  electron
microscopy the sizes of  crystalline pieces (grains)  vary from 10 to 100 nm. Optical  spectroscopy in
different  versions  was  used to  study several  tens  of  translucent  impact  diamonds from the Popigai
astrobleme,  each  ~  1.5  mm  in  size.  They  were  mainly  thin  plates  ~100  μm  thick,  with  cubic  3C,
hexagonal  2H  diamonds  and  graphite  as  the  dominating  carbon  phases.  Their  color  varies  from
colorless to completely opaque as the input of carbon phases with the sp1, sp2 hybritization increases.

Using  Raman  spectroscopy  and  X-rays  diffraction,  two  groups  of  translucent  samples  of  the
impact diamond from the Popigai meteorite crater (PID) were selected: with and without lonsdaleite
(L), and the contribution of L was estimated. IR absorption spectroscopy shows the broadening of all
features  in  PIDs  with  L:  both  of  two-photon  diamond  absorption  and  the  signal  from  solid  CO2

inclusions. In the single-phonon region there is no signal from the nitrogen centers, a wide band with
a maximum of about 1230 cm-1 dominates.

In  all  PIDs,  the  short-wave  absorption  edge  in  the  UV  region  of  the  spectrum  is  blurred  and
described by  the  Urbach rule  as  a  consequence  of  electronic  transitions  between the  "tails"  of  the
bands.  The  absence  of  temperature  dependence  in  the  absorption  spectrum  indicates  a  dominant
structural  disordering  in  the  PID  structure.  For  PIDs  composed  of  grains  with  a  purely  cubic
structure,  transmission  in  many  cases  begins  at  about  225  nm  (5.5  eV).  For  PIDs  with  a  large  L
contribution the transmission edge is shifted to the long-wave side, the band gap is estimated as Eg
(~3.5÷4 eV) and this value is associated with Lonsdaleite phase. Similar values were obtained earlier
in the first principles calculations [1, 2]. The photoluminescence (PL) spectra for PIDs under X-ray and
UV (325 nm) excitation are dominated by broad bands with maxima of about 350, 425, 560 nm. In
PIDs without L at excitation at 355 nm in addition to wide bands in most diamonds there is a blurred
system N3,  as  well  as  a  set  of  narrow lines  of  unknown nature  in  the  range 600-750 nm.  In  some
(rare)  PIDs  samples  with  a  cubic  structure,  intense  PL  is  also  recorded  from  nitrogen-vacancy
complexes H4, NV, NV-, well-known for natural and synthetic diamonds. The corresponding systems
are well resolved in the PL spectra at a grain size of more than 50 nm in PIDs, whereas N3, although
blurred, is observed in almost all PIDs without lonsdaleite. In PIDs containing L, wide PL bands are
shifted  to  the  short-wave  side,  if  present,  the  lines  are  weak  and  broadened,  as  a  result  of  strong
stresses in small-sized grains and difficult migration of defects.

            The work was performed on the state assignment of IGM SB RAS and partially supported
by RFBR grants № 16-05-00873a and 18-45-140011 p_a.

References
Wen, J. Zhao, M. Bucknum, P. Yao, T. Li, Diam. Rel. Mater., (2008) 17, 356.1.
Yelisseyev, G. S. Meng, V. Afanasyev, N. Pokhilenko, V. Pustovarov, A. Isakova, Z. S. Lin,, H. Q.2.
Lin, Diamond & Related Materials (2013) 37, 8.



135

P2-38
Nanodiamond particles

Thermoluminescence in diamonds of different genesis and types

Yelisseyev A.P. 1 , Vins V.G. 2

eliseev.ap@mail.ru
1 Sobolev Institute of Geology and Mineralogy SB RAS, Novosibirsk, Russia
2 LLC VELMAN, Novosibirsk, Russia

 
The method of thermally stimulated luminescence (TSL) is a fairly simple method that allows one

to obtain information about the centers of capture of charge carriers – shallow states located close to
the  edges  of  the  permitted  bands  (VB  and  CB),  and  to  assess  the  possibility  of  using  diamonds  in
dosimeters and other optoelectronic devices.

Natural diamonds of various types within the framework of physical classification (types IaA, IaB,
Ib,  IIb)  as  well  as  impact  diamonds from the Popigay meteorite  crater  (PIDs),  synthetic  HPHT and
CVD diamonds were studied

The characteristic of natural diamonds is shown: well-pronounced peaks of about 400, 580 K are
observed for type IaA whereas the others are 105, 145, 210 K (IaB); 290, 380 K (Ib); 150, 260 K (IIb).
Parameters  of  capture  centers  are  calculated.  Spontaneous  emptying  of  capture  centers  with  TSL
peaks at T<350 K due to tunnel electronic transitions was recorded. Along with the narrow TSL peaks
we  observed  a  continuous  TSL  glow,  especially  noticeable  at  temperatures  less  than  100  K.  This
luminescence is rather weak in perfect single crystals, but dominates in IaA-type diamonds with high
content  of  (100)  platelets  (B2  or  B’-centers)  and  in  polycrystalline  impact  diamonds  consisting  of
nanosized grains. This is the result of strong stresses in the vicinity of extended defects: platelets in
IaA-type diamonds and near the surface of nanoscale grains in impact diamonds. In PIDs with a purely
cubic structure, three significantly broadened peaks of about 180, 278 and 383 K are discernible in
the  TSL,  while  in  the  presence  of  hexagonal  diamond  (lonsdaleite)  the  peaks  are  even  more
broadened and some maxima are difficult to determine.

In HPHT grown diamonds of Ib type the peaks at 250 and 270 K dominate in TSL curves. These
centers  associated  with  the  manifestation  of  native  defects  are  absent  in  natural  diamonds.  Donor
nitrogen demonstrates a quenching effect on the processes of radiative recombination: the intensity of
TSL  in  diamonds  with  NC  less  than  10  ppm  is  two  to  three  orders  of  magnitude  higher  than  in
diamonds  with  Nc  more  than  150  ppm.   The  possibility  of  controlling  the  parameters  of  capture
centers  in  HPHT  diamonds  by  their  ionizing  irradiation  with  further  annealing  is  shown.  So,
irradiation of HPHT synthetic diamond with fast electrons (3 MeV/1018

cm-2)  produces  vacancies  in  their  structure.  These  vacancies  become  mobile  during  annealing
and  NV  complexes  are  formed.  These  centers  operate  as  effective  recombination  centers.  In
diamonds, a pair of deep centers of capture is also generated, and intense peaks of about 470 and 580
K appear in the TSL curves. The low-temperature component in this pair is induced under the action
of UV light, while the high-temperature component appears after ionizing irradiation (in particular, by
X-rays). It is assumed that such crystals can be used in dosimeters and detectors of UV or ionizing
radiation.

This  work  was  performed  on  state  assignment  of  IGM SBRAS and  was  partially  supported  by
RFBR grants No. 16-05-00873a and 18-45-140011 p_a.
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Vertical  hole  transport  in  diamond  films  was  studied  at  dc  and  pulsed  electric  fields  up  to
~5*105 V/cm. Basically undoped diamond films CVD grown on diamond substrates heavily doped with
boron (~2×1019 cm-3) have used. The film thickness was ~10-12 mm. The ohmic contacs were made of
Ni-W  alloy.  The  dc  bias  and  triangular  voltage  pulses  of  10-100  ms  duration  were  used  to  record
current-voltage (I-V) characteristics.

The  I-V  characteristics  at  low  fields  are  linear,  which  makes  it  possible  to  estimate  the
concentrations of free carriers and acceptors in the material - ~108  and ~1014  cm-3,  respectively. At
fields larger ~3 kV/cm, the I-V characteristics are quadratic caused by the linear field dependence of a
hole capture rate at ionized boron centres [1]. At higher fields (> 30 kV/cm), the field ionization of the
boron acceptors was observed resulted in an exponential rise of current. It was shown that the boron
ionization is the result  of  Poole-Frenkel’  effect – the lowering of potential  barrier of  impurity by an
external  electric  field.  This  is  confirmed by fitting of  the experimental  dependences of  conductivity
(free  carrier  concentration)  on  electric  field  by  Frenkel’s  formula  p  ~  exp[(e3E/e)1/2/kT]  (e  is  the
elementary charge, E is the applied electric field, e is the permittivity, k is Boltzmann's constant, T is
the temperature). The field dependence of conductivity at room temperature is shown in Fig. 1.

The work is supported in part by RFBR grant 18-02-01079.

Fig.1. Dependence of conductivity of boron doped diamond on U1/2 showing boron ionization through Poole-Frenkel’
effect. Inset – the scheme of the effect.
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    The study investigated 10 single crystal of CVD diamond plates of type IIa + Ib. In the initial
state the Raman peak at 1332.4 cm – 1 is observed in the Raman spectrum of the plates with an FWHM
factor of  4.2–4.5 cm –1;  in the UV range,  the self-absorption edge at  225 nm, the weak absorption
band of donor nitrogen is 270 nm (Nс ~ 2 ÷ 3 ppm), and then the monotonically falling absorption,
which is responsible for the initial dark brown color of diamonds. Annealing of unirradiated diamonds
at T≥1900 ° C leads to the destruction of most brown centers and an increase in transmittance in the
visible range by 20-25%. After being irradiated with electrons (RT, 3 MeV / 2 × 1018 cm-2), the plates
become almost opaque due to intense absorption in the GR1 system (about 20 cm-1 at the maximum of
the  band).  In  the  Raman spectrum in  addition  to  the  main  peak  1332.4  cm-1,  three  additional  low-
intensity peaks appear at 1190, 1295, and 1355 ÷ 58 cm-1,  the last of  which is associated with the
appearance of  sp2-  hybridized bonds.  Peaks  of1190 and 1295 cm-1,  not  previously  described in  the
literature,  may  be  due  to  the  formation  during  irradiation,  in  addition  to  isolated  vacancies  and
interstitial,  also  their  complexes:  interstitial-vacancy  pairs  (IVP).  When  heated  to  300  °  C,
simultaneously  with a  decrease in  the concentration of  isolated neutral  vacancies  (V[ppm] = 0.4 ×
I693nm [cm-1]) by about 0.5 ppm (corresponding to a decrease in absorption in the GR1 system by 8 ÷
12%), these lines are annealed, presumably as a result of annihilation of IVP with the formation of a
regular  lattice  site.   In  the  diamonds  studied,  higher  activation  energy  of  annihilation  and  lower
mobility of the interstitials are expected as compared to perfect crystals as a result of strong elastic
stresses  caused  by  brown  centers.  Stepwise,  every  100  °,  annealing  of  irradiated  diamonds  in  the
range  of  300  -  1800  °  C  for  30  minutes  at  each  temperature,  allowed  studying  the  dynamics  of
annealing of various defects. So the GR1 system (isolated vacancies) starts to anneal at T ≥ 800 ° С
and completely disappears only at 1200 ° С. An intense increase in transmittance in the visible range
begins at 1600 ° C, and at 1800 ° C, it  is 30% higher than that of the original dark brown plates. 
Those, enlightenment of diamonds with UHT annealing occur more efficiently if they contain radiation
defects. IR absorption also changes regularly: from the original bands: 1130, 1240, 1290, 1332 cm – 1

with absorption intensities ≤ 0.5 cm– 1, after annealing at 1800 ° C remains only a peak of 1332 cm– 1

with intensity ≤ 0.2 cm– 1. In the photoluminescence (PL) spectra with UV excitation (365Hg) instead
of  the  original  systems  467.5  nm  and  575  nm,  after  the  final  annealing  at  1800  °  С,  only  H3  is
observed, which is responsible for the green PL. This indicates the transformation of donor nitrogen
and NV - defects in NVN complexes. The absence of changes in the width of the Raman peak during
annealing indicates the preservation of stresses in the diamond structure.                                
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Functionalization  of  surface  nanoparticle  plays  an  important  role  in  modern  nanotechnologies,
which  are  mainly  based  on  bottom-up  technology.  Diamond  nanoparticles  are  attractive  for  such
technology as a building block for prospective applications as drug delivery and synthesis of various
composite  materials  with  unique  properties  [1,  2].  Developed  method  of  deagglomeration  of
detonation nanodiamonds (DNDs) and preparation of stable colloids of 4-5 nm DNDs [3] have opened
new ways for applications of DNDs in nanotechnologies. It is the surface modification of DNDs, which
is the next step in developing of DNDs technology. In the present work, the stable hydrosol of 4-5 nm
carboxylated deagglomerated DNDs (DND-COOH) [3] and FeCl3·6H2O were used as initial  reagents
for preparation of novel hybrid magnetoactive nanomaterials based on iron containing DND-COOH.
Composition,  structure and magnetic  behavior  of  the series  samples  of  the nanodiamonds with the
surface  modified  by  the  Fe3+  ions  were  characterized  by  powder  X-ray  diffraction,  Mössbauer
spectroscopy, and Raman spectroscopy.

This study was supported by the Russian Foundation for Basic Research (Project № 18-29-19038).

Fig.1. The 57Fe Mossbauer spectrum at 300K of the nanodiamonds with the surface modified by the Fe3+ ions shows
the existence of two wide sextet lines, that can be attributed to magnetically odered α-Fe2O3 ,α- FeOOH   and  

narrow paramagnetic doublet of β, γ- FeOOH.
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Nanoparticles  (NP)  are  intensively  studied  now  for  applications  in  novel  materials  creation,
quantum computing, biology, etc. One of the most important NP characterization methods is Raman
spectroscopy. In comparison with bulk material Raman peak of NP is downshifted and asymmetrically
broadened. These effects are due to the finite particle size.

To quantify these effects and to connect the peak position with NP size, the phonon confinement
model  (PCM)  is  widely  used.  However,  a  deeper  analysis  of  the  PCM  reveals  a  series  of  essential
problems.  Very  recently  we  propose  an  alternative  approach  based  on  the  combined  use  of  the
dynamical  matrix  method  and  bond  polarization  model  (DMM-BPM)  [1].  Contrary  to  the  PCM,  the
DMM-BPM approach allows one to interpret recent experimental data on nanodiamond powders very
successfully  [1].  The  disadvantage  of  the  DMM-BPM  is  that  one  of  its  constituents,  the  dynamical
matrix method, requires diagonalization of huge 3N × 3N matrices, where N is the number of atoms
in  the  crystallite.  Although  this  general  numerical  method  inspires  the  quickly  solvable  analytical
version, this version misses some information about nanoparticle shape.

In the present work, we propose another approach to the Raman spectra (RS) analysis [2]. We
substitute the original optical phonon eigenproblem by an effective continuous media problem with
the spectrum of optical phonons in the long-wavelength limit. The optical modes were shown to obey
the  Klein−Fock−Gordon  equation  with  Dirichlet  boundary  conditions.  With  the  use  of  continuous
reformulation  of  the  BPM,  it  allows  calculating  nanoparticle  RS.  Also,  the  question  of  NP  shape
influence  on  RS  was  investigated.  We  successfully  apply  our  approach  for  description  of
experimentally measured RS of nanodiamond powder [3], see Fig. 1.

Fig.1. To calculate Raman spectra of arbitrary shaped nanoparticle one can solve Klein-Fock-Gordon-like equation
with Dirichlet boundary conditions [2]. RS calculated with the proposed approach successfully interprets the

experimental data on nanodiamond powder RS from [3].
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Detonation  nanodiamond  (DND)  is  special  nanomaterial  because  it  largely  retains  the  unique
mechanical, physical and chemical properties of diamond and, unlike almost all other nano-dispersed
materials,  there  are  no  foreign  phases  on  its  surface,  and  only  a  wide  range  of  surface  chemicals
compounds. In this regard, the surface of an individual nanodiamond crystal can be considered as a
subject  of  a  peculiar  surface  organic  chemistry,  however,  the  initial  polyfunctionality  of  individual
nanodiamond  surface  can  be  changed  by  carrying  out  heterogeneous  chemical  reactions  leading
either to the removal of surface functional groups or the addition of new ones. Such processes can be
considered as a kind of horizontal strategy for modifying nanodispersed diamond [1], in contrast to
well-known vertical strategies (bottom-up and top-down). As is known, the duration of the synthesis of
DND occurring at the front of the detonation wave is less than 1 µs and it  requires a considerable
lengthy  subsequent  “upbringing”  by  chemical  and  physicochemical  methods.  Due  to  fairly  strong
surface  chemical  bonds,  the  DND  modification  process  is  usually  carried  out  in  chemically  active
media and / or at elevated temperatures. Oxidative treatment provided by boiling in 72 % HClO4 at
203  °C  for  5  hours.  The  treatment  by  hydrogen  and  deuterium  of  the  surface  are  provided  at
atmospheric pressure at 850 °C for 5 hours. The surface chlorination proceeds 6 hours at 450 °C in
CCl4  vapors.  According  to  TGA,  the  DND  modification  usually  change  the  polyfunctionality  of  the
surface  and  stability  against  oxidation.  Moreover  the  differences  of  the  DND  with  provided
termination  in  hydrophility,  IR  spectra,  photoluminescence  and  electrophysical  properties  was
measured and discussed.
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Polycrystalline diamond powder of the dynamic synthesis from graphite with an average size of
25 nm and a crystalline size 7-11 nm [1,2] was treated at 7 GPa and 1300 ºC in the presence of 30
wt% C-O-H compound [3].

The synthesized sample was characterized by X-band Electron Paramagnetic  Resonance (EPR)
and  Photoluminescence/Raman  (PL)  spectroscopy.  It  is  shown  that  the  average  size  of  diamond
crystallites  after  sintering  is  not  less  than  70  nm.  Powder  EPR  pattern  shows  the  presence  of
paramagnetic  substitutional  nitrogen  (P1  centres)  at  a  concentration  of  less  than  200  ppm  in  a
diamond lattice of good crystalline quality. PL spectrum of synthesized diamond is shown in Fig.1 and
demonstrates that the main optical centre is nitrogen-vacancy-nitrogen, known as H3.

The formation of large diamond grains from a very tight diamond polycrystalline grains confirms
the  partial  or  complete  dissolution  of  the  main  number  of  initial  diamond  crystallites  in  a  C-O-H
superfluid, which forms at sintering conditions. Such a dissolution followed by the crystallization of
large diamonds from polycrystalline diamonds contradicts  to the hypothesis  of  oriented attachment
growth, proposed in [4] for detonation diamonds.

Fig.1. PL of H3-defect in the synthesized diamond
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An advanced oxidation process has been implemented for detonation nanodiamond purification
and  surface  chemical  modification.  The  treatment  intended  for  chemical  oxidation  of  detonation
nanodiamond surface and nondiamond carbon through reactions with hydroxyl radicals (·OH).

A  number  of  detonation  nanodiamond  samples  were  processed:  detonation  carbon,  purified
industrial  grade  nanodiamond  powder[1]  and  free  particle  hydrosols  of  air  oxidized[2]  and  hydrogen
annealed[3] detonation nanodiamonds.

Elemental analysis provided by EDAX. Average size of primary nanodiamonds calculated by XRD
data.  Carbon  sp2/sp3  ratio  estimated  by  Raman.  Comparative  analysis  of  surface  chemical
composition  provided  by  results  of  XPS  and  FTIR.  Size  distribution  of  detonation  nanodiamond
hydrosols measured by DLS.

A  method  for  obtaining  uniform  surface  with  oxygen-containing  functional  groups  in  spite  of
source of detonation nanodiamond was demonstrated. Limited efficiency approach for purification of
detonation  soot  was  developed.  Advanced  oxidation  processing  is  noted  as  more  convenient  for
certain tasks than conventional gas-phase methods for surface modification.

The research was supported by RFBR (Project N 18-29-19125 MK)

Visit my project page at ResearhGate!

References
V Pichot, M Comet, E Fousson, C Baras, A Senger, F Le Normand, D Spitzer, DRM (2008) 17, 13.1.
E. Aleksenskiy, E. D. Eydelman, and A. Ya. Vul’, NNL (2011) 3, 682.
E. Aleksenskii, A. Ya. Vul’, S. V. Konyakhin, K. V. Reich, L. V. Sharonova, E. D. Eidel’man, Phys.3.
Solid State (2012) 54, 578



143

P2-46
Nanodiamond particles

Gamma-radiation effect on the photoluminescence of the polymer
composite MEH-PPV / detonation nanodiamond

Romanov N.M. 1, 2 , Shakhov F.M. 3 , Osipov V.Yu. 3 , Musikhin S.F. 1

Fedor.Shakhov@mail.ioffe.ru
1 Peter the Great Polytechnic University, St. Petersburg, Russia
2 Lappeenranta University of Technology, Lappeenranta, Finland
3 Ioffe Institute, St. Petersburg, Russia

MEH-PVV is an electrically conductive light-emitting conjugated polymer with a linear formula
(C18H28O2)n  soluble  in  toluene,  which  is  widely  used  as  a  part  of  organic  light-emitting  diodes,
perovskite  solar  cells,  organic  field-effect  transistor  (Fig.A.).  With  the  introduction  of  various
nanoscale  inclusions  into  the  polymer,  such  as  fullerenes  [1],  PbS  [2]  or  detonation  nanodiamonds
charge transfer occurs from the conducting polymer to the dielectric inclusions (bulk heterojunction),
which ensures the generation of free charge carriers and their transfer.

The photoluminescence (PL) method was used to investigate MEH-PPV polymer films and films of
MEH-PPV/detonation  nanodiamond  (DND)  nanocomposite  after  irradiation  by  gamma  rays  from  a
137Cs source at doses of 0.5–12.2 kGy in the H2O equivalentб Fig.A.

Relaxation processes  occur  during 4 weeks after  irradiation in  pure MEH-PPV polymer and in
nanocomposite MEH-PPV/DND after irradiation with a dose of 12.2 kGy were investigated, Fig.B. It is
shown that gamma-irradiation of nanocomposites leads to the formation of structural units similar in
structure and composition with structural units of the conductive PPV polymer (C8H6)n.

Fig.A. PL spectra before gamma-irradiation: 1 – MEH-PPV; 2 – MEH-PPV/DND. Structural formula of MEH-PVV and
PVV polymers. Aliphatic groups are in bold. Fig.B. PL spectra of MEH-PVV/DND composite after gamma-irradiation

with 12.2 kGy and after 1-4 weeks of holding at NTP.

References
M. Romanov and S.F. Musikhin. St. Petersburg State Polytechnical University Journal: Physics1.
and Mathematics. (2018) 11, 41–48.
M. Romanov, I.B. Zakharova, M.M. Malova, M.A. Elistratova, S.F. Musikhin. St. Petersburg State2.
Polytechnical University Journal: Physics and Mathematics. (2018) 11, 22-32.



144

P2-47
Nanodiamond particles

 Diamond crystals synthesized from graphite with a nickel catalyst and
aluminum as a nitrogen getter at HPHT

Kochetkov F.M. 1 , Krasilin A.A. 1 , Osipov V.Yu. 1 , Shakhov F.M. 1

fedor.shakhov@mail.ioffe.ru
1 Ioffe Institute, Saint-Petersburg, Russia

It is known that nitrogen occupies a special place in the research of diamond materials, since it is
the main impurity in diamond. Moreover, the form in which nitrogen is contained in diamonds largely
determines their properties and serves as the main factor for the classification of diamonds. Nitrogen
creates paramagnetic centers in diamond and exists in the form of single nitrogen atoms (P1), as well
as in other types of optically detectable centers.

In  this  work,  two  samples  of  microcrystalline  diamonds  (40-125  µm)  were  investigated  by  the
EPR and IR methods for the presence of nitrogen centers, one of which was synthesized in graphite –
nickel medium (reference sample D1), and the second (D2) in the same mixture with the addition of
aluminum, which serves as a getter of nitrogen, at high pressure (5 GPa) and temperature (1550 °C).

With  the  addition  of  nitrogen  getter,  a  decrease  in  the  amount  of  nitrogen  in  the  diamond  is
observed, the crystallinity become more perfect and crystals have fewer centers of P1, C, A and B1
defects.

 Fig.1. The EPR spectrum of paramagnetic nitrogen centers (P1) in diamonds synthesized without addition of a
nitrogen getter (D1) and with its presence (D2).
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Partial oxidation process (POX) is one of the main technologies for natural gas processing:
CH4+½O2⇔CO+2H2 +35,6 kJ/mol                                                                                                         (1)
Although the main product of POX is synthesis gas (a mixture of CO and H2), carbon black as a

significant  by-product  (depending  on  the  process  conditions)  may  be  formed  by  the  following
reactions:

2CO⇔CO2+C +172 kJ/mol                                                                                                                      (2)
CH4⇔C+2H2 -75 kJ/mol                                                                                                                            (3)
CO+H2⇔C+H2O +132 kJ/mol                                                                                                                 (4)
State of the art pilot unit presented in the work [1] makes it possible to produce up to 5 nm3/h of

syngas  and  about  50  g/h  of  graphitized  carbon  soot  as  a  byproduct,  water  is  also  formed  in  our
process.  Modernization  of  the  pilot  unit  allowed  us  to  separate  the  soot  synthesized  in  the  partial
oxidation reactor from syngas via scrubber and further collect it in the soot tank. The soot then was
dried at room temperature. Obtained carbon soot particles have almost perfect graphitic structure, as
TEM analysis  indicated,  formed at  relatively  low temperatures  (~1070 K)  and a  fullerene-like  cage
inside imply that the growth had to be driven by an epitaxial mechanism of a kind which is in good
correlation with the work [2]. The time of the transition from a higher temperature zone (1500-1600
K)  to  the  reactor  outlet  determines  the  growth duration and hence the spherical  particle  size.  Our
process may be considered as a prototype for a production method for graphitized carbon soot. Driven
by the need to reduce harmful emissions in the environment, our process allows to utilize and process
natural and associated gas to produce syngas with H2/CO ratio 1.6-1.8 and valuable graphitized soot
as a byproduct.
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The  present  report  is  dedicated  to  the  study  of  structure,  peculiarities  of  surface  layers,
structural transformations under laser irradiation as well as mechanical and tribological properties of
thin  nanocomposite  TiN-C  coating  deposited  from  the  products  of  a  pulsed  titanium  cathodic  arc
discharge with carbon ignition in nitrogen atmosphere.

Nanocomposite TiN-C coating was deposited using a modified Maslov-type plasma source. The
cathode  of  the  plasma  source  was  made  of  titanium  whereas  the  ignition  system  was  made  of
graphite. Thus, each high-current pulse of the cathodic arc between the copper-coated anode and the
titanium cathode was ignited in the products of the low-current pulse of the discharge in the graphite
ignition system. And hence, each titanium sputtering pulse was accompanied with a lower-intensity
graphite sputtering pulse.

Morphology of the coating was studied using scanning electron microscopy (SEM) and atomic-
force  microscopy  (AFM).  Chemical  composition  of  the  coating  was  investigated  using  energy-
dispersive  X-ray  spectroscopy  (EDS)  and  X-ray  photoelectron  spectroscopy  (XPS).  Structure  of  the
coating was studied using X-ray diffraction (XRD) and Raman spectroscopy. Mechanical properties of
the  coating  were  measured  by  nanoindentation.  Tribological  properties  were  studied  using  the
sphere-on-plane reciprocating dry friction scheme.

Composite TiN-C coating on a silicon monocrystal substrate is characterized by a smooth surface
of sub-micron waviness without distinct columnar structure. It is shown that although the content of
carbon in the coating lies within an approximate range of 5-15 atomic %, neither XRD reflection peaks
of graphite or diamond nor Raman bands characteristic of C-C bond vibrations can be found in the
corresponding spectra of the coating in its pristine state.

At the same time, the TiN [111] XRD reflection is shifted by 0.4° to lower angles and the C 1s
core level spectrum peak at 282 eV is slightly shifted to higher energy in comparison with the position
of the C 1s peak of C-Ti bond in titanium carbide, indicating the increase of the interplanar distance of
the titanium nitride structure owing to interstitial carbon atoms implantation.

The Raman spectra  of  the  coating change drastically  upon the increase of  the  excitation laser
irradiation power: characteristic C-C bond vibration D and G-peaks appear in the spectra, moreover
the peaks remain in the spectra measured under low-power conditions in the previously high-power
irradiated  spots.  The  analysis  of  the  peculiarities  of  Raman  spectra  measured  under  various
conditions  shows  that  upon  heating  up  by  a  high-power  laser  irradiation,  carbon  of  the  coating
undergoes structural evolution through the formation of nano-size amorphous carbon clusters.

Described  structural  evolution  of  the  carbon  component  of  the  coating  leads  to  adaptive
tribological behavior of the coating under heavy friction conditions: upon heating up during friction,
the coefficient  of  friction of  the coating against  steel  counterbody demonstrates distinct  working-in
peak with following stabilization at lower levels.
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Graphitized carbon nanoparticles of spherical morphology and regular onion-like structure were
produced as a byproduct of  thermal homogeneous partial  oxidation of  natural  gas in the Pilot  Unit
presented in the work [1]. The concentric graphitic structure and spherical symmetry along with the
absence of amorphous carbon were confirmed by transmission electron microscopy (TEM), electron
diffraction,  EDX spectroscopy,  and Raman investigation.  The particles  are unusually  big for  carbon
onions and have an outer diameter of 10–50 nm while the inner cage is rather typical for onions and
has a diameter below 1 nm. It is worth notice that unlike literature reports on giant onions, the carbon
deposit was dominated by these giant spheres. In addition, our process allows producing regular giant
onion-like particles from oxygen-containing feedstock despite claims by the work [2]. It is interesting
that unlike observations of works [3, 4] there are no low fullerenes or small onions in the deposit.  
Raman spectra show the ratio of the intensities of D and G peaks that can be used to estimate the
degree  of  perfection  of  graphitic  layers.  In  our  work  we  achieved  ID/IG  =  0.981,  which  is  in  good
correlation with regular onion like carbon properties.
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Silicon carbide is in the focus of research since wide band-gap material with high stability to the
temperature, mechanical and radiation actions which permit to use it for devices working at extreme
conditions  [1].  In  the  last  decade,  silicon  carbide  finds  a  new  area  as  an  object  for  carbon
nanostructures  formation  [2,3].  Recently,  the  original  method  of  SiC  production  from  silicon  was
proposed [4]. Thus, it is of interest to study the adsorption properties of SiC. In this report, we give
theoretical  estimations  for  the  binding  energy  of  N2  and  NH3  molecules  with  the  silicon  carbide
surface. Note, that the problem of N2 and NH3 interaction with SiC was firstly arisen from the study of
SiO2/SiC interface [5].

     Here we use a theoretical scheme based on the Anderson Hamiltonian and Haldane-Anderson
density of states model [6] for the 4Н and 6Н silicon carbide polytypes. Estimations for the nitrogen
molecule  show  that  the  charge  transfer  between  N2  and  SiC  can  be  neglected  and  the  ionic
contribution  to  the  adsorption  energy  .  Thus,  adsorption  energy  is  equal  to  metallic
contribution, which is equal to . Underline, that the difference between adsorption on the
Si-  and  C-faces  of  SiC  manifests  itself  only  through  the  parameter  describing  the  width  of  the
molecule  quasilevels  [6].  If  consider  adsorption  bond  lengths  for  Si-  and  C-faces  as  equal,  such  a
difference is absent.

     As opposed to the system N2/SiC, ammonia molecule dissociates on Si(100) [7]. Then hydrogen
atoms passivate sp3-orbitals of silicon terminated the reaction. It is beyond reason to suppose that this
situation does not occur on Si- and C-faces of SiC. Thus, ammonia molecules do not adsorb on silicon
carbide.
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In the case of detonation of condensed explosives of CaHbNcOd type, there is a correlation of the
electrical  conductivity  with  the  carbon  content  [1,2].  Therewith,  the  high  values  of  electrical
conductivity can be explained by contact conductivity through extended conductive structures.

The development of research technologies does not allow observation this “carbon wires” directly
during  the  detonation  yet,  but  such  structures  are  present  in  detonation  soot.  Nano-objects  have
sufficient strength for their safety in the aggressive background behind the detonation front.

Transmission  electron  microscope  images  show (Fig.1)  that  the  detonation  soot  of  carbon-rich
explosives contain fibrous structures [3-5], and the distance between the lines is 0.33 nm (on the right
image), which corresponds to the conductive form of carbon — graphite. The existence of such carbon
structures, in our view, confirms the availability of contact conductivity behind the detonation front.

The work was funded by RFBR according to the research project N 18-03-00227, and partially by
RFBR under grant N 18-03-00441.

Fig.1. TEM micrographs of detonation soot (TATB, TNT/RDX, TNT from left to right).

References
1. N. P. Satonkina, The dynamics of carbon nanostructures at detonation of condensed high
explosives, Journal of applied physics (2015) 118, p. 245901.
2. N. P. Satonkina, Correlation of Electrical Conductivity in the Detonation of Condensed Explosives
with Their Carbon Content, Combustion, Explosion, and Shock Waves (2016) 52(4), p. 488.
3. N. Roy Greiner, D. S. Phyllips, J. D. Johnson, Fred Volk, Diamonds in detonation soot, Nature (1988)
333, p. 440.
4. Xu Tao, Xu Kang, Zhao Jiazheng, TEM and HREM studies on ultradispersed diamonds containing
soot formed by explosive detonation, Materials Science and Engineering B (1996) 38, p. L1.
5. A. O. Kashkarov, E. R. Pruuel, K. A. Ten, I. A. Rubtsov, E. Yu. Gerasimov, P. I. Zubkov, Transmission
electron microscopy and x-ray diffraction studies of the detonation soot of high explosives, Journal of
Physics: Conference Series (2016) 774, p. 012072.



151

P3-06
Carbon Nanostructures

Nickel nanoparticles – biomorphic carbon composite for energy storage
devices

Orlova T.S. 1, 2 , Spitsyn A.A. 3 , Ponomarev D.A. 3 , Kirilenko D.A. 1

orlova.t@mail.ioffe.ru
1 Ioffe Institute, St. Petersburg, Russia
2 National Research University of Information Technologies, Mechanics and Optics, St. Petersburg,
Russia
3 St. Petersburg State Forest Technical University, St. Petersburg, Russia

Energy  storage  and  conversion  materials  play  an  essential  role  in  efficient,  environmentally
friendly use of energy and in the development of renewable sources of energy [1,2].

A facile and low-cost method has been used to fabricate nickel/bioC nanocomposite for applying
as  binder-free  electrodes  for  supercapacitors.  Monolithic  partially  graphitized  porous  biocarbons
(bioC) with Ni nanoparticles (NiNPs) were obtained through pyrolysis of birch-wood precursors using
nickel(II) nitrate as a graphitization catalyst. Oven dried (105–110 °C) birch wood were immersed in
1  M solution  of  nickel(II)  nitrate  in  water  for  120  h.  Pyrolysis  of  the  dried  impregnated  wood  was
performed in an atmosphere of self-generated gases in a stainless steel reactor with a ramp rate of
2  °C/min  up  to  970  °C.  Then  cooling  was  carried  out  with  the  oven.  The  above  high  temperature
process  also  resulted  in  the  formation  of  NiNPs  due  to  the  reduction  of  Ni(NO3)2.  The  gravimetric
concentration of Ni in the obtained bioC/ NiNPs composite was estimated to be 13.2%. Structural and
microstructural characterization was performed by means of x-ray diffraction and transition electron
microscopy.

The  composite  presents  highly  porous  material  with  pores  of  about  5  nm  in  size,  which  are
covered by onion-like carbon. Ni nanoparticles with size of 5-70 nm were uniformly distributed within
the three dimensional structure of the carbon matrix (Fig.1a,b). Smaller NiNPs occupied part of the
pores surrounded by onion-like carbon (Fig.1c). Along with the onion-like carbon, amorphous carbon,
graphite  globules  with  size  up  to  150  nm  are  also  present.  The  composite  material  was  used  for
electrochemical  testing  as  a  working  electrode  in  3M  KOH  electrolyte.  The  composite  material
exhibited  enhanced  electrochemical  behavior,  achieving  a  capacitance  of  415  F/g  for  the  total
composite  material  and  3140  F/g  for  Ni  nanoparticles  with  good  cyclic  stability.  These  results
demonstrated a high potential of the NiNPs/bioC composites for application as binder-free electrodes
for supercapacitors.

Fig.1. TEM image (a) and corresponding electron diffraction pattern (b) of Ni-nanoparticles supported on porous
biocarbon matrix. Ni nanoparticles surrounded by onion-like carbon (c).
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Diamond nanostructures, in view of excellent optical, thermal and mechanical properties, are of
increasing interest, for optical applications such as antireflection surfaces, photon emitters based on
color centers,  and photonic crystals.  Porous bulk opal  structures (ordered SiO2  spheres)  were used
previously [1] as templates to grow photonic crystal based on diamond inverted opal (DIO) by seeding
the template with nanodiamond particles, followed by a CVD diamond growth inside the pores. This
process,  however,  principally  results  in  nanocrystalline  diamond  structures  with  high  amount  of
defects. Here we describe a new approach to prepare opal-diamond monoliths with single crystalline
(SC) diamond component.

The  process  is  based  on  epitaxial  diamond  growth  through  nanoscale  pores  between  densely
packed SiO2  nanospheres placed on a SC diamond substrate (Fig.1).  Monolayers and multilayers of
the  ordered  silica  spheres  of  ~230  nm  in  diameter  were  deposited  on  HPHT  diamond  surfaces.
Diamond growth then started from the bottom through narrow gaps between the spheres,  using a
microwave plasma CVD. The opal layers were gradually imbedded in SC diamond, forming an ordered
diamond composite. Finally, the SiO2 spheres were removed by acid etching to obtain the SC diamond
inverse opal structures [2]. The approach works for epitaxy on polycrystalline substrates as well. The
produced  structures  were  characterized  with  optical  transmission,  Raman  and  photoluminescence
spectra.  Calculations  of  the  reflection  spectra  by  scattering  matrix  method  were  performed  which
predict the Bragg peak position and intensity as a function of number of buried layers, and indicate
that already 8-10 layers are equivalent to bulk DIO.

Fig.1. Schematics of preparation of periodical single crystalline diamond inverse opal nanostructure.
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Covetic alloys represent a new family of the metal matrix –carbon nanocomposites [1], where the
matrix metal solves only ppm amounts of carbon. The carbon nanoparticles are bonded to the metallic
matrix  by  a  novel  type of  a  covalent  –metallic  (covetic)  bond.  Considering the  structure  of  covetic
material  there  were  reported  globular  nanoparticle  between  5-200  nm  [3]  and  graphene  –like
nanoribbons in Al  based [2]  covetics.  In order to understand the nature of  this  novel  type of  metal
carbon nanocomposite,  investigations by X-ray, and Small angle neutron scattering were undertaken.

The base material was industrial 6061 type Al alloy.  Two kinds of activated carbon were used:
activated  carbon  (AA)  from  Alpha  Aesar  (Johnson  Matthey)  and  (RH)   from  Reanal,  Hungary.  In
addition ball milled graphite powder was used also having a grain size below 45 µm (340 mesh). Out
of these three different carbon powders only the AA type was suitable for infiltration into Al6061.

XRD  revealed  the  presence  of  the  infiltrated,  nanosized  carbon  and  its  diffraction  line  was
compared with that of  the starting activated carbon. The SANS experiment performed at Budapest
Neutron Center was data processed using the generalised Beaucage model.[4]. Carbon inclusions of
15 nm average diameter were found having more smooth surface region  than  the alloying  inclusions
of the starting  Al6061  industrial alloy. The summarized results are presented.

The diffraction pattern of covetic  and the starting amorhous carbon pattern (Alpha Aesar)
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Shungite rocks are natural composite materials including nanostructured carbon - shungite [1]
and  mineral  components  in  the  form  of  microcrystals,  nanocrystals,  as  well  as  layers  and  clusters
intercalating carbon [2]. Shungite rocks can be used in various technologies, in particular as an active
filler of composite materials to give them electrical conductivity that is determined by the properties
of  carbon  and  its  distribution.  There  are  several  ways  to  change  the  electrophysical  properties  of
carbon  based  on  chemical  and  thermal  treatments  that,  however,  are  very  costly  and  energy-
intensive. Recently, methods of biological processing of mineral raw materials have been intensively
developed. It is characterized by the use of a small amount of technological equipment, high yield of
finished raw materials  and environmental  safety.  Bioleaching involves the use of  chemolithotrophic
microorganisms, the energy source of which is inorganic compounds [3].

Electron  microscopy  and  Raman  spectroscopy  studies  of  various  shungite  rocks  subjected  to
leaching processes  under  the  influence of  microorganisms inherent  in  shungite  rocks  in  laboratory
conditions were carried out. Bioleaching leads to the removal of sulfide components of shungite rocks
and changes both intralayer and interlayer ordering of shungites. This can be caused by the removal
of  non-carbon  cluster  impurities  from  the  intralayer  and  interlayer  space  of  carbon  (the  reverse
process  of  graphite  intercalation).  The  assessment  of  electrical  conductivity  showed  that  for  all
selected  samples  of  shungite  rocks  there  is  an  increase  in  electrical  conductivity.  The  maximum
increase in electrical conductivity (~20%) was observed for shungite rock with the most noticeable
change  in  the  structural  ordering  of  shungite  (fig.1).  At  the  same  time,  different  changes  in  the
structural  ordering  are  observed  for  different  shungites.  Minimal  changes  are  remarkable  for
shungite with the least changes in intralayer and interlayer ordering.

Thus,  in  the  course  of  bioleaching  not  only  sulfide  components  are  removed,  but  also  the
structural odering of shungite carbon and the electrical conductivity of shungite rocks change.

The work is performed in the framework of the PFNI GAN research of IG KarRC RAS and RFBR
(17-05-01160).

Fig.1 Raman spectra of shungite carbon: a) initial sample, b) processed by microorganisms.
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Synthesis of metal-decorated micro- and nanoporous carbons via
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The  large  number  of  morphologies,  formed  by  metal-organic  frameworks  (MOFs),  their  high
porosity and stability make them promising precursors for the synthesis of cost-effective micro- and
nanoporous carbon materials. In this work, several MOF-derived carbons [1], decorated with cobalt
and nickel nanoparticles, were prepared by pyrolysis of the metal-organic frameworks, based on the
ZIF-  (“zeolitic  imidazolate  frameworks”)  and  HKUST-  (“Hong  Kong  University  of  Science  and
Technology”)  structural  types.  The  synthesis  was  carried  out  at  300,  500  and  800°C  in  a  nitrogen
atmosphere, using 1-methylimidazole as binders for the ZIF and trimesic acid (H3BTC) for the HKUST
type  structures.  The  obtained  materials  were  characterized  by  X-ray  powder  diffraction  (XRD),
Fourier  transform  infrared  spectrometry  (FT-IR),  X-ray  dispersive  energy  spectroscopy  (EDS)  and
scanning electron microscopy (SEM). The micro- and nanoporous carbons, obtained from these MOFs
as precursors, possess significant variations in their morphologies (from spherical particles to fibers
and  needles)  and  sizes  (from  50  nm  to  several  hundreds  nm),  forming,  in  particular,  flower-like
microstructures  covered  with  elemental  metal  nanoparticles  (Fig.  1).  On  the  other  hand,  in  all
prepared MOF-derived carbons, the appearance of metallic nanoparticles on their surface with sizes
smaller  than  60  nm,  is  maintained  constant.  These  materials  could  have  potential  applications  in
organic  catalysis,  adsorption  and  remediation  of  heavy  metals  from  contaminated  wastewater  and
petroleum impurities from oil-water mixtures in oil-spill sites.

Fig. 1. Ni@C carbon material, containing different needles, converged in a core. The individual needles have an
average width starting from 135 nm, while the particles on their surface have an average size of 34 nm.
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On the kinetic analysis of the hydrogen thermal desorption spectra for
graphite and advanced carbon nanomaterials
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This study is devoted to a further development and applications of results [1-3] on the method of
kinetic analysis of the hydrogen thermal desorption spectra (TDS) based (formally) on the first order
reactions approach, in materials heated with only one rate. The standard approach of deconvolution of
TDS  spectra  by  Gaussian  curves  was  used  [1-3].   The  method  allows  to  determine  values  of  the
activation energy (Q) and the pre-exponential factor of the rate constant (K) of the processes, along
with the identification of them on the basis of results [1-3].

It is worth to note, that usually the kinetic quantities (Q and K) are determined with the help of
the Kissinger method, in which several heating rates are used.  

In the present study, such an analysis [1-3] has been performed for a number of highly cited data
[4-9] on hydrogen TDS spectra for graphite and some advanced carbon nanomaterials.

Some aspects of using the first order reactions approach, especially for the diffusion controlling
cases [1-3] are discussed, along with approaches of Polanyi-Wigner equation of the first order process
[1-3], the second order process [6, 7], and Gaussian curves approach [10].

Perspectives of further applications of this method [1-3] are considered, as well.
Acknowledgements
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Effect of structure and oxidation state of carbon nanomaterials on the
conversion of propanol-2
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It  is  known  that  catalytic  dehydration  of  aliphatic  alcohols  is  carried  out  on  acid  Lewis,  and
dehydrogenation – on basic Lewis centers. It is the catalytic conversion of alcohols that is usually used
as  a  test  reaction  to  the  content  of  acidic  and  basic  Lewis  catalyst  centers.  Oxygen  atoms  in  the
composition of  carbon nanomaterials  (СNM) surface are  mainly  included in  the carbonyl,  carboxyl,
anhydride, ethereal functional groups, which in catalysis play the role of Lewis acid and basic centers.
The  aim of  this  study  was  to  identify  the  effect  of  oxidative  treatment  and the  structure  of  carbon
matrix on the formation of acid-base properties of CNM.

We  used  the  following  carbon  nanomaterials:  carbon  nanotubes  (CNT):  cylindrical  (CNTсyl)
different degrees of oxidation and conical (CNTcon), nanodiamonds of detonation synthesis (ND). The
study of the influence of the structure and degree of oxidation of CNM on their catalytic activity was
performed  by  pulsed  microcatalytic  method.  The  formation  of  oxygen-containing  surface  functional
groups  occurred  during  the  treatment  of  CNM with  nitric  acid  for  different  times  (table.)  The  test
reaction was the conversion of propanol-2. The figure shows the obtained data on the selectivity of
conversion depending on the nature of the carbon matrix and the oxygen content in the samples of
UNM.

It was found that the catalytic activity of CNM (Fig.) is affected by their matrix structure and the
content of oxygen surface groups. The сonversion of propanol-2 on the way of dehydration goes on
ND, whereas the dehydration goes mainly on CNTs. Comparison of the catalytic activity of CNM with
approximately the same oxygen content, but with different carbon structure, showed that the activity
of  cylindrical  CNTs (9.35% O2)  exceeds  the  activity  of  conical  CNTs (9.4% O2)  and is  significantly
higher than the activity of ND (7.40% O2). The specific surfaces of cylindrical and conical CNTs are of
the same order and equal to 249 and 204 m2/g, respectively. This fact indicates that, unlike ND, not
only  the  surface  functional  groups  of  CNTS  participate  in  the  catalytic  process,  but  also  the  sp2-
carbon structure itself in the form of defects due to its curvature.

Acknowledgement. The work was done on the subject of chemical faculty “Petrochemistry and
catalysis” and was supported by RFBR (grant 16-08-01156).  The equipment was acquired from the
funds of the Moscow State University Development Program.

Conversion of propanol-2 on samples of CNM (oxygen content, % by weight. indicated on x-axis)
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SiCN is a new class of materials for high-temperature electronics. Magnetic properties of SiCN
materials  doped  with  different  transition  metal  ions  can  vary  from  paramagnetic  to
superparamagnetic and to ferromagnetic [1].  Superparamagnetic materials are potentially useful in
developing high-temperature sensor devices [2]. Consequently, investigation of SiCN ceramics and its
conductive  and  magnetic  derivatives  is  currently  of  great  interest.  The  SiCN  ceramics  consists  of
SiCN nanoparticles (Si3N4 –like structure), which are covered with graphene layers [1,2]. Further, sp2

and sp3-carbon related dangling bonds, which are usually formed in this graphene layers [3,4], could
be investigated by EPR, a powerful technique to detect various types of paramagnetic defects. The X-
band  narrow  EPR  line  near  g  =  2.00  is  due  to  two  carbon  related  dangling  bonds  [3].  It  is
structureless  at  X-band,  but  at  W-band  these  signals  become  resolved.  The  EPR  study  of  SiCN
ceramics, annealed at 1100° C was carried out at 300 K at W-band (93.96 GHz). The two observed W-
band EPR lines are due to carbon-related sp2 and sp3-dangling bonds. The EPR line with g = 2. 0033 is
associated with sp3-carbon related dangling bonds in amorphous carbon and the EPR line with g =
2.0011 is  associated with sp2-carbon related dangling bonds,  which are located in  broken aromatic
rings of graphene layers, similar to that, observed in treated diamond [5]. Relative intensities of these
two EPR lines depends on annealing temperature.

This  research  was  supported  by  the  Natural  Sciences  and  Engineering  Research  Council  of
Canada (NSERC)  (SKM);  SIA  is  grateful  for  partial  support  of  research  project,  allocated  to  Kazan
Federal University for the state assignment (#3.2166.2017/4.6).

Figure 1. W-band EPR spectrum of SiCN/Fe ceramics in the range 33,000 – 34,000 G.
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Design of carbon endohedrals captured metal atoms (lanthanides, magnetic 3d elements) are in
frontiers  of  fundamental  and  applied  sciences  [1].  While,  endometallofullerenes  M@C2n  (EMF)  are
poorly  synthesized  in  practice  in  the  amounts  which  are  often  not  enough  even  for  laboratory
experiments.  Along  with  molecular  forms,  a  search  of  methods  to  create  desirable  metal-carbon
clusters (like multiwall endofullerenes) should enables to overcome the restrictions in the production
of  core-shell  particles  encapsulating  metal  atoms  (groups)  which  save  their  properties  (magnetic,
optical,  luminescence  etc.)  for  various  applications  in  biomedicine,  chemical  technologies,  material
sciences. Carbon based magnetic materials are promising as effective contrasting agents in Magneto-
Resonance Imaging and Hyperthermia methods in medicine. A special interest is attracted to atomic
clusters of 3d metals in carbon shells. Saving pristine physicochemical nature, captured atom or metal
cluster acquires a complex of new properties conditioned by the core-shell structure (biocompatibility,
stability  and  protection  from  environmental  influences,  chemical  attacks).  As  a  result  of  arc
combustion  of  composite  electrodes,  the  encapsulation  of  metal  atoms  can  occur  in  a  multilayer
graphite  shell  (onions)  or  carbon  nanotubes  and  eventually  molecular  structures  (EMF).  The  EMF
with  3d  metals  extremely  poorly  studied  because  their  producing  in  macro  quantities  remains  still
problematic.  It  seems  important  to  search  the  effective  ways  of  synthesis  of  a  variety  of  different
endohedral  metal-carbon  structures.  Here  we  presented  the  results  devoted  to  chromatographic
analysis, mass spectroscopy, Mössbauer spectroscopy and transmission electron microscopy (TEM) of
various  forms  of  Fe-encapsulating  carbon  nanoclusters  produced  in  electric  arc  and  examined  to
identify  their  phases  and  magnetic  states.  Samples  of  soot  were  prepared  by  the  evaporation  of
carbon  rods  with  embedded  precursors  (Fe2O3,  iron  phthalocyanine  pyrolysate).  We  performed  a
conventional extraction of metal-carbon products (Sokslet process, ultrasound action) to obtain their
condensate in organic solvents of different polarity (o-xylene, aniline, dimethylformamide). According
to  chromatographic  analysis  and  mass  spectroscopy  the  samples  contain  fullerenes  C60,  C70,  higher
fullerenes C2n (n = 36-70), onion-like structures with Fe and metal Fe clusters incorporated in matrix
of  non  graphitized  carbon  composed  of  fullerene-like  fragments  [1].  We  found  the  average  size  of
various clusters in the range 5-13 nm. The Mössbauer spectra of the samples were measured at 298K
with  and  without  an  external  magnetic  field  and  at  77K.  The  results  showed  complex  phase
composition in different proportions: γ-Fe, FeC2, Fe3C and α-Fe in superparamagnetic state [2].
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The  use  of  explosive  energy  allows  us  to  synthesize  metal  nanoparticles  with  simultaneous
deposition  them  on  the  detonation  carbon.  In  this  way,  it  is  possible  to  produce  nanoparticles  of
various noble metals ranging in size from a few to several hundred nanometers. The average size of
the  obtained  particles  can  be  predetermined  by  the  composition  of  the  initial  components.  For
instance,  the  authors  previously  obtained  the  samples  containing  palladium nanoparticles  with  the
average number-weighted sizes of 1.5, 2.5, 3.1, and 6.4 nanometers.

The method of synthesis consists in thermal decomposition of a metal-containing precursor upon
detonation  of  the  explosive  composite  containing  it.  This  leads  to  the  release  of  individual  metal
atoms,  which  are  then  joined  into  nanoparticles.  The  support  for  nanoparticles  consisting  of
detonation carbon is also formed during the explosion. It represents the graphite-like carbon with a
sufficiently high surface area and can be used as a support for catalysts. The detonation carbon covers
the surface of metal particles and prevents their further growth. Thus, the particle size is controlled
by  the  kinetics  of  carbon  condensation.  The  limitation  of  the  final  particle  size  is  also  due  to  the
mechanical expansion of the area occupied by the explosion products, which prevents diffusion and
agglomeration of metal atoms. In addition, both the chemical nature of the metal and its content in
the  precursor  affect  the  particle  size.  Regulation  of  these  factors  allows  one  to  predetermine  the
average particle sizes.

One  of  the  advantages  of  this  synthetic  procedure  is  the  ability  to  obtain  bimetallic  catalysts
based on noble metals. Behind the detonation front the, the formation of the alloyed particles occurs.
Since the process is fast-flowing and essentially non-equilibrium, the fairly uniform mixing of metals
inside  the  alloy  particles  is  observed,  and  the  growth  of  nanoparticles  is  limited  by  the  initial
conditions of the experiment. This report presents the results of obtaining the bimetallic Pd/Cu and
Pd/Ag particles on detonation carbon, which are formed by using the precursor mixtures consisting of
the corresponding bimetallic compound and an explosive.
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X-ray diffraction analysis is one of the most common methods for monitoring the parameters of
the structure of materials. However, when it is used to analyze the structure of carbon and polymeric
materials, a number of problems arise. The large depth of penetration of X-rays causes participation in
the formation of a diffracted beam by the volumes of the test substance located substantially below
the Bregg-Brentano self-focusing plane, which leads to a distortion of the diffraction maximum profile.
The material may include coherent scattering regions (CSR), the parameters of the crystal structure
of which are somewhat different. As a result, the experimentally observed diffraction peaks become
asymmetric and are not described by Gauss, Lorentz, or Voigt functions. Therefore, the information
obtained by standard methods about  the value of  the interplanar  distance and the size  of  the CSR
does not reflect the real structure of the material. The report analyzes the possibilities and results of
applying the method of X-ray analysis to study the fine structure of carbon fibers (CF). A comparison
was made of the results of the separation of the experimentally observed asymmetric diffraction peak
of 002 CF samples into symmetric ones described by the Gauss, Lorentz, and Voigt functions.

The studies were performed using an X-ray diffractometer D8 ADVANCE. To ensure the condition
of self-focusing of the Bragg-Brentano diffracted beam with the entire volume of the substance with
which  the  X-ray  beam  interacts,  the  CF  was  arranged  in  the  form  of  a  thin  (~0.1  mm)  layer  of
filaments.  CuKα-2  removal  was  performed  using  the  DIFFRAC  plus  package.  The  profiles  of  the
diffraction asymmetric peak of the 002 CF were analyzed using Origin 8.

The influence of the geometry of obtaining X-ray patterns on the profile of diffraction peak was
studied.  It  is  shown  that  when  conducting  X-ray  structural  studies  of  materials  characterized  by  a
large depth of penetration of X-rays, it is necessary to strictly ensure the fulfillment of the condition of
self-focusing for the entire volume of the sample forming the diffracted beam.

A  comparison  was  made  of  the  results  of  the  separation  of  the  experimentally  observed
asymmetric  diffraction  peak  of  002  into  symmetric  ones  described  by  the  Gauss,  Lorentz,  or  Voigt
functions. It is shown that the asymmetric diffraction peak of the shock wave can be represented as
three  components  -  the  symmetric  peak  described  by  the  Gauss,  Lorentz,  or  Voigt  functions.  The
average value of  the coefficient  R2,  calculated from the results  of  the decomposition of  the studied
samples,  turned  out  to  be  the  highest  when  using  the  Voigt  and  Gauss  functions  (R2,  respectively,
0.9994 and 0.9992; when using the Lorentz function, R2 = 0.9975). In the case of using the Gauss and
Voight  functions  for  analyzing  the  profile  of  the  asymmetric  peak  002  under  study,  the  average
dimensions  of  CSR  L002  of  the  selected  components  turned  out  to  be  quite  close.  When  using  the
Lorentz  function,  the  dimensions  L002  of  the  corresponding  components  of  the  decomposition  are
almost 1.5 times larger, the components of the decomposition also correspond to smaller values of the
interplanar distances. The diffraction peak profiles of the 002 CF were analyzed after the removal of
the CuKα-2 component. It is shown that this did not affect the values of the average dimensions L002 and
the interplanar distances d002  of  the decomposition components.  It  is  concluded that the analysis of
experimentally observed asymmetric peak of fibrous materials using the Origin 8 program requires
the use of the Gauss or Voigt function.
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Free-electron  lasers  allow  the  generation  of  coherent  electromagnetic  radiation  in  the  X-ray
range  with  very  high  peak  power  [1].  Thus,  there  are  new challenges  in  fabricating  detectors  and
visualizers for the “hard” high-power radiation. Diamond is a perfect candidate for the role of X-ray
transparent matrix not only due to low X-ray absorption but also due to its high thermal conductivity
and  chemical/radiation  resistance.  To  add  X-ray  luminescence  (XRL)  properties  to  such  diamond
matrix, rare-earth (RE) based EuF3 nanoparticles were added in the bulk of polycrystalline diamond
films [2].

Photo- and X-ray luminescent composites based on europium fluoride nanoparticles embedded in
polycrystalline  diamond  (PCD)  were  obtained  by  CVD  overgrowth  technique  (Fig.  1).  Both
photoluminescence (PL) and XRL spectra reveal an intensive signal from Eu atoms near 612 nm. The
full  width  at  half  maximum  (FWHM)  of  the  peak  is  as  low  as  2  nm  and  6.1  nm  for  PL  and  XRL,
respectively.  The  use  of  β-NaGdF4:Eu  nanopowders  instead  of  pure  europium  oxide  or  europium
fluoride allow obtaining a high-intensity luminescence with a rather higher signal-to-noise ratio.  PL
mapping  showed  high  density  of  XRL  sources,  which  makes  possible  using  a  diamond-fluoride
composite as high-resolution luminescent screens.

This  work  was  supported  by  the  Russian  Foundation  for  Basic  Research,  grant  No.
16-29-11784_ofi.

 Fig.1. The scheme of diamond composite preparation by imbedding EuF3 nanoparticles between two
microcrystalline diamond layers on the silicon substrate.

References
K.C. Prince, E. Allaria, C. Callegari, R. Cucini, G. De Ninno, S. Di Mitri, B. Diviacco, E. Ferrari, P.1.
Finetti, D. Gauthier, L. Giannessi, Nat. Photonics (2016)  10, 176.
V.S. Sedov, S.V. Kuznetsov, V.G. Ralchenko, M.N. Mayakova, V.S. Krivobok, S.S. Savin, K.P.2.
Zhuravlev, A.K. Martyanov, I.D. Romanishkin, A.A. Khomich, P.P. Fedorov, Diam. Relat. Mater.
(2017) 72, 47.



163

P3-18
Carbon Nanostructures

PHASE TRANSITIONS IN CARBON MATERIALS AT HIGH PRESSURES

Tikhomirova G.V. 1 , Petrosyan T.K. 1 , Volkova Ya.Yu. 1 , Tebenkov A.V. 1

galina.tikhomirova@urfu.ru
1 Ural Federal University, Ekaterinburg, Russia

Transport phenomena in carbon materials (monomeric, rhombohedral and tetragonal phases of
fullerene  C60,  single-wall  and  double-wall  carbon  nanotubes  (SWNT  and  DWNT),  graphene  and
graphite)  have  investigated  at  pressures  up  to  35  GPa.  Relaxation  kinetics  of  these  materials  at
changing pressure was studied. The measurements were performed using the high-pressure chamber
with anvils made of synthetic carbonado diamonds.

In the course of treatment by high pressure and temperature, fullerene undergoes consequent
phase  transformations.  These  phases  have  quite  different  both  resistivities  (from hundreds  Ohm to
hundreds  MOhm) and their  temperature  dependences.  Resistivity  peculiarities  were  identified  with
the  known phase  transitions  of  fullerene.  The  scheme of  sequence  of  phase  transformations  under
high  pressures  is  suggested.  Resistivity  relaxation  times  for  all  fullerite  phases  are  determined  as
more than two hours.

Samples of single-wall carbon nanotubes (SWNT) under study were grown by CVD and cleaned
by  HiPСО  (High  pressure  CO)  method.  The  SWNT  diameters  estimated  by  means  of  TEM
(transmission  electron  microscope)  were  0.8  to  1.2  nm.  Strong  pressure  dependence  of  the  SWNT
bundles  was  found.  The  complicated  pressure  dependence  of  resistivity  of  double-wall  carbon
nanotubes  (DWNT)  is  attributed  to  deformation  of  their  structure.  Destruction  of  DWNT begins  at
essentially  lower  pressures  than  SWNT  because  of  larger  diameter  of  outer  tube  and  respectively
larger number of defects. Nevertheless, there is no complete collapse of DWNT up to 30 GPa.

Conductivity,  magnetoresistance  and  thermoelectromotive  force  of  graphite  and  graphene,  as
well as their relaxation kinetics, in dependence on pressures were studied. The features observed are
attributed to phase transitions.

The possibility of formation of new carbon phases from graphite at continuous exposure (24 hrs)
under  pressures  of  18  GPa  to  45  GPa  was  examined.  The  features  in  the  pressure  dependence  of
resistance as well as its relaxation times observed in the range 27--35 GPa are connected likely with
the inclusion of a new phase, which did not disappear after removal of the load.
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Polarization study of carbon nanodots photoluminescence
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Carbon nanodots (CDs) represent a new type of luminophore based on carbon nanoparticles with
few nanometers in size.  The possibility  of  the functionalization of  the surface of  CDs with different
atomic  groups  allows  the  targeted  variation  of  their  properties.  CDs  are  easily  synthesized,
inexpensive, low-toxic, and chemically inert, which favorably distinguishes them from semiconductor
quantum  dots.  Along  with  applications  in  optoelectronics,  energy  storage  and  conversion,  and
catalysis, CDs are of particular interest for various biomedical applications. The spectral composition
of  CD  emission  allows  considering  them  as  possible  white-light  sources.  The  basic  problem  in  the
investigation of the photophysical properties of CDs is to establish the nature of optical transitions in
these  objects,  which  remains  unclear.  An  efficient  method  of  studying  the  properties  of  radiative
states  in  various  atomic  systems  is  polarized  luminescence,  which  yields  information  about  the
structure  of  elementary  emitters  and  their  interaction  with  each  other  and  the  environment.  The
present report is aimed at investigating polarized luminescence of CDs isolated in glycerol matrices.

Studies  of  the  fluorescence  of  carbon  nanodots  in  glycerol  showed that,  under  excitation  with
linearly polarized light,  it  was predominantly linearly polarized in the same plane as the excitation.
The degree of linear polarization is highest at the short-wavelength edge of the emission band and
decreases  with  increasing  wavelength  [1].  The  observed  photoinduced  linear  polarization  of  the
radiation indicates a latent optical anisotropy of the system. The ensemble of photoexcited nanodots
can be considered as a system of linear dipole oscillators with random orientation in space. Linearly
polarized light excites mainly oscillators whose dipole moments are parallel to the vector E of the light
wave. If during the lifetime of the radiative state the orientations of the dipole moments do not change
significantly, the radiation of the oscillator system will be predominantly polarized in the same plane
as the exciting light.

An  increase  of  the  temperature  causes  the  luminescence  depolarization.  In  dilute  solutions,
energy migration between different nanodots can be neglected. In this case the main mechanism for
the  depolarization  of  colloidal  solution  emission  is  the  Brownian  rotation  of  particles.  The  thermal
motion of the particles in the solution disrupts the anisotropic distribution of the oscillators, tending to
the isotropization of  the distribution function and,  consequently,  to  depolarization of  radiation.  The
degree of depolarization is determined by the angle of rotation of the particle during the lifetime of
the  excited  state,  which  depends  on  its  size,  temperature,  and  viscosity  of  the  medium.  Besides
thermally  induced  depolarization  of  the  CD emission,  the  linear  polarization  of  the  emission  of  CD
solutions with different viscosities was studied at fixed temperatures, the dependence of the degree of
the polarization on solvent viscosity was established.

The  experimental  data  were  analyzed  in  the  framework  of  Levshin–Perrin  model.  We  have
established  that  the  observed  behavior  of  polarization  degree  of  luminescence  is  described  by  the
Levshin–Perrin  equation,  which  gives  evidence  of  the  rotational  mechanism  of  depolarization.  By
comparing the experimental and theoretical dependences, the size of the rotating elementary emitters
was estimated. The results indicate that atomic groups in nanodots responsible for photoluminescence
possess a high local mobility.

References
D. K. Nelson, B. S. Razbirin, A. N. Starukhin, D. A. Eurov, D. A. Kurdyukov, E. Yu. Stovpiaga, and1.
V. G. Golubev, Opt. Mater. 59, 28 (2016).



165

P3-20
Carbon Nanostructures

Synthesis, Characterization of Elastic, Optical and Electrical Properties
of Diamond-Like BCx Nano-Phases Synthesized under High and Low
Pressures

Zinin P. V. 1 , Filonenko V. P. 2 , Fominski V. Y. 3 , Roamov R. I. 3 , Bulatov K. M. 1 , Bykov A. A. 1 ,
Kutuza I. B. 1 , Leksikov A. 1 , Titov S. A. 1

zosimpvz@mail.ru
1 Scientific and Technological Center of Unique Instrumentation, Russian Academy of Sciences,
Moscow, Russia
2 Institute for High Pressure Physics, Russian Academy of Sciences, Troitsk, Russia
3 National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Moscow,
Russia

We present experimental results on the synthesis of boron rich diamond-like carbon phases (BCx)
obtained by high pressure synthesis, sintering  and pulsed laser deposition.

Thermobaric  treatment  of  the diamond-like  dl-BC3  phase leads to  the formation of  BC3  hetero-
nano-diamonds.   We  found  that  after  laser  heating  at  1100  K  and  25  GPa  in  a  high  pressure  cell
almost all graphitic layers of the g-BC3 transform into a cubic structure. The x-ray diffraction pattern
of the cubic BC3 phase (c-BC3) can be indexed with a cubic unit cell а = 3,6420 (0,0647) Å. This is in
line  with  the  theoretical  simulations  demonstrating  that  the  total  energies  of  the  graphitic  BC3

structure should be higher than that of the equivalent dl-BC3 phase at ambient conditions.
The pulsed laser deposition (PLD-BCx) films found to be rigid with the resistivity as low as that of

best conductive boron–doped diamond nano-films. It indicates that the presence of B atoms in a laser
plasma leads to the formation of sp3 bonds in the material in the process of PLD. The thickness of the
films varies from 10-100 nm.  Laser ultrasonics measurements showed that the elastic properties of
the dl-BCx phases depend on the carbon sp2 versus sp3 content  

We  synthesised  star-shaped  pentagonal  microcrystals  of  boron  carbide  with  extremely  low
carbon content (~ 5%), from M-carborane under high pressure 7 GPa and high temperature 1370 K.
These  crystals  have  five-fold  symmetry  and  grow  in  the  shape  of  stars.  The  5-fold  symmetry  is  a
characteristic  feature  of  quasi-crystalline  solids.  When  M-carborane  is  mixed  with  lamp  soot,  two
phases are formed under high pressure high temperature conditions: (a) boron carbide phase with a
composition of B4C; and (b) heavily boron doped diamond  microcrystals.

The combination of unique characteristics can be achieved by changing the ratio B/C.
 
Research funded by Russian Science Foundation grant (RSF 17-12-01535).

Nanodiamonds with high boron content obtained under high pressure and high temperature from the globular
carbon 20-40 nм.
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Multi-wall carbon nanotubes and graphite are relatively stable carbon allotropes, which could be
solubilized and/or  unfolded by a  series  of  physical  and chemical  methods.  Here,  we present  a  low-
temperature formation of several nanocarbons starting from these precursors, such as nano-onions,
graphene sheets, and carbon nanoribbons (Fig. 1). The experiments were carried out under ultrasonic
treatment of aqueous systems “carbon allotrope – theraphthal [1,2] – ascorbic acid” at various ratios
and  concentrations.  Resulting  nanocarbons  were  studied  by  scanning  electron  miscroscopy,
transmission electron miscroscopy, XPS, FTIR and Raman spectroscopy. Based on the experimental
results,  the  mechanisms  for  carbon  nanotube  unfolding  and  separation  of  graphite  layers  were
proposed.  These  reactions  are  based  on  the  formation  of  Reactive  Oxygen  Species  (ROS)  by
theraphthal  in  ultrasonic  conditions  and  their  further  interaction  with  carbon  precursors.  These
transformations can be considered as greener methods for obtaining nanocarbons.

Fig. 1. Generalized scheme of nanoribbons formation from MWCNTs as precursors.
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Carbon  spiroids  are  the  relatively  new  and  one  of  the  least  studied  carbon  allotropes.  The
perspectives for its use in electrochemical storage were unvealed in paper [1], hydrogen storage [2]
and in catalysis.

We studied the differences between the ideal model spiroid [3] and the spiroid from paper [4]
within the framework of  semiempirical  ab-initio approach implied in Gaussian program package[5].
We've  found  that  presence  of  the  hybrid  sp2-sp3  bonds  may  influence  positively  on  the  cluster's
stability.

We  acknowledge  the  computational  grant  G60-8  from  the  Interdisciplinary  Center  for
Mathematical and Computational Modelling(ICM) in Warsaw.

Left picture shows the ideal carbon spiroid C300. Right picture shows the carbon spiroid with hybrid sp2-sp3 bonds.

References
M. Zeiger, N. Jackel, V. N. Mochalin and V. Presser, J. Mater. Chem. A, 2016, 4, 3172–3196.1.
Yastrebov, M. Chekulaev, A. Siklitskaya, J. A. Majewski, Fr ̈ohlich resonance in carbon2.
nanospiroids and the 2175Åinterstellar absorptionfeature, Nuclear Instruments and Methods in
Physics Research Section B: Beam Interactions with Materials and Atoms 393 (2017)
M. Ozawa, H. Goto, M. Kusunoki, E. Osawa, Continuously Growing SpiralCarbon Nanoparticles3.
as the Intermediates in the Formation of Fullerenes andNanoonions, J. Phys. Chem. B. 106 (2002)
7135–7138,http://dx.doi.org/10.1021/jp025639z, past 12
S.G. Yastrebov, R. Smith, A.V. Siklitskaya, Evolution of diamond nanoclusters inthe interstellar4.
medium, Mont. Not. R. Astron. Soc. 409 (2010) 1577
M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,M. A. Robb et.al. “Gaussian 09, Revision5.
B.01,” 2009.



168

P3-23
Carbon Nanostructures

Detonation synthesis of 2D carbon structures

Voznyakovsky A.P. 1 , Dolmatov V.Yu. 2 , Voznyakovsky A.A. 3

voznap@mail.ru
1 S.V. Lebedev Research Institute for Synthetic Rubber, St. Petersburg, Russia
2 FSUE "SCTB"Technolog",St. Petersburg, Russia
3 Ioffe Institute, St. Petersburg, Russia

Detonation synthesis  of  nanocarbons is  well  developed and used to produce 3D nanocarbons -
detonation nanodiamonds. The basis of the synthesis is the detonation decomposition of a mixture of
2,4,6-trinitrotoluene (TNT) and 1,3,5-trinitro-1,3,5-triazacyclohexane (RDX) of the composition (TNT /
RDX = 60/40). To date, it has been reliably established that, under the detonation synthesis conditions
of 3D carbon structures of approximately 95% of the mass are formed from carbon atoms entering the
composition  of  TNT molecules.  Thus,  the  role  of  RDX in  the  charge is  reduced to  the  formation of
additional energy of explosive decomposition, which is necessary for the formation of highly organized
3D carbon structures by the “bottom up” mechanism. It  should be noted that the direct product of
detonation  synthesis  is  a  physically  inseparable  mixture  of  3D  nanocarbon  and  the  so-called
“amorphous carbon”. Moreover, depending on detonation synthesis specific conditions, the content of
"amorphous carbon" in the synthesis product may be 30-60% by weight. Based on the chemistry of the
carbon  atom,  it  is  natural  to  assume that  the  carbon  atoms  that  form the  particles  of  “amorphous
carbon” are not clusters of carbon atoms, but are the product of self-organization processes into some
simplest structures. It can be assumed that the most thermodynamically advantageous is the process
of forming 2D carbon structures with sp2 organization that goes with the least loss of system entropy.
Eliminating  RDX  from  the  composition  of  the  charge,  you  can  completely  shift  the  process  of
detonation  synthesis  to  2D  carbon  structures  formation.  2D  carbon  structures,  depending  on  the
number of carbon atoms forming them, can form from soot particles to complexly organized sorbents.
Such a variant of detonation synthesis can be useful in solving an important environmental problem -
the disposal of ammunition with a completed shelf life. Namely, the replacement of their destruction
by detonation, the recycling process with the formation of the value-added product.

The paper presents experimental data on the study of 2D carbon structures powders obtained by
the explosive TNT decomposition under the conditions of the process of detonation synthesis. Analysis
of  the  complementary  data  obtained  by  the  combination  of  spectral  and  electron  microscopy
techniques, made it possible to conclude that the obtained powder particles in their structure agree
well  with  the  data  characteristic  of  2D graphene structures.  Additionally,  the  data  obtained on the
true  density  of  powders  (ρ  =  2.10985  g  /  cm3)  and  on  their  specific  surface  (S  =  559  m2  /  g)  also
confirm the validity of this assumption.



169

P3-24
Carbon Nanostructures

Stress modulation, graphitic nanoclusters and electronically-active
defects in laser irradiated bulk-diamond

Rossi M.C. 1 , Valentini V. 2 , Pettinato S. 3 , Conte G. 4 , Kononenko T.V 5, 6 , Ralchenko V.G 5, 6, 7 ,
Salvatori S. 3

mcrossi@uniroma3.it
1 Universita' degli Studi Roma Tre, Electronic Engineering Dept., 00146 Rome, Italy
2 Institute for Structure of Matter, CNR, Monterotondo (Rome), Italy
3 Universita' degli Studi Niccolo' Cusano, Roma, Engineering Dept. 00166 Rome, Italy
4 Universita' degli Studi Roma Tre, Dip. di Scienze Matematiche e Fisiche, 00146 Rome, Italy5
5 General Physics Institute of the Russian Academy Sciences, - 119991 Moscow, Russia
6 National Research Nuclear University MEPhI,- 15409 Moscow, Russia
7 Harbin Institute of Technology, 92 Xidazhi Str. - 150001 Harbin, P.R. China

Array  of  surface  connected  buried  columns  contact  structures  realized  by  femtosecond pulsed
laser irradiation of single-crystal CVD-diamond have been investigated by confocal micro-Raman and
photoconductivity (PC) spectroscopy. The latter have been used to assess if and how the site selective
graphitization  treatment  affects  the  electronic  properties  in  the  diamond  detection  volume.  In
untreated diamond slab, a sharp PC transition of about five orders of magnitude is observed close to
the  diamond band  gap,  whereas  a  monotonic  decrease  of  the  PC signal  is  detected  down to  2  eV,
thereby confirming the high crystalline quality of the diamond sample. After buried graphitic contacts
formation, the sharp PC rise at the diamond band gap transition is still observed, but a defect related
PC band appears above 2.5 eV. Spectral PC measurements have been then performed superimposing
a  HeNe  laser-light  bias  during  the  measurements.  In  this  condition,  an  extra  PC  contribution  is
detected  at  photon  energies  in  the  range  4-5  eV.  These  results  have  been  interpreted  in  terms  of
carrier  transitions  from  valence  band  to  vacancy  related  intragap  energy  levels  at  0.6  or  2.5  eV,
depending on their charge states. If this interpretation holds, HeNe biasing at 1.96 eV could increase
the higher level occupancy, giving rise to the mentioned additional PC contribution. The formation of
defects induced by the irradiation process has been also investigated by micro-Raman spectroscopy
measurements. In untreated regions of diamond, the Raman spectrum shows the narrow one-phonon
Raman peak at 1332 cm−1 of the perfect diamond lattice, with no significant photoluminescence (PL)
background.  Upon  femtosecond  laser  irradiation,  local  graphitization  occurs  as  confirmed  by  the
detection of D and G bands at about 1360 and 1580 cm−1. At the same time, the one-phonon diamond
peak broadens and shifts to lower frequencies, owing to disorder and stress related effects. Further,
an intense PL background appears, reflecting the induced disorder in the crystalline diamond phase.
In order to gain a more insight on these effects, a monitoring of vibrational characteristics has been
performed by moving the laser spot in the radial direction from the center of a buried column toward
its surrounding untreated diamond region. Close to the pillar core the ID/IG intensity ratio suggests an
achieved graphitic nanoparticle size La in the range 5-8 ± 1 nm. At the same time, a very broad and
downshifted  residual  diamond  peak  is  detected,  suggesting  that  graphitic  nanoparticles  are
embedded into a highly disorder, strained diamond tissue. According to polarized light images of the
pillar  cross  section,  reporting  concentric  circle  structure  with  different  colors,  a  stress  modulation
occurs, as reflected by diamond peak splitting. About 10 mm further in the untreated zone, unaltered
diamond lineshape peak on a flat PL background is detected, confirming that graphitization process
mainly  affects  the  structural  characteristics  of  diamond  in  the  range  close  to  pillar  cross  section,
where formed vacancy defects may give raise to carrier recombination, which could be a detrimental
effect for the electronic transport properties of a diamond device based on buried-columns contacts.
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Spiroidal allotropic modifications of carbon remain excite attention because possibilities of their
miscellaneous  applications  in  solving  problems  of  hydrogen  energy  and  catalysis  [1,2].  Moreover,
using the C300 spiroid as an example, we will show that the optical properties of spiroids coincide with
217.5  nm  absorption  band,  known  from  astrophysics.  This  coincidence  allows  to  extend  our
knowledge  on  physics  of  formation  of  spiroids  to  processes  operating  in  the  interstellar  medium
during the irradiation of diamond nanoparticles with stochastic ultraviolet radiation [3]. The problem
of calculation of the optical properties was solved step by step. The tight binding model was used to
calculate the electron spectrum of the C300 spiroid. Simultaneously we use the optimization of the C300

geometry by Car-Parrinello molecular dynamics, we estimate the degree of disorder of skeleton of the
spiroid. We discovered some distortion of the skeleton that breaks symmetry selection rules for optical
transitions.  That  allowed  us  to  extend  the  Tauc  model  to  calculation  of  the  imaginary  part  of  the
dielectric function through the sum of combinations of possible optical transitions from the zone of
states  occupied by  electrons  to  the  zone of  unoccupied states.  Next,  the  ionization potential  of  the
spiroid  was  calculated,  which  attained  value  of  5  eV.  It  was  implied  that  for  photon  energies
exceeding  the  value  of  the  ionization  potential,  the  spiroid  turns  to  a  sphere  filled  with  electrons.
Applying the electrodynamic sum rules to the imaginary part of the dielectric function, we calculated
the  plasma  frequency  dependent  on  the  photon  energy,  which  was  used  to  estimate  the  spectral
dependence  of  the  spiroid  scattering  cross  section.  The  electron  relaxation  time  was  used  as  the
fitting  parameter  in  our  model.  Excellent  agreement  was  obtained  between   calculated  and
astrophysical data.
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Carbon  nanostructured  materials  such  as  carbon  nanotubes,  graphitic  nanofibers  and
mechanically  milled  graphite,  have  attracted  a  large  attention  over  the  past  decades  as  hydrogen
storage  materials  [1].  It  is  also  worth  mentioning  the  creation  of  highly  efficient  hydrogen  energy
matrices  based  on  typical  tokamak  carbon  films  with  high  hydrogen  (deuterium)  content.  For
example, in the case of amorphous CDx films (x~0.5) deposited on the vacuum chamber walls at a wall
temperature  of  300–400  K  under  the  erosion  of  graphite  elements  of  the  T-10  tokamak  (NRC
Kurchatov  Institute)  during  D-plasma  discharges  [2].  Here,  surface  defects  formed  by  exposure  to
ions, electrons and neutrals act as hydrogen trapping sites. Among the defective states were found
iron  impurities  (<1  at.%)  as  a  result  of  erosion  of  the  chamber  walls,  and  Fe  catalytic  effect  on
“facilitating”  the  thermal  desorption  of  hydrogen  (deuterium)  from  CDx  films  was  observed
experimentally and confirmed theoretically [3].

In the present work, the C 1s X-ray absorption spectra were measured for the first time for model
CDx films using the BESSY II storage ring facility of Helmholtz-Zentrum Berlin (Germany). As a result,
the obtained CDx spectrum was typical for C K-spectra of sp3+sp2 hydrocarbon systems, i.e., consisting
of four resonances in the subthreshold region and three 1s→σ* transitions in the continual group of
unfilled  σ*  states  with  wide  bands  in  the  post  threshold  region.  It  is  important  that  triple-bond
resonances  (C≡C)  π*  and  (C≡C)  σ*  were  absent.  This  confirms  the  absence  of  sp1  states  which  is
consistent  with  the  previously  measured  infrared  spectra,  and  this  is  typical  of  such  type  tokamak
films with a high H or D content. Also, an estimate of the relative contribution of the sp2/sp3  states
showed the values: sp3≈0.63, sp2≈0.37, which was close to the measurements using X-ray Auger and
photoelectron spectroscopies.

An additional analysis of the experimental Fe K-edge spectrum for iron impurities, including the
pre-edge peak, the main absorption peak and the coordination number N=6.2 for the FeC6.2 impurity
clusters showed that  in  addition to impurities  with N=6, there can be elements of  Fe–C structures
with coordination number N=4, 5, and, possibly, N = 8. This agrees with a fractal structure of CDx

films  [2]  forming  a  branched  and  highly  cross-linked  3D  carbon  sp3+sp2  network,  or  matrix,
accumulating  a  large  number  of  H-isotopes.  The  latter  can  be  more  easily  desorbed  due  to  iron
impurities  reducing  the  threshold  of  thermal  desorption.  All  these  features  will  contribute  to  the
energy applications of these hydrocarbon systems.
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Changes  in  the  structure  of  amorphous  globular  carbon  during  thermobaric  treatment  were
investigated  by  X-ray,  electron  microscopy  and  Raman spectroscopy.  Starting  carbon  particles  had
average diameter of 25 nm. The toroid-type chamber was used for experiments at a pressure of 8.0
GPa. Carbon exposure at temperature of 1300 °C for tens of  seconds led to its transformation into
structures with various morphologies and degrees of order. The major morphological species in the
samples  after  processing  were  slabs  of  graphene  sheets.  TEM  examination  also  revealed  diamond
nano-crystallites with 5–8 nm in size [1]. We observed the formation of structurally ordered graphite-
like  particles  at  temperatures  of  1500  and  1800  °C.  As  a  result  of  temperature  rise,  the  size  of
diamond crystallites increased to tens of nanometers.

We  also  used  mixture  of  amorphous  globular  carbon  and  powder  of  M-carborane  with  the
formula B10C4H16O2. This mixture was treated at 8.0 GPa and 1700 °C. Graphene layers with boron are
formed  when  ordering  of  the  structure  of  amorphous  carbon  in  the  presence  of  M-carborane.  The
transformation of such graphite into diamond was activated by hydrogen. As a result, single crystals
of  diamond  (Fig.  1)  with  sizes  up  to  10  microns  are  formed.  X-ray  analysis  showed  two  diamond
phases with different unit cell parameters. Both phases had an increased unit cell dimension which is
typical for boron doped diamonds. Raman spectra of crystals confirmed a high degree of doping. The
structure  was  refined  by  the  Rietveld  method.  It  has  been  shown  that  the  unit  cell  parameters  of
diamonds have two discrete quantities: around 3.570 Å for small concentrations of boron (~ 1-1.5%)
and around 3.578 Å for larger concentrations (~ 2-3%). It is also found that the number of vacancies
is two to three times greater than the concentration of boron. It is assumed that vacancies can form
stable complexes with boron atoms. This fact can play an important role in the structure formation
and physical properties of heavily boron doped diamonds.
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Carbon/metal hybrid nanostructures are considered to be promising nanomaterials that can be of
importance  to  analytical,  biophysical  and  biomedical  applications  of  Surface-enhanced  Raman
spectroscopy  (SERS)  [1].  In  recent  times  synthesis  of  crystalline  carbon/metal  hybrids  by  laser-
induced  deposition  from  solution  of  organometallic  supramolecular  precursors  is  regarded  as  a
perspective  method  [2].  The  nanostructures  of  diverse  morphology  and  size  are  obtained  due  to
variation of deposition conditions and composition of supramolecular complexes.

In  the  present  work  the  crystalline  carbon/metal  hybrids  with  unique  morphology  called
nanoflakes  are  reported.  They  are  obtained  from  acetophenone  and  aniline  solutions  of
supramolecular  complex  (SMC)  [(Au13Ag12(C2Ph)20)(PPh2(C6H4)3PPh2)3](PF6).  It  was  found  that  the
nanoflakes formed onto substrate/solution interface. As substrates different objects can be used cover
glass,  glass covered indium tin oxide.  The nanoflakes were invesigated with various diffraction and
optical  characterization  methods  –  transmission  electron  microscopy  (TEM),  scanning  electron
microscopy  (SEM)  and  X-ray  photoelectron  spectroscopy  (XPS),  absorption,  Raman  and  FTIR
spectroscopies. The SEM image of the nanoflakes formed in acetophenone solution is shown in Fig.1.

It  was  in  studies  revealing  that  variation  of  such  deposition  parameters  as  laser  radiation
intensity, exposure time, and concentration of SMC solution affect only the geometric dimensions, not
the  chemical  composition  and  structure  of  nanoflakes.  The  data  obtained  with  EDX  analyses
demonstrate  that  the  nanostructure  consist  only  carbon,  silver  and  gold.  In  consequence  of
investigation it was found that the nanoflakes are relating to typical carbon/metal hybrids in which the
continuous phase is crystalline carbon matrix with metallic nanoparticles incorporated.
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Fig.1.SEM image of nanoflakes obtained from acetophenone solutions of SMC.
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Carbon  nanobelts  were  synthesized  and  studied  both  theoretical  and  practical,  but  emission
properties  of  such  molecules  had not  researched.  Essentially  carbon nanobelts  are  ultrashort  open
single-walled carbon nanotubes (SWCNT). It is shown [1] in cylindrical carbon molecules in-plane p-
electron conjugation causes to specific molecular orbitals (EMO) which are characterized by electron
localization  at  the  ends  of  SWCNT,  but  these  EMO  are  vacant.  Is  it  true  for  carbon  nanobelts?
Nowadays it is unknown.

This investigation covers energy spectrum cyclacenes (Fig.1a) and cyclophenacenes (Fig.1b) on
the  value  of  electric  field  strength  E  (V/Å)  applied  along  nanobelt  axis.  Model  molecules  are
cyclacenes (n=5-10) and cyclophenacenes (n=5-7). The value E changed from 0.0 to 1.5 V/Å. Electron
structure  of  model  molecules  was  calculated  for  every  n  using DFT 6-31G/B3LYP (Firefly/GAMESS
program package).

The results are presented in Fig.1. Summary:
All researched model molecules possess two EMOs which are characterized by an extreme electron1.
localization at the ends molecules. When value E is increased, energy of EMO1 is increased too, but
energy  of  EMO2  is  decreased  and  reached  the  conduction  band  edge  at  value  E=Econ.  The  same
behavior is observed for all model molecules SWCNT. It can be supposed that only at values E≥2.0
V/Å  the  coincidence  of  the  EMO2  with  the  edge  of  the  valence  band  is  possible,  thus  providing
physical conditions for electron emission.
For model molecules cyclophenacenes Econ=0.9 V/Å, whereas for model molecules cyclacenes Econ=1.52.
V/Å.

The reported study was funded by RFBR according to the research project 18-33-00588.

Fig.1. Summary of carbon nanobelts: a) cyclacenes (n=5-10) and b) cyclophenacenes (n=5-7).
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In  this  paper,  we  are  studying  carbon  quantum  dots  on  the  surface  of  oxidized  silicon.  Such
structures have unique properties. One of these is the low-threshold field emission of electrons, which
occurs when the electric field is about 1 V/µm. For such structures, the gain parameter of the electric
field β must be equal to 1000. Taking into account the sizes of the inhomogeneities on the surface,
according to the classical Fowler-Nordheim theory, it is impossible to achieve such a gain parameter
for the field emission. In previous works [1], there are theoretical models describing this phenomenon
presented.  Carbon  quantum  dots  which  are  capable  of  low-threshold  field  emission  also  have
abnormal photosensitivity [2]. It manifests itself in the appearance of an electrical potential difference
on the surface of the sample when illuminated by light. 
This paper presents new research results of these phenomena. The surface of oxidized silicon consists
of carbon quantum dots of ellipsoidal shape with the size of 5-50 nm in diameter and 4-5 nm in height.
These  data  were  obtained  by  atomic  force  microscopy  (AFM)  and  scanning  tunnelling  microscopy
(STM) and surface  topography was  studied.  While  studying the  surface  scanning by  STM detected
certain areas of the surface that responded to external radiation. This was detected by a significant
excess of the maximum admissible current for the scanning tunnelling microscope. It is found that not
all the surface is sensitive to external light. Some of the samples have open circuit voltage of 30 mV,
but short-circuit current to 1 µa. The surface resistance of the photosensitive area of the sample is 35
kOhm. There are some explorations of  the issues of  photoconductivity from the temperature of  the
sample, the wavelength and intensity of incident radiation. 
Low-threshold field emission and abnormal photosensitivity are the two phenomena that are found in
carbon  quantum  dots  on  the  surface  of  oxidized  silicon.  The  phenomenon  of  low-threshold  field
emission  makes  it  possible  to  create  cold  field  cathodes  for  electronic  devices.  Abnormal
photosensitivity  can  be  used  to  create  highly  sensitive  sensors  of  a  certain  radiation
spectrum.Presently,  there  is  no  generally  accepted  theory  of  low-threshold  field  emission  and
abnormal  photosensitivity.  Further  research  will  be  aimed  at  explaining  two,  possibly  dependent,
phenomena.
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Currently various methods for producing nanodiamonds with optically active impurities are being
actively developed in the world for using them in quantum optics, nanoelectronics and biomedicine. In
this work the structure and luminescent properties of individual diamond nanocrystals synthesized by
the  CVD  technique  in  a  methane-hydrogen  gas  mixture  with  the  addition  of  silane  (SiH4)  are
investigated.  Milled  HPHT  nanodiamonds  crystallites  with  a  mean  size  of  10  nm,  detonation
nanodiamonds  (DNA),  and  laser-synthesized  nanodiamonds  with  a  mean  size  of  4-6  nm  uniformly
distributed on a surface of sapphire substrates were used as diamond nuclei. Growth time were 7.5
and 15 min. The sizes of produced crystallites varied in the range of 50-200 nm. Crystal morphology
was  studied  by  scanning  electron  microscope  and  atomic  force  microscope  (AFM),  luminescent
properties  were  studied  by  confocal  luminescent  microscope  combined  with  AFM  and  Henbury-
Brown-Twiss  interferometer.  The  uniformity  of  SiV  center  distribution  over  one  sample  was
determined  by  the  ratio  of  SiV  luminescence  intensity  to  the  volume  of  individual  crystallites.  The
number  of  SiV  centers  in  individual  crystallites  was  estimated  by  the  dip  magnitude  of  correlation
function  g2.  It  was  shown  that  CVD  diamonds  grown  on  HPHT  diamond  seed  contain  significantly
more  isolated  single  crystals  than  diamonds  grown  on  other  seeds.  The  interrelation  between
crystallite size, synthesis time and silane concentration was studied to design single-photon emitters
based on SiV centers in individual CVD diamond nanocrystals.
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Carbon  nanotubes  (CNT)  are  promising  materials  for  adsorption  storage  of  methane  and
hydrogen [1]. At the same time, an arrangement of nanotubes into ordered arrays, such as triangular
packages, leads significant increase of adsorption capacity of these materials [2-3].

At  the  present  work  a  possibility  of  formation  of  supramolecular  structures  from  carbon
nanotubes  (diameter  about  1  nm  and  length  about  5  nm)  and  coordinate  molecules  –  cyclic  and
aromatic  hydrocarbons  (cyclopentane  C5H10,  cyclohexane  C6H12,  ethyl  cyclopentane  C7H14,
benzene C6H6, isopropyl benzene С9Н12, naphthalene C10H8) was studied by numerical simulation
based on molecular dynamics method. The simulation was implemented in microcanonical ensemble
(N,  V,  E)  at  constant  temperatures  in  a  range  between  200  and  400  K  and  was  based  on
physicochemical properties of the substance for coordination of nanotubes.

It was shown that the molecules of cyclic and aromatic hydrocarbons separate nanotubes from
each  over  and  orient  them  mainly  into  triangular  array.  Such  parameters  as  number  of  adsorbed
substance  molecules  and  temperature  of  the  experiment,  required  for  self-organization  of  carbon
nanotubes into arrays, depend on physicochemical properties of the adsorbate. It was revealed that
the  molecules  of  cyclic  and aromatic  hydrocarbons  were arranged primarily  perpendicularly  to  the
surface  of  nanotubes.  Consequently,  dimensions  of  hydrocarbon  coordinate  molecules  correlate  to
distances between nanotubes in array. Created model supramolecular structures possessed following
gaps  between  nanotubes,  determined  as  distances  between  geometrical  centers  of  nanotubes,  nm:
CNT/  C5H10  –  1.8,  CNT/C6H12  –  2.0,  CNT /C7H14  –  1.9,  CNT /C6H6  –  1.9(5),  CNT /С9Н12 –  2.1,  CNT
/C10H8 – 2.2.

Step  by  step  removal  of  coordinate  molecules  from  the  system  by  portions  from  5  to  50  pcs,
depending on overall amount of nanotubes in the array, leads to development of the porosity between
nanotubes without destruction of the space structure (fig. 1). This additional nanoporosity can be used
storage of such important gases as methane and hydrogen.

Fig.1. Instant snapshots of molecular dynamics trajectories of supramolecular CNT/C10H8 (left) and CNT/C5H12

(right) structures during porosity formation.
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Carbon nanomaterials produced by catalytic CVD of halogenated hydrocarbons now attract much
attention due to their particularly unique structure and properties [1]. Here we report on synthesis of
carbon  nanofibers  (CNF)  with  segmented  structure  via  decomposition  of  1,2-dichloroethane  (DCE)
over Ni-M self-organizing catalysts (SOC).

Series of microdisperse Ni-M alloys (M = Cr, Mo, Pt etc.) was synthesized by specially designed
co-precipitation technique. Formation of corresponding Ni-M alloys was confirmed by XRD data. Ni-M
alloys were tested as precursors for the SOC during the H2-assisted decomposition of DCE at 600°С.
Interaction of Ni-M alloys with aggressive medium resulted in their rapid disintegration accompanied
by emergence of disperse metallic particles functioning as active centres for CNF production. In all
cases  the  introduction  of  metal  M  into  Ni-alloy  was  shown  to  have  positive  stabilizing  effect  on
catalytic activity and stability of nickel. The Mo metal in concentration of 8 wt.% was found to have
the most significant impact upon catalytic performance of Ni (shortened induction period along with
doubled yield of carbon product).

The carbon filaments produced over Ni-M (M = Cr, Mo, Pt) catalysts are characterized with well-
expressed segmental structure in which the fragments of densely and loosely packed graphenes are
stacked  with  regular  order  (Fig.1).  The  formation  mechanism  for  such  structures  implies  the
determining role of chlorine species interacting with metallic active particles. More characteristics of
segmented CNF examined by Raman, BET and XPS will be provided in presentation. Also, the possible
application  of  the  segmented  CNF  as  a  component  for  the  template  synthesis  of  CNF/PE  (PE  –
polyethylene) composites will be discussed in detail.

The work is supported by Russian Foundation for Basic Research (Project 18-29-19053 mk).

Fig.1. FESEM micrographs of the segmented carbon filaments produced on self-organizing catalysts during H2-
assisted decomposition of C2H4Cl2 at 600°C: A – Ni-Cr(5%); B – Ni-Mo(8%); C – Ni-Pt(5%).

References
1. Mishakov I.V., Vedyagin A.A., Bauman Y.I., Shubin Y.V., Buyanov R.A. Synthesis of Carbon
Nanofibers via Catalytic Chemical Vapor Deposition of Halogenated Hydrocarbons: in book Carbon
Nanofibers: Synthesis, Applications and Performance. – Nova Science Publishers, 2018, P.77.



179

P3-34
Carbon Nanostructures

A study of process of electroconductive nanofiller particles migration to
polymer composite melt boundaries

Lebedev O.V. 1, 2, 3 , Mukhortov L.A. 1, 3 , Ozerin A.N. 1

oleg.lebedev@phystech.edu
1 Enikolopov Institute of Synthetic Polymer Materials, Russian Academy of Sciences, Moscow, Russia
2 Center for Design, Manufacturing and Materials, Skolkovo Institute of Science and Technology,
Moscow, Russia
3 Moscow Institute of Physics and Technology, Dolgoprudny, Moscow Region, Russia

In  this  work,  effect  of  nanoscale  filler  migration  to  the  surface  of  the  polymer  composite  in  a
melted  state  was  investigated.  This  effect  allowed  controllably  obtaining  materials  with  desired
electrophysical  characteristics  of  the  composite  surface  layer.  The  reasons  behind  the  effect  and
effective methods of its diagnosis were studied.

The  samples  of  composites  based  on  polypropylene  and  filled  with  different  types  of  carbon
nanoparticles,  particularly  single-  and  multi-walled  carbon  nanotubes,  graphite  nanoplatelets,  and
electroconductive carbon black, were obtained via melt compounding for a wide range of values of the
filler content in the composite. The obtained compounds were formed into plate-like samples in a fast-
heated press-form at the temperature higher than PP melting temperature with subsequent instant
cooling to room temperature. The electrical conductivity of the samples was measured to estimate the
percolation threshold value for electrical conductivity in the composite material for each type of the
filler.

The samples were melted again in the heated press-form and kept at a given temperature higher
than PP melting temperature for a certain amount of time. During their stay in a melted state, their
electrical  conductance was  continuously  recorded.  Series  of  kinetic  curves  were  acquired for  time-
dependent sample electrical conductance for different filler types and filler content. After being held
in a melted state, each sample demonstrated electrical conductivity level that was higher than one at
the beginning of the heat treatment. Analysis of the filler type influence on the effective time of the
melted samples conductance change was performed.

Thin surface layer removal test demonstrated that the high electrical conductance of the samples
was provided solely  by  the surface layer  of  thickness  < 10μm. That  was attributed to  the effect  of
migration  of  nanoparticles  to  the  composite  melt  boundaries.  Electron  microscopy  study  of  the
samples structure in a solid phase before and after heat treatment demonstrated additional evidence
of that effect.

Further studies of the influence of the melt temperature, matrix type, number of cycles of melting
and cooling, etc. were conducted.

A numerical model was proposed to help developing an analytical model describing the process
of nanofiller migration to the composite material surface based on the data of electrical conductance
measurements.

 
The reported study was funded by RFBR according to the research project № 18-29-19112
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Effect of thermal treatment of reduced graphite oxide on its
performance in Li-ion battery.
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Reduced  graphite  oxide  as  well  as  many  other  carbon  nanostructures  (carbon  nanotubes,
graphene,  etc.)  is  promising  for  production  and  improvement  of  electrochemical  energy  storage
devices, such as supercapacitors and Li-ion batteries.

In lithium-ion batteries, carbon nanostructures are used as anode material due to the ability to
intercalate and coordinate Li+ ions between carbon layers. In this case, Li+ ions coordination is made
by six carbon atoms of the crystal lattice and the formation of the intercalate with LiC6 composition
occurs. Materials which are able to intercalate Li+ ions between layers are of great interest for Li-ion
batteries. That is defined by specific surface area of the material, presence of the functional groups
able  to  coordinate  Li+  ions  and  diffusion  rate  of  Li+  ions  in  the  anode  material.  Various  organic
solvents containing organic salt and Li ions can be used as electrolytes. Li-ion batteries of the above-
mentioned structure  have  the  following advantages:  high  capacities,  low self-discharge  degree  and
little explosiveness.

In  this  work,  graphite  oxide  was  synthesized  by  modified  Hummers  method  as  precursor  for
reduced graphite oxide (RGO) synthesis. Then RGO was synthesized by graphite oxide in sulfuric acid
medium within a week. Further, RGO was thermally expanded at 250˚C (RGOTE-250) and thermally
treated at 500˚C (RGO-500), 600˚C (RGO-600) and 700˚C (RGO-700) for the selective removal of the
oxygen-containing functional groups. Active material with conducting additive and PVDF in N-methyl-
pyrrolidone (NMP) was applied on copper foil  and dried in the vacuum oven under 80˚C within 12
hours.  The  foil  was  cut  to  electrodes  and  models  of  batteries  were  made  in  the  argon  glovebox.
Metallic  lithium plates  were  used  as  cathode  and  1M solution  of  LiPF6  in  dimethyl  carbonate  and
ethyl carbonate mixture (1:1) was prepared as electrolyte.

The  obtained  samples  were  studied  by  scanning  electron  microscopy  (SEM),  high-resolution
transmission electron microscopy (HR TEM), IR-spectroscopy, Raman spectroscopy, charge-discharge
cycling, cyclic voltammetry and electrochemical impedance spectroscopy methods. It was shown, that
the  synthesized  materials  are  a  promising  for  use  in  Li-ion  battery  due  to  the  synchronous
intercalation and coordination processes proceeding. The work was supported by Russian Federation
President Fund (project № MK-712.2019.3).

Fig.1.HR TEM images of RGO samples (a) RGOTE-250, (b) RGO-500, (c) RGO-600.
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Hyperbranched polyglycerol modified carbon nanomaterials
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Modification  of  the  surface  of  carbon  nanomaterials  (CN)  can  directionally  change  their
properties.  It  is  known  that  the  presence  of  highly  biocompatible  hydrophilic  materials  such  as
glycidol can increase the solubility of CN in water, reduce their hydrophobicity, aggregation, size and
make  them  biocompatibility  [1-3].  Modification  CN  surface  hydrophilic  with  polymer  creates
adsorption  centers  for  fixing  different  ligands  and  radionuclides  [1,2].  At  the  same  time,  modified
nanodiamonds (ND) can stably disperse in the physiological solution that solves the problem of their
aggregation and colloidal stability [3].

The purpose of the work was to obtain and characterize hyperbranched polyglycerol modified CN
by  glycidol  (CN-glycidol)  suitable  for  biomedical  applications.  In  this  work  multi-walled  carbon
nanotubes  (MWNT)  and  graphene  oxide  (GO)  produced  by  "NanoTechCenter"  Ltd  (Tambov),  and
detonation  nanodiamonds  (ND)  produced  by  SKTB  "Tekhnolog"  (St.  Petersburg)  were  used.
Modification of CN was carried out at 140 °C in CH3OH/glycidol for 6-24 h. For MWNT, carboxylation
was  carried  out  (H2SO4/HNO3  =  3:1,  100 °C,  6  h).  Samples  were  investigated by  FTIR and Raman
spectroscopy, TGA/DSC, XRD, XPS, DLS methods.

After modification the amount of oxygen on the ND surface increased from 8 to 33% at., which
corresponds to the multilayer coverage of the surface of ND (270 m2/g) and creation of hyperbranched
structure  on  its.  The  size  of  ND-glycidol  in  hydrosol  is  about  20-30  nm.  Hydrosol  was  stable
throughout  the  study  period.  It  was  shown  that  the  beginning  of  decomposition  of  glycidol  on  the
surface  of  ND  occurs  at  200  °C  with  a  45%  weight  loss  of  the  sample,  which  correlated  with  an
increase in the mass of ND after modification by 50%. All the diffractograms of CN-glycidol samples
presented a new wide maximum that appeared at 2θ = 21° due to hyperbranched polyglycerol phase.
There was a significant increase in oxygen on MWNT-glycidol surface to 22% at. The destruction of
the organic layer of MWNT-glycidol similarly with ND started from 200 and ended at 370 °C. The size
of the aggregated MWNT-glycidol nanofibers in water increased from 50 (MWNT-COOH) to 150 nm
in the presence of a small fraction of micron particles. The oxygen content in GO did not change after
modification and remained at a level of 30% at. It was noted that GO-glycidol had a greater thermal
stability of the grafted layer compared to other CN and onset temperature of destruction started at
220 °C (mass loss of 59% wt.). GO-glycidol plates size changed from 2 nm to 100 nm, which may be
due to the folding of graphene sheets into globules. Synthesised hyperbranched polyglycerol modified
carbon  nanomaterials  can  be  effective  sorbents  of  radionuclides  used  in  medicine  and  promising
carriers of drugs.

This work is supported by the Russian Science Foundation (project № 18-13-00413).
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Graphene nanostructures synthesized by self-propagating high-
temperature synthesis and their application as an additive in polymer
and metal composites.
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    Carbon  nanomaterials,  in  particular,  graphene  nanostructures  (GNS)  are  actively  used  by
researchers  in  the  creation  of  metal  and  polymer  composite  materials.  Using  even  small  (from 0.5
wt.% additive)  amounts  of  GNS,  researchers  can significantly  improve the mechanical  and thermal
properties of the starting materials. However, the existing methods for the synthesis of GNS are not
capable of producing large volumes of material at an affordable price. The high cost of GNS, as well
as the dependence of the final properties of the composite on a variety of factors (sample preparation,
uniform distribution of the additive),  limits the use of GNS in the creation of composites.

    In this paper, GNS were synthesized under the conditions of the method of self-propagating
high-temperature synthesis. The obtained GNS were used as an additive when creating a composite
based  on  nitrile-butadiene  rubber.  Figure  1  shows  the  results  of  the  study  of  tensile  strength  and
thermal  conductivity,  depending  on  the  concentration  of  GNS.  As  can  be  seen  from  Figure  1,
the addition of GNS has allowed twisting the ultimate strength and thermal conductivity of rubber up
to 2 times. Also, GNS were used as an additive in the creation of an aluminum composite, which also
made it possible to improve its strength and thermal properties.

Figure 1. tensile strength (a) and thermal conductivity (b) of the composite material composition of budditadiene-
nitrile rubber - GNS.
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On manifestation & physics of the Kurdjumov and spillover effects in
carbon nanostructures, under intercalation of high density hydrogen
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Based on the approaches  and results  [1-3],  experimental  evidence and thermodynamics  of  the
self-intercalation  of  high-density  gaseous  molecular  hydrogen  (ρH2  ≈  0.045  g/cm3,  at  300  K)  into
surface nanoclusters in highly oriented pyrolytic graphite and epitaxial graphene, as well as the self-
intercalation  of  high  density  solid  molecular  hydrogen  into  graphite  nanofibers  (Fig.  1)  are
considered, with regard to the problem of compact and efficient hydrogen on-board storage [1, 4]. The
manifestation and physics of the Kurdjumov and spillover effects in carbon nanostructures, under self-
intercalation of high density hydrogen, are discussed.

Perspectives of a further development of results [1-4] are considered, as well.
Acknowledgements
This work was financially supported by the RFBR (Project # 18-29-19149 mk).

Fig. 1 (from [3]). Micrograph of graphite nanofibers (GNFs) with Pd-catalyst (hydrogenated at 300 K and initial
pressure of molecular hydrogen PH2 ≈ 8 MPa), after release from them of the intercalated solid H2 nanophase (17

mass. %) of a high density of ρH2 ≈ 0.5 g/cm3 (analysis [2, 3]). The arrows in the picture indicate some of the slit-like
closed nanopores of the lens shape, where the solid H2 intercalated nanophase (under pressure of ~50 GPa) was

localized. Such a pressure level can be also evaluated by the consideration of the material deformation and
necessary stresses for forming the lens shape nanopores.
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Composite material aluminum-carbon nanotubes with high hardness
and controllable thermalconductivity.
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Aluminum is widely used in modern industry as a structural material because of its low density.
However, it  is  not without a number of shortcomings such as low hardness and strength. The high
thermalconductivity of aluminum can be an advantage (heat sink) and a disadvantage (insulator). In
this  work,  we  solve  a  problem  to  investigate  a  possibility  to  improve  the  strength  properties  of
aluminum  composite  with  a  controllable  thermalconductivity  while  maintaining  the  low  density  of
aluminum.

To solve these problems, we used an original approach of creating a composite material, namely
the growth of carbon nanotubes (CNT) on the surface of the catalyst-coated aluminum particles using
catalytic chemical vapor deposition method. CNT concentration was 1 wt. %. The resultant material
was sintered at  a pressure of  2-5 GPa at  a temperature of  600-1500oC and at  a processing time of
15-600 seconds.

The  resulting  samples  of  composite  material  aluminum-CNT  have  a  density  of  2.7  g/cm3,
hardness 55-60 HB and controllable thermalconductivity of 50-150 W/(m*K). We found, that the key
parameters affecting the properties of the composite material are the temperature and holding time
during  hot  pressing  due  to  increase/decrease  the  speed  of  the  chemical  reactions  between  the
aluminum and CNT [1].

Figure 1. Dependence of the hardness (A) and thermalconductivity (B) of composite materials compacted at
pressures of 5 GPa and 2 GPa for 60 s depending on the sintering temperature. The red curve (circles are

experimental points) at 5 GPa, the black curve (squares are experimental points) at 2 GPa. The blue arrows show
the reference values of the hardness and thermal conductivity of pure aluminum.
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Features of ethanol pyrolysis for synthesis of carbon nanostructures
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Advanced  carbon  nanostructures  have  a  great  potential  in  nanotechnology  and  composite
materials.  Such  structures,  in  particular,  include  carbon  nanotubes  and  graphene  layers.  Either
carbon nanotubes or graphene layers can grow on the surface depending on its shape and physical-
chemical properties. As a rule, the materials of such surfaces are the most common metals of auxiliary
groups [1], in which the carbon is dissolved after chemical deposition from the gas phase. Then, as a
result  of  supersaturation of  carbon solution in  metal,  the  carbon precipitates  on the  surface  in  the
form of  graphite  islands,  which  combine  into  graphene  or  nanotubes.  Besides,  the  ordered  carbon
structures can be obtained not only by dissolving carbon in metals, but also by using special surfaces,
where  the  surface  diffusion  of  carbon  can  occur.  Aluminum  oxide  provides  an  example  of  such
material [2]. In СVD, is important to understand by what scheme the pyrolysis reaction of the carbon
source  will  go.  This  understanding  will  lead  us  to  the  possibility  of  designing  industrial  processes,
predicting the yield of the main product and the importance of parasitic and side processes.

The  work  investigates  the  process  of  ethanol  pyrolysis.  In  the  simulation  environment  Ansys
Fluent,  a  2D model  of  ethanol  pyrolysis  in  a  cylindrical  furnace was  developed on the  basis  of  [3],
including the 57 components of the 383 participating reactions accompanying the pyrolysis process in
the temperature range from 500 to 1200 °C. The behavior of the main 13 components resulting from
the pyrolysis of ethanol was analyzed. It was found that at low temperatures, the amount of aldehydes
grows,  but  after  800  °C  their  concentration  drops  sharply  and  at  high  temperatures  they  are  no
longer  observed  as  pyrolysis  products.  At  low  temperatures,  carbon  monoxide  is  the  most
representative  source  of  carbon;  however,  above  650  °C  carbon  nanostructures  are  formed  from
hydrocarbons.  The  key  role  in  this  process  is  played  by  the  formation  of  ethylene  [4]  during  the
pyrolysis  of  ethanol,  which  itself  actively  participates  in  the  formation  of  carbon  structures  on  the
surface.  At  temperatures  above  900  °C,  the  output  of  methane  begins  to  grow  actively,  therefore
becoming  a  carbon  source.  In  addition,  an  increase  in  the  yield  of  hydrogen  with  the  increase  in
temperature  is  found.  At  temperatures  above  1000  °C,  it  plays  the  role  of  an  environment  that
oxidizes methane to a fraction of non-stable carbon fractions in the pyrolysis product.

The data obtained allow us to evaluate the patterns of carbon deposition [5] when compounding
nanomaterials,  determine the causes  and patterns  of  low-ordered carbon phases  removal,  and also
generally simulate the mass transfer process during ethanol pyrolysis.

The work is supported by the Russian Foundation for Basic Research Grant № 18-29-19078
References

M. Mubarak, E.C. Abdullah, et al // J. of Ind.& Eng. Chem. 20 (2014) 1186–11971.
Pang J., Bachmatiuk A., Ibrahim I. et al // J Mater Sci. 2016. V. 51. P. 640–667.2.
Marinov, N.M, // Int. J. Chem. Kinet. 31:183-220 (1999)3.
V.Anoshkin; A.G. Nasibulin,; et al // Carbon 2014, 78, 130-136.4.
S. Solodovnichenko, M.M. Simunin et al // Thermochimica Acta, V. 675, 2019. Accepted, in press.5.



186

P3-41
Carbon Nanostructures

Highly active, MOF-derived nickel/carbon catalysts for nitroarene
reduction
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The development of highly active and selective catalysts based on non-noble metals is currently a
subject  of  intense  research.  In  order  to  achieve  a  high  catalytic  activity,  very  small  sizes  and  a
homogeneous dispersion of the metal nanoparticles are needed. The preparation of Ni/carbon hybrid
materials with a high catalytic activity is reported here.

The  catalysts  were  obtained  by  carbonization  of  an  organometallic  compound  formed  by
coordination between nickel  acetate  (Ni(OAC))  and 2-methyl-imidazole  (2mIm).  This  organometallic
framework was prepared by reaction between the two precursors at 90 ºC. After 30 min of reaction,
the solid formed was recovered by centrifugation and carbonized at different temperatures between
400  and  1000  °C  under  N2  atmosphere.  We  tested  the  catalytic  activity  of  these  materials  in  the
reduction reaction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) with NaBH4 as the reducing agent.

As  expected,  both  the  size  of  the  Ni  nanoparticles  and  the  total  metal  content  increase  with
increasing carbonization temperature.  Thus,  Ni content ranges from 35.8 to 75.5 wt.% for samples
carbonized at 400 and 1000 ºC, respectively. Despite these very high metallic contents, the average
particle sizes, determined by measuring more than 1000 particles in TEM images, varied between 4
and 37 nm.

Kinetics  of  the  reduction  reaction  of  4-NP  to  4-AP  catalyzed  by  these  Ni/carbon  composites
exhibited a pseudo-first order behavior and a high apparent reaction rate constant (k’). In particular,
the sample carbonized  at  400 ºC exhibited the fastest kinetic behavior [k’ = 0.186 L·g-1·s-1 (k’’ = 0.521
L·gNi

-1·s-1)].  Kinetic  parameters  decreased  for  samples  prepared  at  500  and  600  ºC.  However,  they
increased for the sample carbonized at 700ºC and then decreased again for samples treated at higher
temperatures.  Thus,  two  linear  trends  were  noticed  for  the  reaction  kinetics  as  a  function  of
carbonization temperature (from 400 to 600 and from 700 to 1000 ºC). Reaction kinetics was affected
by  the  amount  of  catalyst  and  the  nanoparticle  size.  Thus,  increasing  the  particle  size,  the  rate
constant should decrease due to the lower specific surface area of the catalyst. On the other hand,
increasing  the  amount  of  Ni,  a  fastest  kinetics  should  be  expected.  However,  these  facts  cannot
explain the difference in activity between the samples prepared at 400 (k’’ = 0.521 L·gNi

-1·s-1) and 600
ºC (k’’ = 0.153 L·gNi

-1·s-1) or between the latter and the sample prepared at 700 ºC (k’’ = 0.295 L·gNi
-1·s-1),

since  Ni  content  and  average  particle  size  are  35.8,  44.2,  50.5  wt.%  and  3.8,  7.3  and  7.5  nm  for
samples prepared at 400, 600 and 700 ºC, respectively.

A possible explanation was obtained from X-ray diffraction studies. The sample prepared at 400
ºC exhibited a peak at 44.75º, identified as rhombohedral Ni3C. Samples prepared at 500 and 600 ºC,
besides the peaks assigned to the face-centered cubic (fcc) structure of Ni, showed two other peaks
centered  at  41.90  and 47.60º,  which  are  attributed  to  an  intermediate  phase  in  the  decomposition
from rhombohedral Ni3C to fcc-Ni and identified as a hexagonal close packed (hcp) form. In samples
prepared beyond 700ºC only the fcc-Ni structure was observed in the diffractrograms. Therefore, the
two  tendencies  observed  in  the  reaction  kinetics  may  be  due  to  the  different  catalytic  activities  of
nickel nanoparticles with different crystalline structures.

We acknowledge funding through grant  MAT2015-69844-R (Spanish MINECO and ERDF).  We
also  acknowledge  partial  funding  from  Principado  de  Asturias  and  ERDF  through  grant
IDI-2018-000233.
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Various  forms  of  nanostructured  carbon  are  known  to  possess  the  capability  of  cold  electron
emission in electric field with low macroscopic magnitude (~1 V/mm), even the ones having smooth
(or relatively smooth) outer surface [1, 2]. Our previous experiments [3, 4] have demonstrated that,
among  others,  this  property  is  also  inherent  in  one  of  the  simplest  form of  nanocarbon  –  thin  sp2-
carbon island (nanocluster) films deposited on Si wafers.

We consider a new model of the phenomenon of low-external-field electron emission by carbon
islands (nanoclusters) deposited on crystalline substrates. The model is based on the assumption that,
while  emission  occurs,  the  film  is  substantially  non-equipotential.  Emission  centers  (ECs)  are
associated with carbon clusters having the highest potentials, which are surrounded by other islands
with  potentials  lower  by  a  few  Volts.  Tunneling  of  charge  carriers  into  the  ECs  produces  there  a
population  of  hot  electrons  capable  of  overcoming  the  surface  potential  barrier.  Before  emission,
these electrons may leave a part of their excessive energy in the ECs in the form of heat. Dissipating
into the substrate, this heat produces thermoelectric effect (phonon-induced drag) removing from the
EC  some  number  of  thermalized  electrons.  This  provides  a  qualitative  explanation  to  the  origin  of
potential non-uniformity of the emitting surface and the mechanism of its steady-state maintenance.

In  this  report,  we  present  elements  of  theoretical  description  of  the  considered  emission
mechanism and its  numerical  simulations  performed for  typical  experimental  conditions.  The study
has demonstrated that the energy spent in the modelled system for electron emission and EC heating
has its eventual source in the external electric field fed by the anode power supply. The requirements
to  physical  characteristics  of  the  system  (such  as  the  thermoelectric  coefficient,  hot-electron
relaxation  rate,  etc.)  were  determined  and  found  to  be  plausible.  The  analysis  performed  in  the
framework of the suggested emission model had also showed that the specific electronic structure of
sp2-carbon probably  makes it  the  most  beneficial  EC material  for  achievement  of  low-field  electron
emission from cathodes with smooth vacuum boundary.

The study was supported the Russian Science Foundation (project No. 19-19-00631) and by the
RF State Assignment in science activity for universities (project No 3.5469.2017).
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Modifiers  based  on  various  polymorphic  forms  of  nanocarbon  attract  researchers  as  additives
that  can  improve  thermal  and  electrical  conductivity,  thermal  stability,  mechanical  and  tribological
properties  of  polymer  composites.  However,  the  agglomeration  phenomena  observed  with  the
introduction  of  carbon  nanotubes  (CNT)  and  graphene  nanoplates  (GNP)  into  polymer  matrices,
markedly reduce the efficiency of their application. To solve this problem, at present, various methods
of  functionalizing  the  surface  of  carbon  nanostructures  are  most  often  used.  Another  promising
direction is the use of the synergy effect observed when CNT, GNP, and carbon black (CB) are used
together  as  part  of  polymer  composites.  In  any  case,  the  manifestation  of  one  or  another  effect
contributes to the formation of an ordered structure of a nano-modifier in the bulk and surface layer
of  the  composite.  One  of  the  tools  for  establishing  the  mechanism  of  the  effect  of  carbon
nanomaterials  on  the  mechanical  properties  and  electrical  conductivity  of  polymers  is  Raman
mapping.

The  Raman  spectra  of  CNT,  GNP,  and  CB  contain  characteristic  peaks  characterizing  the
presence of an ordered graphene phase (G and 2D) and defects (D). The orientation and location of
individual units of  a nano-modifier in the surface layer of  a composite depend on the nature of  the
polymer  matrix,  the  method  of  functionalization  and  dispersion  of  the  individual  or  mixed  carbon
material.  By  analyzing  the  Raman  maps,  one  can  determine  the  presence  and  morphology  of  the
ordered  structure  of  the  nano-modifier,  the  nature  of  the  mutual  orientation  of  the  individual
components relative to each other.

It  was  found  that  polymer  composites  containing  cylindrical  CNT  and  CB  with  thin  linearly
parallel  ordered  structures  of  carbon  nanotubes  in  the  surface  layer  have  the  maximum  electrical
conductivity. At the same time, CB particles obviously perform a stabilizing function.

Composites  based  on  ultrahigh  molecular  weight  polyethylene  and  functionalized  polyaniline
GNP with high tensile  strength [1]  are characterized by the presence of  relatively  evenly arranged
agglomerates in the surface layer. Moreover, the carbon component is practically not manifested. On
the  Raman  spectra  with  a  wavelength  of  an  irradiating  laser  equal  to  633  nm,  there  are  peaks
characteristic  of  the  emeraldine  salt  of  polyaniline.  It  is  this  component  that  forms  the  diffuse
structure  in  the  surface  layer  of  the  composite.  The  relationship  between  the  concentration  of  the
nano-modifier,  the  density  of  the  structure  formed  in  the  surface  layer  of  the  composite  and  the
manifestation of mechanical properties is established.

Thus,  Raman  surface  mapping  allows  us  to  establish  the  mechanism  of  interaction  of  carbon
nanomaterials  with  macromolecules  of  polymers  and to  predict  the  effect  of  the  parameters  of  the
emerging ordered structures on the properties of composites.

The work was funded by the Ministry of Science and Higher Education of the Russian Federation
in  the  framework  of  the  Federal  Target  Program  “Research  and  Development  in  Priority  Areas  of
Advancement of  the Russian Scientific  and Technological  Complex for 2014–2020” (Agreement No.
14.577.21.0253, Unique Identification Number: RFMEFI 57717X0253).
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Graphene  attracts  enormous  research  interest  because  of  its  exceptional  electrical  and
mechanical properties which can be widely used in electronics and electrochemical energy storage in
particular.  For graphene production a chemical  oxidation by strong inorganic oxidizers is  generally
used  [1].  The  technique  requires,  however,  a  lot  of  resources  and  time,  it  is  not  environmentally
friendly,  and  one  needs  to  wash  out  acids  from  the  product  that  leads  to  additional  expenses.
Electrochemical  methods,  based on the intercalation of  ions from aqueous [2]  and non-aqueous [3]
electrolytes  and  the  subsequent  graphite  exfoliation,  are  cleaner  and  allow  to  make  the  synthesis
faster,  but  they  also  require  washing  out  the  residual  electrolytes  from  the  product.  To  eliminate
washing step, a physical way of supercritical exfoliation of graphite (e.g. by rapidly depressurizing) is
applied,  however  this  approach  usually  has  a  low  yield  [4].  Thus,  there  is  currently  no  fast  and
efficient method for graphene synthesis, and the search of such a method is of a great importance.

We propose to combine physical and electrochemical approaches and try to synthesize graphene
using an electrochemical oxidation in a supercritical electrolyte. Due to the synergy of the combined
approaches the process of graphene synthesis is expected to become more efficient.

To  realize  the  proposed  way,  the  mechanism  of  the  electrochemical  intercalation  of  ions  into
graphite  from supercritical  fluid  was  studied.  For  this  purpose  highly  orientated  pyrolytic  graphite
was  used as  an  electrode and tetrabutylammonium tetrafluoroborate  in  acetonitrile/CO2  solution  in
supercritical state was used as an electrolyte in this work. The intercalation of tetrafluoroborate anion
(BF4)−  was  carried  out  potentiostatically.  The  degree  of  intercalation  was  determined using  Raman
spectroscopy and X-ray diffraction. The possibility of intercalation of (BF4)− anions into graphite from
supercritical electrolyte has been shown for the first time.

Fig. 1. (left) Optical image of HOPG sample after the intercalation of (BF4)− (GIC) and (right) Raman spectra of
graphite before and after intercalation at different potentials. Examples of stage 3 and stage 5 GIC structure are

shown.
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This work deals with polymeric electroconductive composites with segregated structure, i.e. with
wittingly  non-uniform  distribution  of  filler,  based  on  the  reduced  graphene  oxide  are  considered.
Interest  in  such  materials  is  caused  by  a  possibility  of  achievement  of  high  values  of  an  electrical
conductivity  with  use  of  low  loadings  of  electroconductive  filler.  The  idea  of  a  composite  with  the
segregated structure is drawing a thin electroconductive layer on powder particles of a polymer with
the  subsequent  hot  pressing  at  which  electroconductive  layers  unite  in  uniform  network  [1].  This
approach differs from the traditional ones when the electroconductive filler is uniform distributed in a
polymer matrix and the conduction of a composite begins to be shown when the filler content is above
a percolation threshold which depends on many parameters.

As  the  graphene  oxide  (GO)  is  a  good  film-former  and  contains  a  huge  number  of  the  polar
oxygen-containing groups promoting good adhesion of GO to a surface of powder particles of polymer
on a surface of particles, it is applied on a surface of these particles in the form of a thin covering of
nanodimensional  thickness.  The  method  which  is  based  on  preparation  of  aqueous-alcoholic
dispersion of GO, introduction to this dispersion of powder of polymer and the following evaporation
of a liquid phase on the rotor evaporator, was used for covering. This technique allows to easily carry
out  drawing  a  filler  on  polymer  particles,  to  regulate  a  mass  fraction  of  graphene  oxide  in  total
material  and  also  to  change  covering  thickness  on  each  single  particle  of  polymer  powder.  After
covering powder within several hours was processed with vapors of hydrazine at a temperature of 100
°C,  which  provided  transition  of  graphene  oxide  to  the  reduced  graphene-like  form  and  gave  to  a
cover on polymer particles an electrical conductivity and it is hot pressed with set pressure value into
target  material.  Carbon  nanotubes  (CNT)  and  carbon  black  (CB)  were  entered  at  the  stage  of
preparation  of  aqueous-alcoholic  dispersion  together  with  GO  by  a  dispersion  of  the  described
components by means of ultrasonic processing by submersible ultrasonication. Ratios of GO/CNT and
GO/CB  were  regulated  by  different  weigh  ratios.  The  general  mass  maintenance  of  excipients  in
material were changing from 0,1 to 2%.

This method is very attractive for receiving electroconductive polymeric composites as it allows
reaching high values of an electrical conductivity of materials at ultra-small filler content. Besides, this
method can be easily realized in the industry.

The study was carried out by a grant from the Russian Foundation of Basic Research (Project No.
16-29-06440 ofi_m).
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Supercapacitors are well known devices that are used in high energy density systems. The main
advantages of supercapacitors are high energy capacity, high charging and discharging rates, large
number  of  possible  recharge  cycles  and  small  gabbarts  [1].  The  increase  of  the  electrodes  surface
area is the crucial factor in the supercapacitors design.  The most common way to reach this goal is
obtaining electrodes on the based of high porous systems from nanoscale carbon-based objects [2].
High hopes are attached to supercapacitor electrodes manufactured from graphene-based aerogels
because of its large specific surface area and the excellent electric conductivity, as well as chemical
inertness. Graphene can be easily obtained from graphene oxide [3]. However, the main problem of
the  formation  of  graphene-based  electrodes  is  stacking  of  graphene  layers  due  to  van  der  Waals
forces.  Stacking  leads  to  significant  surface  reduction,  which  in  turn  leads  to  decrease  in  the
capacitance of the supercapacitors [4].

One of the approaches to solve this problem is formation of porous material in which layers of
graphene are separated by additional structure - spacer. Weak influence (or its complete absence) of
these «pacer on electrical properties of graphene layers is crucial in this case. Furthermore, spacer
must  be stable in  solid  state and in solvents  exhibit  size of  4-10 nm and easy for  functionalization.
Detonation nanodiamonds (DND) satisfy all these parameters. Of course, study of morphology is the
key point for understanding properties of this porous material.

Hereby we present results on our study of the of DND as a spacer for graphene aerogels obtained
from graphene oxide. It is demonstrated that GO can be easily grafted with DND nanoparticles with
positive  zeta  potential.  Subsequently  obtained  aerogels  form  this  composite  demonstrate  higher
specific surface area in comparison to pure GO. Furthermore, it is demonstrated that the morphology
and  specific  area  value  of  the  obtained  aerogels  are  dependent  on  the  volume  of  the  added  DND
nanoparticles.  Particularly,  the  increase  of  the  DND  fraction  results  in  higher  rate  of  GO  layers
twisting as is demonstrated by SEM images. Collectively, the obtained results suggest that GO-DND
aerogels have high perspectives to be used as supercapacitor electrodes.

The  presented  work  was  financially  supported  by  the  Russian  Foundation  for  Basic  Research
(grant no. 18-29-19159).
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Modern functional materials used in microelectronics suit a wide list of requirements including
low  electrical  resistance,  thermal  stability  and  reproducibility  of  the  functional  parameters.  It  is
known that the resistance of porous materials, such as aerogels, is strongly dependent on pressure
and on the deformations that can occur when current passes through such materials. Moreover, in the
initial  state,  aerogels  are  not  suitable  for  use  as  functional  materials,  since  more  than  99% of  the
volume of material is air. Consequently, the compaction of such materials is inevitable, and therefore
there  is  a  need  to  develop  a  methodology  for  assessing  changes  in  the  resistance  of  electrically
conductive  aerogels  in  this  process  in  order  to  study  the  nature  of  changes  in  conductivity  and
structure of the material. As part of this work, we propose an approach to studying the change in the
resistance of a material when it is compacted in a continuously changing volume.

Samples of cylindrical reduced graphene oxide aerogel (height 15 mm, base area 200 mm2) were
obtained  through  freeze  drying  [1].  A  polymer  cylinder  with  a  polypropylene  piston  was  used  to
prepare  the  measuring  cell.  The  role  of  current  collectors  was  performed  by  “Wood  alloy”  inserts,
which were obtained by molding at elevated temperatures.

Thus,  one  of  the  tasks  was  to  design  an  instrument  that  allows  to  measure  sample  resistance
automatically with high frequency at several measurement ranges and to save information for further
processing. Such a device based on an Arduino controller was assembled and programmed. Resistors
with nominal  values 1,  10,  100,  1  000,  10 000 and 100 000 Ω were chosen as  reference resistors.
Switching between them was realized due to a magnetic relay. The measurement rate reaches 30-120
times per minute.

As a result of the experiment, it  was found that the resistance of the samples varies in a wide
range  (~  10  kΩ  to  ~  1  Ω).  Moreover,  it  was  found  that  resistance  dependence  of  the  selected
materials includes several intervals with a fundamentally different nature of changes in the electrical
conductivity of the material. This dependency was considered within percolation theory. It has been
shown that  aerogels  can be described as  a  two-phase (graphene/air)  systems.  The consideration of
more complex systems such as graphene/polymer/air or graphene/metal/air is planned on the future
work.

The study was carried out by a grant from the Russian Foundation of Basic Research (Project No.
16-29-06440 ofi_m).
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Сontrast agents are very important for modern tomographic analytical methods. Therefore, the
search of novel more effective contrast agents continues. Such compounds are intended to improve
 the resolving power of magnetic resonance methods by orders of magnitude. A demand for  being a
contrast  agent  is  a  high  spin  density  of  a  compound.  Endohedral  metallofullerenes  meet  this
requirement  [1].  Being  hydrophobic,  they  can  be  modify  with  biocompatible  polymers   in  oder  to
obtain the watersoluble complexes [2]. It gives opportunity to  use such complexes as new contrast
agents  for  practical  magnetic  resonance  imaging.  Application  of  compounds  in  medical  purposes
demands  a  detailed  investigation  of  their  behavior  in  aqueous  solutions.  Present  study  continuous
previous  investigation  [3]  and  is  devoted  to  the  hydrodynamic  properties  of  endohedral   fullerene
Fe@C60  complexes with the polymers widely  used in  medicine and pharmacology –  dextrin (D)  and
poly(vinylpyrrolidone) (PVP). The goals of the study were to determine the hydrodynamic dimensions
of  such complexes  in  aqueous  media  at  variable  conditions.   Fe@C60-D  and Fe@C60-PVP complexes
 and theirs stability were the objects of the study. The samples of PVP of molecular masses 10х103 , 30
х103 and 50 х103 g mol-1 were used for the preparation of the polymer complexes with Fe@C60. The
average molecular mass of dextrin, which was obtained by a hydrolysis of amylopectin, was (30±2)
х103  g   mol-1.  The  content  of  bound  endohedral  metallofullerenes  in  the  hybrid  polymer  samples
investigated was varied in wide range.  Present study uses dynamic light scattering (DLS),  velocity
sedimentation,  viscometry and spectrophotometry as the experimental  methods.  It  has been shown
that aqueous solutions of Fe@C60-PVP samples have a bimodal particle-size distribution. The fast mode
has  been  associated  with  the  PVP  molecules,  while  the  slow  mode  corresponded  to  the  particles
whose  hydrodynamic  sizes  were  near  order  of  magnitude   larger  than  the  molecular  radii  of  PVP.
Solutions of the initial dextrin and Fe@C60-D samples have the multimodal particle size distributions.
It has been estimated that the numerous of polymer molecules may be involved to the interaction with
the  endohedral  metallofullerenes  Fe@C60  in  an  aqueous  media.  The  acceptable  for  practical  usage
variants of  complex-particles sizes  and conditions of  their  stability  in aqueous solutions have been
determined. 

This work was supported by the Russian foundation for basic research, project 18-29-19008.
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            Tailoring of graphene electronic and optical properties through its functionalization or
structural modification is one of the key topics nowadays in nanocarbon science. The main efforts are
being made in graphene chemical doping with electron-donating or electron-withdrawing atoms, such
as  nitrogen,  phosphorus  or  sulfur.  The  alternative  approach  is  to  obtain  functionalized  graphenes
(FGs) – graphene layers decorated with the desired oxygen- on nitrogen-containing functional groups.
Significant  progress  has  been made within  this  field  in  the last  decade,  using graphene oxide as  a
starting  material.   However,  the  specific  role  of  oxygen-containing  moieties,  such  as  carboxyls,
carbonyls, phenols, etc. in FGs electrophysical properties remains to be an open question.

            Hereby we present our results on the study of electrophysical properties of various FGs
with the desired concentration of carboxyl (C-xy_Gr) and carbonyl groups (C-ny_Gr). The studied FGs
were obtained via photochemical and wet-chemistry treatment of graphene oxide as is described in
our previous works [1-3]. Studies of C-xy_Gr revealed that the presence of high number of carboxyl
groups leads to significant changes in the structure of the valence band with appearance of prominent
peaks at 5.1, 13.5 and 25.1 eV. The further studies showed that feature at 5.1 eV is sensitive to the
substitution of hydrogen ion in carboxyl groups to earth metal, demonstrating significant increase if
sodium cations are introduced. At the same time, the following studies of C-ny_Gr demonstrated that
presence  of  carbonyl  groups  also  regulates  the  structure  of  the  valence  band  around  9.6  eV.
Collectively, these results demonstrate the graphene density of states in the valence band is sensitive
to the edge-located oxygen-containing functional groups. Moreover, the further study of GO, C-xy_Gr,
C-ny_Gr  and  graphene  work  functions  and  conductivity  measurements  also  showed  dependence  of
these  parameters  on  the  concentration  and  type  of  edge  moieties.  C-xy_Gr  and  C-ny_Gr  are
determined to exhibit higher work function compared to graphene with its reversable decrease after
the elimination of carboxyl and carbonyl groups. Interestingly, the conductivity of C-xy_Gr appears to
be almost the same as in pristine graphene, although it three orders of magnitude lower in  C-ny_Gr.

            As a net result, we demonstrate that edge-located oxygen functionalities play significant
role  in  the  electrophysical  properties  of  graphene  layers,  determining  the  density  of  states  in  the
valence  band,  work  function  and  conductivity.  Although  the  detailed  mechanisms  underlying  these
effects remains unclear we assume that the obtained results will further expand the opportunities in a
controllable  modification  of  graphene electronic  properties  as  well  as  the  use  of  graphene for  gas-
sensing and biosensing.
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Nowadays Li-ion batteries (LIBs) are the most usability for electrical energy storage devices in
portable  electronics,  electro  machines  and  one  of  the  most  perspective  type  of  batteries  for
electrochemistry  investigations  in  the  nearest  future.  Graphite  (volume  capacity  273  mAh/g)  is
common  anode  material  in  conventional  batteries.  Due  to  graphite  have  low  extensive  volume
expansion (10%), it is stabile in the charge-discharge process. In the other hand tin have rather larger
theoretical specific capacity (994 mAh/g), but it has huge volume expansion (254%), which leads to
bulk  tin  pulverization  and  instability  of  solid  electrolyte  interface  (SEI)  film.  Therefor  usage  of  tin
nanoparticles is perspective for LIBs creation, because they have short diffusion distance for Li ions.
In  the  same  time  nanoparticles  don’t  distract  under  volume  expiation  during  charge-discharge
process,  but  they  should  be  isolated  to  prevent  contact  and  coagulation  with  each  other.  Arc
discharge synthesis allows to produce uniform metal nanoparticles in the amorphous carbon matrix.
[1]

In  this  study  mesoporous  carbon  materials  packing  tin  nanoparticles  were  synthesized  by  the
method of arc discharge with DC 150 A and voltage 25 V in helium atmosphere pressure 50 Torr with
usage  of  composite  anode  consisting  of  a  graphite  rod  and  mixed  graphite/tin  powder  (1:1  weight
ratio). In the result the material was synthesized and analysis of TEM images demonstrate it contains
tin nanoparticles with 2-30 nm in diameter (10 nm average size) inside amorphous carbon matrix.

The electrochemical properties were performed by cyclic voltammetry, impedance spectroscopy
and  charge-discharge  cycling  measurements.  For  the  experiment  coin  cells  were  assembled  in  an
argon-filled glove box with lithium cathode and anode prepared from synthesized Sn/C composite as
the active material.

It was shown tin nanoparticles are packed inside carbon matrix with 10 nm average diameter as
a result of the synthesis. Specific capacity is 1800 mAh/g at the 1st cycle, 800 mAh/g at the 2nd cycle
and nearly 600 mAh/g after 120 cycles Fig.  1.  That indicates high efficiently and stable rate of  the
synthesized material.

This work was supported by grant RSCF №18-79-00038
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Carbon nanotubes (CNTs) are materials that have properties as small dimensions, strength and
the  remarkable  physical  properties  of  these  structures  make  them  a  very  unique  material  with  a
whole  range  of  promising  applications  such  as  gas  sensors,  electrochemical  detectors,  catalytic  of
organic chemistry and etc. [1].

Catalytic chemical vapor deposition (CCVD) is the most widely used method for the synthesis of
carbon nanotubes in industry due to it several advantages as it is the best option for manufacturing
high  quantity  of  products  at  low  cost.  The  choice  of  optimal  parameters  for  carrying  out  CCVD
synthesis is the main task for controlled growth of CNTs with specified characteristics [2]. The optimal
synthesis  conditions  such as  temperature,  carbon sources,  gas  flow rates  and gas  ratio  need to  be
installed.

In  the  present  research  were  used  molecular  clusters
Na15[Na3{Co(H2O)4}6{WO(H2O)}3(P2W12O48)3]∙nH2O  to  prepare  alloy  nanoparticles  with  specific
properties  for  the  CCVD synthesis  of  CNTs.  The  advantages  of  these  catalysts  are  that,  they  have
molecular clusters structure for the formation of discrete catalyst particles with a controlled size [3].
The cluster was mixed with MgO substrate with highly developed specific surface.

In this present study, synthesis of CNTs carried out in a CCVD process at out variation in the rate
of  flow  of  gases  H2/CH4,  H2/C2H4  and  Ar/CO  and  their  ratio  in  the  mixture,  and  changes  in  the
temperature profile.  The influence temperature, gas flow rates and gas ration for structure of CNT
were discovered.
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Nowadays  2D  materials  are  at  the  forefront  of  materials  research  due  to  their  exceptional
electric, optical and mechanical properties. Graphene-based materials hold an important place in this
area.  In  particular,  synthesis  and study of  graphene/ferromagnetic  interfaces is  of  great  interest  of
spintronics. One of common approaches for a graphene synthesis consists of thermal decomposition
of silicon carbide [1].  Thought it  allows obtaining wafer scale high quality graphene, in that case a
buffer layer consisting of partially sp3-hybridased carbon is formed. The buffer layer negatively affects
the electronic  properties  of  graphene.  It  was  previously  shown that  intercalation of  atoms of  other
substances  could  reduce the interaction of  the  buffer  layer  with  SiC and turn the buffer  layer  into
quasi-freestanding  graphene  [2].  Intercalation  of  graphene  grown  on  SiC  with  cobalt  atoms  is  a
perspective way of creating ferromagnetic layers under graphene on dielectric substrate. The goal of
present study was to investigate the evolution of electronic structure of graphene on SiC during its
intercalation with ferromagnetic cobalt atoms.

Ab initio  calculations  were done using Density  Functional  Theory as  implemented in  Quantum
ESPRESSO  package  [3].  The  generalized  gradient  approximation  (GGA)  and  PBE  pseudopotentials
were employed. Kinetic energy cutoffs were set of 200 and 800Ry for the wave functions and for the
charge density, respectively. The supercell was constructed periodically translated slab consisted of
four SiC bilayers (3 atoms C and 3 atoms Si per layer) covered with the buffer layer (8 atoms) and the
graphene (8 atoms) with intercalated Co (4 atoms) placed between the buffer layer and the substrate.
2  x  2  reconstruction  of  a  graphene  surface  cell  was  used.  A  15Å  vacuum layer  was  introduced  to
construct the supercell.

At the first stage geometry optimization of the supercell was done taking into account dispersion
interaction.  Despite  for  the  initial  system  (graphene/SiC)  the  buffer  layer  is  corrugated  due  its
interaction with the substrate,  after intercalation the buffer layer becomes flat.  This evidences that
intercalation  of  graphene  with  cobalt  leads  to  a  relaxation  of  the  system  and  formation  of  bilayer
graphene on its surface. Optimization has showed that the distance between graphene layers is equal
to 3.24 Å, which is close to the case of graphite. The distance between the lower graphene layer and
the layer of cobalt atoms is 1.89 Å.

Then self-consistent calculations were carried out for two spin-components. It is shown, that the
electronic  structure  of  the  intercalated  system  is  strongly  modified  in  comparison  with  the
graphene/SiC(0001) case. Due to proximity of graphene and cobalt the pz states of the lower graphene
sheet and Co 3d states overlap and become hybridized. Thus, due to the proximity effect electronic
structure of upper and lower graphene sheets is different. For the upper layer it is close to the case of
quasi-freestanding graphene, while for the lower layer it is similar to the structure of graphene grown
on a metal substrate. The presence of magnetic cobalt atoms leads to a spin polarization of the lower
graphene sheet.

The  work  was  supported  by  the  Ministry  of  Education  and  Science  of  the  Russian  Federation
(task 3.3161.2017/4.6 of the project part of the State Task).
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The  aim  of  this  work  was  to  determine  the  effect  of  heat  treatment  on  the  composition  and
structure of microwave exfoliated graphite oxide (MEGO).

Heat  treatment  was carried out  by  Knudsen Effusion Mass  Spectrometry  (KEMS) using nickel
effusion cell. Positive ions formed by electron ionization of molecules (Eion = 75 eV) were analyzed by
mass/charge ratio, m/e, on a MI 1201 magnetic mass spectrometer (r = 200mm, R = 500). At first, a
long (~ 5 hour) pumping of the ion source area to a high vacuum was carried out. After the signal at
the mass number m/e = 18 (H2O+) reached the level corresponding to the “background” of the device,
the cell was gradually heated to the final annealing temperature, Tf = 573 K or Tf = 1073 K. At each
intermediate temperature, signals were measured at the mass numbers m/e = 18 (H2O+), 28 (CO+), 32
(O2

+), 44 (CO2
+), 48 (SO+), and 64 (SO2

+). As a result of heat treatment, two samples were obtained:
low-temperature,  MEGO/573,  and  high-temperature,  MEGO/1073.  Formation  conditions
(temperature,  K  /  annealing  time,  hour)  of  sample  MEGO/573:  523  /  2.5,  573  /  8.0;  sample
MEGO/1073:  573 /  11.7,  673 /  5.0,  773 /  6.3,  873 /  6.0,  973 /  8.5,  1073 /  23.0.  During multi-stage
MEGO annealing to final temperature of Tf = 1073 K, the signals at m/e = 32 (O2

+), 48 (SO+) and 64
(SO2

+)  remained  permanent  and  low-intensity,  weakly  dependent  on  the  presence  of  the  sample  in
cell.  Taking  into  account  these  features,  these  signals  were  considered  as  "background"  for  all
experiments.  On  the  contrary,  for  m/e  =  18  (H2O+),  28  (CO+),  44  (CO2

+)  signal  intensities  in  the
experiment with the MEGO sample are much higher than without. The formation of the MEGO/573
sample at Tf = 573 K occurred at stationary fluxes of H2O, CO, and CO2, and the level of these fluxes
indicated that their sources remain in the product after the end of the 8-hour annealing. During the
formation  of  the  MEGO/1073  sample,  the  H2O flux  decreased  with  temperature  increasing,  and  at
T>773  K  remained  at  a  level  close  to  the  “background”.  The  analysis  of  CO+  and  CO2

+  signal
dependencies on the annealing time showed that the most intense release of carbon oxides occurred
in the initial annealing periods (first 5 hours) at temperatures of 873 K, 973 K and 1073 K. After the
initial period, the fluxes decreased markedly, and the annealing passed into the stationary state. At Tf

 = 1073 K the level of stationary flows of CO and CO2 went beyond the sensitivity limit of the device.
During the annealing of  MEGO,  no release  of  oxygen O2  and sulfur  dioxide SO2  was  detected.

Annealing of MEGO at Tf = 573 K (MEGO/573) is accompanied by the release of H2O, CO, and CO2
molecules, and does not lead to the complete removal of water and oxygen-containing groups from
the sample. The release of water molecules reaches a certain minimum level at a temperature of 773
K,  and  then  changes  little.  Intensive  evolution  of  carbon  oxides  CO  and  CO2  at  temperatures  of
873–1073 K is completed by reducing their fluxes to a level beyond the sensitivity limits of the mass
spectrometer. However, the absence of measurable stationary flows of CO and CO2 rather indicates
the attainment of a certain minimum oxygen content for the given heat treatment conditions in the
final product MEGO/1073. The prevalence of CO oxide in the gas phase corresponds to the ratio of
pressures of carbon oxides under equilibrium conditions:

C(s) + CO2 = 2CO
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Hybrid materials based on multi walled carbon nanotubes (MWCNT), which surface is decorated
with  metals  and  metal  oxides  or  carbides  nanoparticles,  have  a  promising  properties  in  many
application. In particular, the composite based on MWCNT modified with copper nanoparticles is used
as a catalyst in a germanium tetrachloride reduction process [1].

This work is devoted to the study of catalytic system based on MWCNT decorated with  copper
nanoparticles  (Cu/MWCNT).  The  Cu/MWCNT  composite  samples  were  prepared  by  pyrolysis  of
copper  formate deposited on the MWCNT surface from an aqueous solution [1].  The pyrolysis  was
carried  out  in  argon  flow  at  473  оК.  The  pristine  MWCNT  and  Cu/MWCNT  composite  were
investigated  by  Near  Edge  X-ray  Absorption  Fine  Structure  (NEXAFS)  spectroscopy  [2],  X-Ray
diffractometry (XRD) and scanning electron microscopy (SEM) techniques.

SEM images show that copper is  deposited on the MWCNT surface in the nanoparticles form.
According to XRD data it was found that the copper-containing nanoparticles consist of metal cooper
with cuprous oxide Cu2O admixture. The NEXAFS spectra  in  C1s- and Cu2p-absorption edges energy
ranges  of  the  pristine  MWCNT  and  Cu/MWCNT  composite  were  measured  using  synchrotron
radiation of RGBL at BESSY II [3]. The NEXAFS C1s-spectra analysis suggests that nanotubes surface
is not destroyed, but modified by the single, double and epoxy carbon-oxygen bonds formation [4]. The
NEXAFS  Cu2p-spectra  show that  the  copper  containing  nanoparticles  surface  is  mainly  formed  by
copper oxide CuO.

This  work  was  supported  by  Bilateral  Program  of  RGBL  at  BESSY  II,  Program  of  UB  RAS  №
18-10-2-23,  Project  of   RFBR  №  19-32-50062\19,  the  Russian  Academic  Excellence  Project  at  the
Immanuel  Kant  Baltic  Federal  University,  State  assignment  of  IOMC  RAS  (topic  45.8),  Project  of  
RFBR  №  18-33-0077  and  Common  Research  Center  "Physics  and  technology  of  micro-  and
nanostructures".
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Exfoliated graphite (EG) is a carbon material with a crystalline structure of graphite, but which is
different from it in morphology, width of graphite crystallites and their arrangement in an individual
particle [1]. One of the main industrial applications of exfoliated graphite is the production of flexible
graphite  foil  (GF)  by  EG  compression  and  the  manufacturing  of  graphite  sealing  materials.  Gas
permeability  of  graphite  foil  can  be  used  as  a  measure  of  media  leakage  through  GF  and  of  its
sealability.  Quite  a  large  number  of  research  works  connect  the  influence  of  the  EG  compaction
density  with  the GF gas  permeability  [2,  3].  However,  the preparation of  GF includes a  number of
steps,  which  define  its  structure  [4],  and  the  influence  of  GF  preparation  conditions  on  the  GF
permeability has not been studied.

The  aim  of  the  research  was  to  investigate  the  influence  of  the  stage  number  of  graphite
intercalation  compound  and  the  EG  preparation  temperature  on  the  EG  structure  and  gas
permeability of GF based on it.

The  preparation  of  graphite  foil  included  the  synthesis  of  graphite  intercalation  compounds
(GIC),  which  were  graphite  bisulfate  of  I,  II,  III,  IV  stages,  followed  by  water  washing  with  the
formation  of  expandable  graphite,  its  rapid  heating  at  temperatures  of  600,  800,  1000  oC with  the
formation of exfoliated graphite and the EG compaction to GF. The investigation of the EG structure
was  performed  by  SEM,  TEM,  XRD  and  Raman  spectroscopy.  The  correlation  between  the
preparation  conditions  of  EG,  its  matrix  dispersity,  crystallite  size  along  the  c  axis  and  content  of
amorphous  carbon,  which  influence  the  GF  porous  structure,  that  was  investigated  by  mercury
porosimetry and nitrogen adsorption method, and GF gas permeability, was shown.

GF based  on  EG obtained  at  600  oC from GIC  of  I  stage  (GF-I-600)  had  the  minimal  nitrogen
permeance (Q(N2)). The decrease of the GIC stage number up to IV (GF-IV-600) and the increase of
the EG preparation temperature up to 1000 oC (GF-I-1000) lead to increase of GF gas permeance (Fig.
1).

Fig. 1. Values of N2 permeance and TEM images of GF based on EG obtained at 600 oC from GIC of (a) IV stage and
(b) I stage and (c) GF based on EG obtained at 1000 oC from GIC of I stage.
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The arc discharge method could be used for fabrication of  catalyst-free carbon nanostructures
with different morphologies depending on synthesis parameters and compositions of electric arc. One
of the available products are carbon nanohorns (CNHs), nanotube-like structure with conic tips, which
are promising for electromagnetic shielding materials.

In  this  work,  we  synthesized  CNHs  using  direct  current  arc  discharge  of  graphite  rod.  The
synthesis  was  carried  out  at  a  voltage  of  60  V,  a  current  of  0.5  kA  in  a  helium  atmosphere  at  a
pressure  of  0.5  atm.  To  vary  morphology  of  sample,  we  add  some  portions  of  toluene  in  helium
atmosphere.  The  obtained  samples  were  characterized  using  transmission  electron  microscopy,
Raman  spectroscopy,  X-ray  photoelectron  spectroscopy,  thermogravimetric  analysis  and  elemental
CHNS analysis. We found that the addition of toluene results in formation of CNHs of smaller radius,
while the defectiveness of samples obtained by the initial and modified methods was unchanged.

Polystyrene composites with different CNHs contents below and above the percolation threshold
were  obtained  by  the  solution  method  in  chloroform.  The  real  and  imaginary  parts  of  composite
impedance were measured in the range of 1 kHz - 1 MHz. Modeling of experimental data by different
resistor-capacity  circuits  were done.  Above the percolation threshold,  the impedance of  composites
can  be  described  by  parallel  RC-circuit.  When  the  composite  loading  is  above  the  percolation
threshold, the equivalent circuits contain the additional resistor,  which corresponds to formation of
conduction path through bulk sample.

This work was partially funded by The RSC project (18-72-00017).
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This study is devoted to a further development and application of results [1, 2] on the simplified
method  of  kinetic  analysis  of  the  hydrogen  thermal  desorption  (TDS)  processes,  responding  to  the
first-order  reactions,  in  materials  heating  with  only  one  rate,  rather  than  with  several  rates,  as
required by the Kissinger method. It is considered the feasibility and expediency of using such a much
less  labor-intensive  method (in  comparison with  the Kissinger  method)  for  the kinetic  analysis  of  a
number of the known data on hydrogen TDS spectra for advanced carbon nanostructures, including
the determination of the rate constants (K), activation energies (Q) and pre-exponential factors (Ko) of
the processes, along with the identification of them on the basis of [1, 2].

As  an  example,  such  a  treatment  and  identification  of  data  [3]  on  deuterium  TDS  spectra  for
graphite exposed to high flux plasma at high temperatures is performed. Some results of the analysis
for graphite are presented in Fig. 1 and Table 1.

Table 1. Kinetic characteristics of the deuterium thermal desorption for MPG-8 graphite
Gaussian curve

№
Tmax,

K K(Tmax), s-1 Temperatures,
K

Q,
kJ/mol Ko, s-1

1 1040 0.038 950 – 1160 155±8 3.106

2 1120 0.048 1040 – 1215 243±10 1.1010

3 1230 0.021 1000 – 1390 146±3 3.104

The identification of results of analysis of data [3] has been done by using results [1, 2].
Acknowledgements
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Fig.1. Deuterium TDS spectrum of MPG-8 fine grain graphite exposed to 1 kPa D2 gas at 873 K for 1 h.
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The effect  of  graphene-like  carbon on the process  of  microarc  oxidation (MAO),  thickness  and
microhardness  of  ceramic  coatings  (CC)  created  on  aluminum  alloy  AK5M2  was  investigated.
Microplasma processing of this alloy was carried out in the anodic-cathodic mode in silicate-alkaline
electrolyte with the addition of graphene-like carbon (GLC). The method of GLC-obtaining consists in
the low-temperature intercalation of graphite in a solution of sodium in liquid ammonia [1]. This GLC
doesn’t contain structural defects associated with the oxidation of graphite, doesn’t contain carboxyl
and phenolic groups, but at the same time has a certain amount of amino groups, which make the
material alkaline.

According to the research, the introduction of GLC into the electrolyte increases in the thickness
of the CC on the AK5M2 alloy (up to 150 μm) and the microhardness Hμ  by 1.6 times (Fig. 1). The
effect of increasing of thickness and physical and mechanical characteristics of the ceramic coatings
formed under  the influence of  a  graphene-containing material  is  also  observed in  MAO of  silumins
AK7 [2] and AK12M2MgN [3].

X-ray diffraction analysis determined that the MAO coatings on the alloy AK5M2 consist basicly
of  aluminum  oxides:  α-Al2O3  (corundum),  γ-Al2O3,  mullite.  It  has  been  established  that  GLC-
modification of the coatings leads to an increase in corundum (up to 75-80%) in the composition of a
CC, which explains the increase in the microhardness Hμ of the coating.

As a result  of  the research it  was found that the introduction of  graphene-like carbon into the
electrolyte  leads  to  an  intensification  of  the  process  of  microarc  oxidation  and  an  increase  in  the
strength properties of ceramic coatings. An increase in the thickness of the ceramic coating by 1.5
times and an increase in the microhardness value from 12 GPa for coating without additives to 20 GPa
for coating with the addition of GLC were achieved.

Fig.1. The microstructure of CC AK5M2 without additives (a), with the addition of GLC (b), thickness
microhardness distribution (c): (1 - without additives, 2 - with the addition of GLC).
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The paper presents the results of the impact of carbon nanotubes (CNT), subjected to mechanical
activation,  on  the  structure  and  properties  of  AK12M2MgN  alloy  samples  containing  a  different
proportion of modifying components (Table 1).

Table 1 - Characteristics of microhardness of AK12M2MgN alloy

Sample QCNT,
%

QCu,
%

Hµ,
MPa
α-phase

Hµ,
MPa
eutectic

HV,
MPa

σВ,
MPa

δ,
%

1 - - 617 849 883 213 2,5
2 0,05 0,25 600 810 997 300 3,1
3 0,1 0,5 639 859 1040 - -

 
Analysis  of  the  modified  samples  structure  showed that  the  introduction  of  CNT into  the  melt

jointly with copper ensures the dispersion of the alloy structure: the grain size of the α-phase (Fig. 1)
decreases by a factor of 2.5-3, the proportion of thin-needled eutectics with a particle size of Si 5-7 µm
increases , and the grinding of intermetallic inclusions occurs by 3-5 times. The complex effect on the
structure  leads  to  an  increase  in  the  ultimate  strength  (σВ)  by  80-90  MPa  (Table  1)  with  a
simultaneous increase in the relative elongation (δ).

Fig.1. Microstructure of the alloy AK12M2MgN before (a) and after modifying with a complex additive (b -
QCNT=0,05%, QCu =0,25%; c - QCNT=0,1%, QCu=0,5%).
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The  physical  and  transport  properties  of  membranes  based  on  polyphenylene  oxide  (PPO)
modified by small amounts (5 wt%) of a star-shaped hybrid polymer with polystyrene (PS) arms and
poly-(2-vinylpyridine)-block-poly-tert-(butylmethacrylate)  (P2VP-block-PTBMA)  diblock  copolymer
arms  grafted  onto  common  fullerene  C60  branching  center  were  investigated.  The  efficiency  of
diffusion  membranes  modified  by  fullerene  (C60)  containing  macromolecules  is  demonstrated  in
pervaporation of thiophene / n-octane mixture. The task was an effective removal of sulfur-containing
impurities  from  n-octane,  which  is  the  main  component  of  fuel.  The  inclusion  of  star-shaped
macromolecules in PPO matrix leads to a change in morphology, physical and transport properties of
the  membrane.  The  star-modified  membrane  exhibits  increased  productivity  and  selectivity  in  the
separation of the thiophene / n-octane mixture. The use of polymer hybrid fullerene (C60)-containing
macromolecules  as  the  modifiers  of  diffusion  membranes  offers  the  prospect  of  the  production  of
highly selective membranes for the separation of liquid and gas mixtures.
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Fig.1. Scheme of star macromolecule with arms of different nature
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Water pollution, which is mainly caused by oil spills, is one of the major current environmental
problems. At present, so-called magnetic sorbents consisting of a porous matrix directly involved in
sorption, which modified by a ferrimagnetic or ferromagnetic compound, have proved to be effective
in the water purification. The presence of magnetic phase makes it  possible to collect sorbent with
sorbed oil from the place of oil spill using the magnetic field. Due to its hydrophobic properties and
high sorption capacity toward oil, exfoliated graphite (EG), which is a macroporous graphite material,
is well suited for using as a sorbent for liquid hydrocarbons [1]. At the same time, the possibility of
introducing magnetic iron-containing phases greatly facilitates its collection from the water surface
[2, 3]. The aim of this work was to investigate the influence of the EG microstructure on its sorption
properties  and  to  obtain  the  magnetic  sorbent  based  on  EG  modified  by  cobalt  ferrite  with  high
sorption capacity, hydrophobicity and high saturation magnetization.

Exfoliated  graphite  containing  cobalt  ferrite  was  obtained  by  impregnation  of  expandable
graphite  in  mixed  solution  of  iron  (III)  chloride  and  cobalt  (II)  nitrate  and  the  consequent  thermal
treatment of impregnated expandable graphite at a temperature of 600-1000oC in the air atmosphere.
The  microstructure  and  crystalline  structure  of  EG  matrix  were  investigated  by  SEM,  XRD,  FTIR
spectroscopy  and  Raman  spectroscopy  (Fig  1).  The  ferrite  phase  was  investigated  by  XRD  and
Mossbauer  spectroscopy  (Fig  1).  The  different  preparation  conditions  (defectiveness  of  initial
expandable graphite and solution concentration) leads to different cobalt ferrite content in exfoliated
graphite, which is varied from 7 to 45 wt.%. At the same time, obtained EG is characterized by high
sorption capacity toward oil (up to 25 g/g) and low water absorption (up to 2 g/g).

Fig. 1 (a) FTIR and (b) Raman spectra of exfoliated graphite; (с) SEM image, (d) XRD pattern and (e)Mossbauer
spectrum of exfoliated graphite containing cobalt ferrite.
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The  effect  of  high  pressures  and  temperatures  is  an  effective  means  for  creating  metastable
carbon  phases,  strongly  dependent  on  the  crystal  structure  and  atomic  hybridization.  At  high
pressures  in  C60  and  C70  crystals,  the  formation  of  solid  carbon  structures  with  covalent  bonds
between atoms of different fullerene molecules is observed, as is the case in diamond [1, 2].

To study the structural transformations occurring in fullerene C70 crystals at high pressures, the
pressure  dependences  of  the  Seebeck  coefficient  (S)  of  sample  C70,  as  well  as  the  temperature
dependences of the electrical resistivity, in the pressure range of 20-46 GPa were investigated.

High  pressure  has  been  generated  in  the  diamond  anvil  cell  (DAC)  with  conductive  synthetic
diamonds.  The  resistance  of  samples  was  measured  in  the  temperature  range  of  77–400  K.  The
temperature  of  DAC  was  recorded  using  a  copper/constantan  thermocouple.  The  technique  allows
studying the sample with a consistent increase and decreasing in pressure, to withstand it under load
for a long time [3].

 In  the  pressure  range  of  20–46  GPa,  a  weak  dependence  of  the  electrical  resistance  on
temperature is observed, and it decreases with increasing pressure. At pressures below 28 GPa, the
dependences R(T) have the form characteristic of nondegenerate semiconductors. When the pressure
reaches  34  GPa,  the  dependences  of  the  electrical  resistance  on  temperature  becomes  typical  for
materials with a partially filled conduction band. This may be caused by an increase in the proportion
of disordered carbon atoms in the sample, and partial amorphization of fullerenes under pressure, as
was previously observed [4].

The sign of the Seebeck coefficient and its value indicate to the electronic type of carrier. In the
first cycle of gradual increase in pressure from the minimum (4 GPa) to the maximum value (46 GPa)
and  back  to  the  minimum (at  intervals  of  2  GPa),  the  coefficient  S  decreases  several  times.  When
removing the load, the value of S  decreases over the entire pressure range. In the two subsequent
cycles of increase and removal of the load, there is an increasing dependence of the coefficient S with
increasing  pressure,  was  observed.  Such  a  behavior  of  the  Seebeck  coefficient  is  due  to  phase
transitions induced by high pressure [1, 2, 4].
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Nanodiamonds  are  considered as  a  perspective  tool  in  the  development  of  drug delivery  platform.  Possessing  a
developed surface containing a large number of functional groups, nanodiamonds are able to adsorb various substances,
including polymers. In present work we studied the adsorption of chitosan on nanodiamonds. We used tritium as a tracer
of chitosan surface concentration. Tritium label was introduced into the chitosan molecules by means of tritium thermal
activation method according to the procedure described in ref [1].
Tritium labeled chitosan was dissolved in 0.02 N HCl, mixed with nanodiamond suspension and incubated during 48
hours at room temperature followed by centrifugation and radioactivity measuring for both supernatant and precipitate
[2].
It was found that adsorption isotherm of chitosan is of Langmuir type. The values of maximum adsorption and Langmuir
constant  are  controlled  by  zeta  potential  of  nanodiamonds.  In  the  cases  of  negative  zeta  potential  of  initial
nanodiamonds maximum adsorption was as much as 3 times higher than for positively charged materials indicating the
dominant role of electrostatic interactions. Since significant amount of chitosan was irreversibly adsorbed on the surface
of positively charged particles we can expect the essential contribution of Van der Waals interaction between chitosan
and nanodiamond surface.
Stability of chitosan-nanodiamond composites was analyzed in water, PBS, 0.01 N HCl and serum albumin in PBS (40 g/L)
at 37°C during 48 hours. Albumin in PBS was found to be the best desorbing agent for chitosan. Charge compensation by
counterion  in  presence  of  buffer  or  HCl  results  in  higher  desorption  confirmed  the  dominating  ionic  mechanism  of
chitosan  binding  to  nanodiamond  surface.  Modification  of  nanodiamonds  with  chitosan  affected  its  stability  in  the
aqueous suspensions that was controlled by zeta potential measuring as a function of chitosan surface concentration.
Peculiarities of chitosan adsorption on nanodiamonds will be discussed in the presentation.
This work was supported by Russian Foundation for Basic Research (grant № 17-03-00985).
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Such carbon nanostructures as CNT [1] and graphene [2] discovered at the end of the 20th and
the beginning of the 21st century, due to their unique structural and physical properties have drawn
the attention of scientists from around the world. The field of application of such materials is extended
a great and is based both on the use of pure nanostructures and as additives in various composites
[3].  However,  in  order  for  unique  materials  based  on  them to  possess  outstanding  properties,  it  is
necessary  that  the  nanotubes  and  graphene  nanoplatelets  themselves  have  the  least  defective
structure.

The  present  paper  is  devoted  to  the  study  of  the  structural  characteristics  of  carbon
nanomaterials  using  the  combination  of  methods  of  transmission  (TEM)  and  scanning  electron
microscopy  (SEM).  The  objects  of  the  research  were  industrially  manufactured  nanostructures
produced by "NanoTechCenter", Tambov, Russia.

The studies found that:
Multi-walled  carbon  nanotubes  are  represented  by  various  modifications  that  differ  in  length,
diameter and degree of entanglement.
«Taunit» presents of strongly intertwined tubes with a length of about 2 μm and thicknesses in the
range  from  40  to  70  nm.  MWCNT  "Taunit-M"  is  similar  in  length  (2  μm),  however,  nanotubes
characterized by smaller thicknesses in the range of 10-20 nm. For the «Taunit-MD» material, there
are an order of magnitude greater length (20 μm) and less entanglement of nanotube arrays (Fig. 1 a).
Graphene nanoplates have linear dimensions ranging from 5 to 15 μm and demonstrate a pronounced
layered crystal structure, as evidenced by the presence of moire contrast on dark-field micrographs
(Fig. 1 b), as well as the presence of diffraction rings on the electron diffraction patterns (Fig. 1 c).

The results of this study are in good agreement with the structural characteristics presented by
the manufacturers of these materials and testify to their high quality.

Fig.1. – TEM micrographs of samples of multi-walled nanotubes (a), graphene nanoplatelets (b) and electron
diffraction patterns of nanoplatelets (c)
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Graphene is two-dimensional sheet of sp2-hybridized carbon atoms. There are several methods of
reduction of graphene oxide using the compounds that not affected the environment. In this context
amino  acids,  plant  extracts,  carbohydrates,  and  organic  acids  should  be  mentioned.  The  potential
applications  of  graphene  are  transport,  performing  electrodes;  bio-,  electrochemical,  and  chemical
sensors;  hydrogen  storage;  catalysts  and  etc.  In  present  work  we  compared  several  methods  of
graphene oxide reduction and used reduced graphene oxide as a platform for radiolabeling peptide
with tritium using tritium thermal activation method.

Graphene  oxide  was  purchased  from  Cheaptubes  Ltd.  and  reduced  using  several  techniques:
heating  at  90°C  in  the  solution  of  amino  acids,  heating  at  155°C  in  water   and  in  the  mixture  of
hydrochloric  and  trifluoroacetic  acids  2:1  with  addition  of  0.001%  of  β-mercaptoethanol.  Reduced
graphene  oxide  was  characterized  using  Raman  and  Fourier  Transform  Infrared  spectroscopy.
According to Raman spectroscopy analysis quality of reduced graphene oxide obtained in presence of
aspartic acid, glycine, valine, lysine, and proline is similar. FTIR spectroscopy analysis indicates the
significant  reduction  and  formation  of  hydrophobic  material  when  graphene  oxide  was  heated  in
water in comparing with other methods.

In present work graphene oxide and reduced graphene oxide obtained by reduction in aspartic
acid, acids mixture and water were subjected to tritium atoms bombardment [1]. Samples of graphene
oxide and reduced with the aspartic acid show close values of radioactivity measured directly after
tritiation. Higher values of the initial radioactivity were observed for the samples of reduced graphene
oxide obtained in acids mixture and in water. However, percentage of tritium in CH-bonds determined
after purification from the labile tritium (in the functional groups) was higher for graphene oxide and
reduced  with  the  aspartic  acid.  The  reasons  of  the  observed  results  will  be  discussed  in  the
presentation.

 
This work was supported by Russian Foundation for Basic Research (grant № 18-03-20147).
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The relevant problem of development of alternative fuels for internal combustion engines is the
production  of  bio  alcohols  with  high  energy  value,  antiknock  properties  and  low  aggressiveness.
Among the bioalcohols produced from biomass, n-butanol is the most valuable substitute for gasoline.

This  paper  is  devoted  to  solve  the  problem of  separation  of  n-butanol/water  mixture  to  obtain
high-purity alcohol due to its dehydration using the pervaporation method. Pervaporation membranes
were  developed  on  the  basis  of  polyphenyleneisophthalamide  (polyamide)  modified  with  a  hybrid
macromolecular  star-shaped  polymer  containing  arms  of  polystyrene  (PS)  and  poly-tert-butyl
methacrylate  (PTBMA)  with  the  fullerene  (C60)  branch  center  (fig.  1).  The  effect  of  various  HMS
loadings on the performance was evaluated.

The membranes were characterized by a good mechanical strength and heat resistance, and at
the same time it had high transport and separation properties. The structure was studied by scanning
electron microscopy (SEM),  atomic force microscopy (AFM) and X-ray diffraction analysis.  Thermal
characteristics  were  obtained  during  thermogravimetric  analysis  (TGA)  and  the  method  of
differentiating scanning calorimetry (DSC). Modification of the membrane with star-shaped fullerene
(C60)-containing polymers led to a sharp increase in the selectivity and permeability of the membrane.
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Fig. 1. Chemical structure of polyamide and hybrid macromolecular star
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In the last decade, development of methods for nanodiamonds synthesis together with the broad
range  of  their  possible  applications  made  them  one  of  the  most  attractive  carbon  materials  for
nanotechnology.  Nanodiamonds  have  become  a  promising  object  due  to  inherent  fluorescence,
excellent biocompatibility, and ease of surface functionalization for biomedicine. Microcapsules have a
large functional volume and are able to protect the active ingredient from exposure to the external
environment. Encapsulation of the drug reduces side effects of the drug on the body and provides a
prolonged  effect  of  the  drug.  Therefore,  promising  are  microcapsules  with  a  shell  consisting  of
nanodiamonds. This will make it possible to use the advantages of these objects for drug delivery and
theranostics.  Microcapsules  have  a  large  functional  volume  and  are  able  to  protect  the  active
ingredient from exposure to the external environment. Encapsulation of the drug reduces side effects
of  the  drug  on  the  body  and  provides  a  prolonged  effect  of  the  drug.  Therefore,  promising  are
microcapsules  with  a  shell  consisting  of  nanodiamonds.  This  will  make  it  possible  to  use  the
advantages of these objects for drug delivery and theranostics.

In  the  work,  submicron  and  micron  colloidosomes  with  a  shell  of  detonation  nanodiamonds
(DND) were obtained by two different methods of emulsion homogenization: in an ultrasonic bath and
in  an  ultrasonic  homogenizer.  The  initial  stable  hydrosol  of  DND  was  prepared  at  Ioffe  Institute
according  with  description  in  [1].  Self-assembly  of  DND  was  carried  out  on  the  droplets  of  the
dispersed phase of oil-in-water emulsion. Surfactant (10-3 M) was added to the organic phase for better
emulsification.  A  mixture  of  dodecane  with  oleylamine  or  octadecylamine  was  added  to  the  sols  of
positively charged DND. Another mixture, dodecane with stearic acid or oleic acid was added to the
sols of negatively charged DND.

Microcapsules  obtained  in  an  ultrasonic  bath  had  a  submicron  size  (150-800  nm).  This  size  is
suitable for biomedical applications, in particular, for transfer with blood stream. However, capsules
yield was less than 5%. The yield of  the product prepared by the second method of  reached about
90%.  Capsules’  size  was  about  2  microns,  but  a  fraction  of  submicron capsules  was  also  detected.
Capsule shells were studied by transmission electron microscopy. Presence of DND was confirmed,
their uniform distribution over the shell was also shown.

This work was partially supported by RFBR, project No. 17-53-10013.

Fig.1. SEM images of colloidosomes obtained: a) in an ultrasonic bath; b) in an ultrasonic homogenizer
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The carbon nanomaterials (CN) have a unique set of physicochemical properties that determine
their widespread use in various fields of science and technology. Properties of CN can be changed by
modifying their surface and thereby impart high hydrophilicity to CN for their application in biology
and  medicine.  The  oxidation  of  the  surface  (the  formation  of  –COOH)  increases  the  electrostatic
potential  of  the  particles,  reduces  their  size  and  increases  the  colloidal  stability  [1].  Reduction
modification  allow  the  decrease  number  of  structures  defects  in  sp2-carbon  nanomaterials  and  to
reduce  its  toxicity  [2].  The  purpose  of  our  work  was  to  obtain  and  study  the  physicochemical
properties of modified carbon nanomaterials for use in biomedical applications.

The  multi-walled  carbon  nanotubes  (MWNT)  of  the  «Taunit  M»  brand  (Nanotechtsentr  LLC,
Tambov) and the detonation nanodiamonds (ND) (SKTB Technolog, St. Petersburg) were used in this
research. Oxidation of CN was carried out in liquid phase (H2SO4/HNO3 = 3:1, 100-120 °C, 6-24 h),
reduction in hydrogen atmosphere (H2, 800 °C, 5 h).

ND  have  retained  their  crystalline  structure  and  size  (4-6  nm)  after  oxidation-reduction
modification,  it  was  proved  by  the  TEM  method.  In  the  reduction  process,  the  surface  becomes
bifunctional, containing –H and –OH groups; the oxygen content was reduced from 7.7 to 5 at. %. The
colloidal stability of hydrosols increased and the size of the aggregates was 50 nm.

Commercial MWCNTs represented curved filamentary multilayer graphene layers of a cylindrical
shape  with  an  internal  closed  cavity  with  a  diameter  of  up  to  30  nm and  a  wall  thickness  of  5-10
nm. The oxygen content in the sample decreased from 4 to 10 wt. % (XPS data), the graphene layers
were subjected to destruction, about 70% of the MWCNT tips opened up. The formation of carboxyl
groups was detected by FTIR spectroscopy by the appearance of a maximum >C=O at 1730 cm-1. The
hydrodynamic diameter of the rolled MWCNTs decreased to 50 nm according to the data of the DLS.
Oxidized  MWCNTs practically  did  not  precipitate  at  11000 g  for  1  h.  The  content  was  reduced  by
oxygen to 0.64 at. % in the recovery process, the reduction led to the stabilization of the MWCNTs in
the solution in  the form of  particles  with  dimensions  of  150 nm and a  small  amount  (up to  5%) of
micron-sized particles. Thus, modified CNs were obtained and their stable hydrosols were prepared
for further biomedical experiments.

The  work  was  supported  by  the  grant  of  the  President  of  the  Russian  Federation
MK-4306.2018.3.

References
Thakur V. K., Thakur M. K. (ed.). Chemical functionalization of carbon nanomaterials: Chemistry1.
and applications. CRC Press, (2015), 1102 p.
J. Muller, F. Huaux, A. Fonseca, J.B. Nagy, N. Moreau, M. Delos, E. Raymundo-Pinero, F. Beguin,2.
M. Kirsch-Volders, I. Fenoglio, B. Fubini, D. Lison. Structural defects play a major role in the
acute lung toxicity of multiwall carbon nanotubes: toxicological aspects. Chemical research in
toxicology (2008) 21(9), 1698.



214

Y-26
School for young scientists

 Using graphene like buffer layer for PA-MBE of III-nitrides on different
amorphous substrates

Borisenko D.P. 1 , Gusev A.S. 1 , Kargin N.I. 1 , Komissarov I.V. 1, 2 , Labunov V.A. 1, 2

DPBorisenko@mephi.ru
1 National Research Nuclear University MEPhI, Moscow, Russia
2 Belarusian State University of Informatics and Radioelectronics, Minsk, Belarus

III-nitride semiconductors and their alloys have attracted considerable attention because of their
outstanding  properties  leading  to  many  applications  for  light-emitting  diodes,  laser  diodes,
highfrequency and high-power transistors. Absolute majority of the GaN-based devises are fabricated
on single-crystal sapphire and SiC substrates because of their high crystallinity and lattice parameter
compatibility. The main drawback of these substrates - the high cost. Since graphene has a hexagonal
lattice, it can be considered as a 2D buffer layer for GaN and AlN epitaxy. Therefore, the purpose of
this work was to investigate the possibility of graphene using as a buffer layer for epitaxial growth of
III-nitrides  (GaN  and  AlN)  by  plasma-assisted  molecular  beam  epitaxy  (PA-MBE)  on  amorphous
substrates.

In this paper, the multilayer graphene films were grown by chemical vapor deposition on copper
using  methane  as  a  carbon  source  and  then  transferred  onto  the  surface  of  2-inch  Si  wafers  with
amorphous  dielectric  layers.  (Fig.  1).  Then  GaN  and  AlN  epilayers  were  grown  by  PA-MBE  using
Veeco GEN 930 setup. The growth of both AlN and GaN layers was started with a high temperature
(HT) nucleation of a 20 ÷ 30 nm-thick layer at Ts = 710˚C under nitrogen-rich mode (FAl/FN ≈ 0,6).
After that a 500 nm thick layer of GaN (or AlN) was grown under metal-rich conditions (FMe/FN > 1,5).
Formation  of  the  metal  microdroplets  under  these  conditions  was  avoided  by  using  Ga  (or  Al)  flux
interruptions with duration controlled by pyrometry. The nucleation and growth was also monitored in
situ by RHEED method.

In  the  final  step,  the  comparative  study  of  graphene coated  parts  of  the  wafers  and the  parts
without graphene was carried out by scanning electron microscopy (SEM) and high-resolution X-ray
diffractometry  (XRD)  including  XRD  pole  figures  method.  SEM  images  of  the  GaN  film  grown  on
graphene/dielectric substrate (Fig. 1, c) demonstrate a smooth surface morphology with relatively low
density of structural defects. At the same time, SEM image analysis shows that the GaN film on the
regions  of  the  substrate  without  graphene  has  polycrystalline  fine-grained  (200  ÷  300  nm)
morphology (Fig. 1, d).

As  a  conclusion:  it  was  shown  that  epitaxial  GaN  and  AlN  films  with  close  to  2D  surface
morphology can be obtained by PA-MBE on amorphous substrates with graphene buffer layer using
the HT AlN nucleation layer.

Fig.1. (a) The low-zoom SEM image of the graphene layer on the surface of 2-inch Si wafer before the MBE growth
process, (b) cross section scheme of experimental structure. SEM images: (c) - the surface of GaN film on graphene

coated part, (d) - the surface of GaN film on amorphous substrates
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Supercapacitors  are  electrochemical  energy  storage  devices  with  high  power,  charging-
discharging rate, low weight and durability. Charge accumulation in supercapacitors is accounted for
two processes:  double  electric  layer  formation at  electrode surface–electrolyte  interface,  and redox
(reduction – oxidation, so called Faraday) reactions proceeding. Carbon materials mainly accumulate
energy due to the double electric layer foundation. Thus, their advantages are large surface area, high
conductivity  and  cycling  stability.  Conducting  polymers  and  transition  metals  oxides  basically
accumulate energy through the Faraday reactions, they possess more capacities, but lower chemical
stability in comparison with carbon materials. Thus, derivatization of the composites that combine the
carbon  template  and  electrically  active  conducting  polymers  properties  has  shown  the  promising
applications in high-effective electrode supercapacitor materials production.

Reduced graphite  oxide  (RGO)  as  well  as  many other  graphene-like  materials  is  promising for
production and improvement of supercapacitors. RGO synthesis doesn’t require expensive equipment
and can be produced in industrial scale. Along with the easier producing it has such characteristics as
high specific area and good chemical stability. Polypyrrole is N-heterocyclic conducting polymer with
high specific capacity, good electrical and ion-conductivity and chemical stability.  

In our work, graphite oxide was synthesized by modified Hummers method as precursor for RGO
synthesis.  Then  RGO  was  synthesized  by  graphite  oxide  ultrasonication  in  sulfuric  acid  medium.
Further, RGO was thermally expanded at 250˚C and then thermally treated at 500˚C (RGO-500) for
the  selective  removal  of  the  oxygen-containing  groups.  The  nanocomposites  were  synthesized  by
RGO/polypyrrole co-deposition processes. Co-deposition was carried out in acetonitrile media by the
action of FeCl3.

To  study  the  morphology  and  functional  composition  of  obtained  products  SEM,  HR TEM,  IR-
spectroscopy and Raman spectroscopy methods were used. Cyclic voltammetry and electrochemical
impedance spectroscopy methods were used to investigate electrochemical behavior of the samples.

It was shown that RGO specific capacity increase after polypyrrole deposition, reaching 200 F/g.
Since the materials demonstrated high stability during the cycling process.

Fig. 1. Samples electrochemical characteristics in 1M H2SO4: (a) cyclic voltammograms at 20 mV/s; (b) specific
capacity in the range of 2-100 mV/s; (c) long-life cycling at 100 mV/s.
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Heteroatom doping of carbon nanotubes (CNTs) is of great interest both from the fundamental
point of view to study the effect of alloying impurities on quasi-one-dimensional electrical conductors,
and  for  applications  as  field  cathodes,  electrochemical  materials,  composites,  and  nanoelectronic
devices [1–4]. The first reports demonstrate that in phosphorus-doped CNTs, phosphorus atoms are
coordinated by three neighboring carbon atoms, but their content does not exceed 1%.

One of the most effective and simple methods of synthesis of filled single-wall carbon nanotubes
(SWCNTs) is ampoule method of synthesis. The filling was carried out in an H-shaped ampoule, in one
part of which phosphorus was placed, and in another – SWCNTs. By varying such parameters as the
ratio of reagents, synthesis time and synthesis temperature, we achieve 8 at. % of phosphorus content
according to XPS. Equally important is the cleaning as the initial SWCNTs and obtained samples. The
initial  sample  contains  entangled  nanotube  bundles  and  metallic  particles  of  catalyst.  To  remove
residual iron catalyst SWCNTs was stirred in acid in an ultrasonic bath. Acid treatment removes most
of the catalyst nanoparticles, however, the samples still contain some residual iron contaminations. To
increase  the  purity  of  SWCNTs,  we  used  the  magnetic  separation  method,  thereby  reducing  the
number of iron nanoparticles to 0.3%. During the synthesis, phosphorus enters into the cavity of the
nanotube,  but  significant  part  of  phosphorus  settles  on  the  surface  of  the  nanotube.  To  remove
phosphorus from the surface of the nanotube we used 10 wt. % solution of NaOH and mix it at 60°С.
Additional ultrasonic treatment helps to increase the content of phosphorus. Using this method, we
able to achieve the phosphorus content 15 at. % according to XPS, while before it was 8 at. %.
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Bis(toluene)chromium  reacts  with  1-((2-((2-methoxyphenoxy)methoxy)phenoxy)methyl)-1,2-
dihydrofullerene  (1a),  in  toluene  at  293  K  to  form  salts  bis(toluene)chromium  1-((2-((2-
methoxyphenoxy)methoxy)phenoxy)methyl)-1-hydrofulleride  (2a),  Fulleride  2a  is  stable  at  323K.
Fulleride  2a  is  insoluble  in  hexane,  sparingly  soluble  in  PhMe,  soluble  in  THF.  NIR  spectrum  of
fulleride 2a in THF at 290 K indicates absorption bands in 985 -997 and 645 - 655 nm range typical
for  anions  [1a-H]-.  Fullerene  1a  was  obtained  by  irradiation  of  fullerene  С60,  bis(2-
methoxyphenoxy)methane and benzophenone in o-dichlorobenzene solution with 1:41:132 molar ratio
and 2.8  mg/ml  C60  concentration using luminescent  UV lamp 370 nm 10x10w in  an evacuated and
sealed pyrex ampoule at 313 – 323 K for 450 minutes. After solvent evaporation in vacuo, fullerene 1a
was extracted with CHCl3, dried in vacuo, washed by hexane and acetone. Column chromatography
over  silica  gel  with  toluene as  eluent  gave first  unreacted [60]fullerene,  some impurities  and then,
fullerene  1a  as  amorphous  brown  solid.  Fullerene  1a is  insoluble  in  hexane,  soluble  in  CHCl3  and
THF.  The  UV/vis  spectrum  of  1a  in  decaline  at  290  K  show  absorption  bands  typical  for  1,2
[60]fullerene derivatives.  All  reactions were carried out under an inert atmosphere.   The work was
performed  using  the  instrumental  base  of  the  Analytical  Center  of  the  G.A.  Razuvaev  Institute  of
Organometallic Chemistry, Russian Academy of Sciences and in the framework of the Russian state
assignment.
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Nowadays,  a  large  variety  of  methods  for  preparation  of  nanomaterials  are  described  in  scientific
literature. Top-down  processes, such as liquid phase exfoliation, ablation, etc., as well as bottom-up
processes,  e.g.  CVD,  wet  chemical  synthesis,  etc.,  are  most  widely  used.  This  work  reports  the
development  of  the  relatively  less  studied  method  of  bottom-up  nanomaterials  synthesis,  namely,
decomposition  of  gaseous  precursors  in  a  flow-type  chemical  compression  reactor  (CCR).  This
approach of nanopowder production is efficient, relatively low-cost and large-scale.
CCR  is  a  cyclic  heat  engine  in  which  the  reaction  mixture  is  compressed  with  a  pair  of  "piston-
cylinder" to the temperature and pressure necessary for the rapid course of a chemical reaction. The
developed  reactor  can  be  used  for  decomposition  of  the  starting  gaseous  compounds  of  different
nature. Here, we report the results of decomposition of carbon-containing (acetylene, ethylene) and
silicon-containing  (monosilane)  precursors,  as  well  as  mixtures  of  both  carbon  and  silicon
precursors.  Depending on the starting compounds, initial  loadings, carrier gas, and pressure in the
reactor, samples of different structure and chemical composition can be obtained.
The  synthetic  conditions  were  optimized,  and  the  resulting  products  were  investigated  by  a  set  of
physicochemical methods, such as X-ray diffraction, high-resolution transmission electron microscopy,
Raman spectroscopy,  thermogravimetric  analysis,  etc.  All  samples  prepared are  well-dispersed and
may  consist  of  different  phases.  If  carbon-  or  silicon-based  precursors  were  used,  the  samples  of
nanostructured  C  and  Si,  respectively,  were  obtained.  But  the  most  interesting  results  may  be
achieved  when  the  mixture  of  two  precursors  was  used.  This  approach  leads  to  the  formation  of
binary  phase,  namely,  SiC,  that  is  of  great  practical  interest  due  to  its  useful  electrophysical
properties. Since a limited number of experimental techniques are known for Si or SiC nanoparticle
preparation, the presented approach applying the CCR is novel and very promising.
All  samples  prepared  (C,  Si,  SiC,  and  heterogeneous  mixtures)  are  nanostructured  powders,
therefore, we investigate their ability to form stable colloidal dispersions in polar liquid media under
ultrasonic  treatment.  A  wide  range  of  organic  solvents  were  tested.  The  properties  of  colloidal
dispersions  were  studied  by  UV-vis  spectra,  dynamic  light  scattering,  etc.  The  prepared  colloidal
dispersions can be used as inks for 2D printing and as precursors for preparation of thin films and
composite materials of different structures.
This work was supported by Russian Science Foundation (project 19-13-00067).
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In  recent  decades,  the  task  of  introducing  more  environmentally  friendly  and  cost-effective
technologies  stands  in  the  priority  areas  of  the  industry.  Acetic  acid  is  one  of  the  most  important
products of commercial organic synthesis. More than half of all acetic acid produced in the world is
spent on the manufacture of polymers which are cellulose and vinyl acetate derivatives. Pervaporation
is an effective method for obtaining dehydrated acetic acid. The transport properties of membranes
based  on  polyphenylene  oxide  (PPO)  modified  with  regular  star-shaped  macromolecules  (up  to  5
wt.%)  containing  polar  and  non-polar  arms  (polystyrene  (PS)  and  poly-2-vinylpyridine  (P2VP))  on  a
fullerene core were studied during pervaporation separation of acetic acid -water mixtures in a wide
range of water concentrations (30–90 wt.%.)

Fig.1. Dependences of separation factor on water concentration in the feed for pervaporation of
water ‒ acetic acid mixture (a), cross section σ(q) vs momentum transfer q  for swollen membranes
(b).

Sorption  experiments  were  made  for  mass  transfer  investigation.  Via  pervaporation  of  binary
mixture water-acetic acid the transport properties of the membranes were studied. SEM microscopy
was  employed  for  morphology  characterization.  TG  and  DSC  were  used  for  thermal  stability
estimation.  It  has  been  established  that  the  total  flux  through  the  membrane  increases  with  an
increase in both the content of stars in the membrane and the concentration of water in the initial
mixture. The separation coefficient reaches a maximum value when using a membrane containing 5
wt.% star-shaped modifiers. Membranes in the dry and swollen state in deuterated acetic acid were
studied by small-angle neutron scattering. It has been established that star-shaped macromolecules
are  unevenly  distributed  in  the  matrix  volume  and  aggregated  in  the  form  of  supramolecular
structures.  Such  structure  creates  additional  free  volume  and  thus  contribute  to  the  formation  of
diffusion channels, which affects the transport properties of pervaporation membranes.
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Graphite oxide (GO) is a hydrophilous graphite derivative with covalent banded oxygen functional
groups [1]. GO has potential applications in several fields such as electronics [2], biosensors [3] and
filtration of water [4]. Investigation of GO’s dielectric properties allows GO to be widely applicable.  

In  the  study  we  researched  temperature  dependence  of  GO’s  dielectric  constant  within  the
temperature range from 25°С to 150°С and the frequency range from 1 Hz to 7 MHz. The dielectric
properties  of  GO  synthesized  by  modified  the  Hummers  method  and  the  Brodie  method  were
compared.  Impedance  spectroscopy  with  the  method  of  parallel  plates  was  applied  for  the
measurements.  The  measuring  cell  (Fig.  1)  for  solid  samples  as  well  powders  was  designed.  To
precise  the  results  the  parasitic  capacitance  was  calculated  by  determination  of  the  empty  cell’s
capacitance with the distance between electrodes equal to the cell with a sample and was subtracted
from the capacitance of the sample.

It was observer that intercalated water molecules influence dielectric constant of GO synthesized
by  the  Hummers  method  at  water's  phase  transition  temperature  (T  =  100°С).  Despite  that  GO
synthesized by the Brodie method has not the similar feature.  The difference was explained by the
existence of several interplanar water layers in GO synthesized by the Hummers method.

Fig. 1. Scheme of experimental assembly for heating.
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Spherical particles with a large interplanar distance have a perspective as an anode material for
sodium- and potassium-ion batteries. Replacement of lithium by sodium is expected to reduce the cost
of the batteries. Carbon doping by phosphorus allows increasing the capacity of the anode material.
Hot  pressing  allows  graphitizing  nanodiamond  particles  with  the  production  of  onion-like  carbon.
Compression  of  the  particles  in  the  presence  of  the  decomposition  products  of  P-containing
compounds enables to promote interaction of released phosphorus atoms with defects and edges of
graphene-like layers with the formation of P–C bonds [1].

In this work, the syntheses were carried out as follows. Nanodiamonds (NDs) were suspended in
ethanol  by ultrasound treatment.  For  phosphorous doping,  triphenylphosphine (PPh3)  was added in
the  suspension.  Then,  the  powder  mixture  ND/PPh3  was  pressured  at  100  bar  and  heated  at  a
temperature  varied  from  1000  and  1500  °C.  Characterization  of  the  products  by  Raman  and  XPS
spectroscopy showed graphitization of NDs at the temperature higher 1000 °C. The electrochemical
properties of the materials were examined during the cycling of sodium half-cells and by the method
of electrochemical impedance spectroscopy.

 
The work was conducted with financial support from the Russian Foundation for Basic Research

(Grant 19-53-53020).
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Encapsulation  of  sulfur  inside  single-walled  carbon  nanotubes  (SWCNT)  could  result  in  new
physical properties of nanotubes due to changes in the electronic structure and chemical activity of
the material.

Ampoule  synthesis  is  the  most  effective  and  simple  method  for  filling  of  SWCNTs  due  to  its
simplicity and wide range of compounds, which could be tried for encapsulation. In this work we used
SWCNT (TUBALLTM) provided by OCSiAl company. The average tube diameter was 1.7 – 1.9 nm. In
order  to  open  carbon  «caps»,  SWCNTs  were  annealed  at  500  °C  in  open  air.  To  remove  residual
catalyst, a portion of initial SWCNTs was stirred in HCl acid, followed by washing with distilled water
to the neutral pH and drying in muffle furnace. Before filling, nanotube powder with elemental sulfur
was  ground  in  an  agate  mortar.  The  resulting  mixture  was  poured  into  a  quartz  ampoule.  The
ampoule was sealed in vacuum. Filling of SWCNT was carried out at 700 °C for 15 hours. To remove
the sulfure attached to the nanotube surface the as-obtained samples were treated with toluene.The
structure of the initial and sulfur-filled SWCNTs was characterized by scanning electron microscopy,
optical,  Raman  and  X-ray  photoelectron  spectroscopies.  The  electrochemical  and  gas  sensing
properties of the SWCNT were measured.
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The cost of  graphene production significantly reduces when using ethanol as a carbon source.
Ethanol  might  be  obtained  from  fermentation  of  agricultural  industries.  The  process  provides  an
additional benefit due to revalorization of wastes in the graphene production. The method is known of
the  graphene  flakes  fabrication  via  the  ethanol  decomposition  by  means  of  the  thermal  plasma  jet
system  [1].  The  carbon  atomic  beam  is  generated  by  continuous  ethanol  injection  into  the  argon
plasma; the beam then flows through the carbon tube attached to the anode. Graphene is made by
epitaxial growth where the proper energy carbon atomic beam collides with the graphite plate.

We develope a new method for the free-standing graphene synthesis. The essence of the method
is in the continuous supply of the argon- or nitrogen-ethanol mixture into the direct-current plasma
torch  with  the  subsequent  strong  cooling  of  the  obtained  vapor-gas  stream.  The  advantage  of  the
method consists in its simplicity, since it does not require the prior conversion of the liquid alcohol
into the gaseous state. This technique provides high-quality powder graphene within just single step,
using neither metal catalysts nor specific substrate. We characterized synthesized graphene flakes by
means of scanning electron microscopy, simultaneous thermal analysis, and X-ray analysis. We found
that the sort of the plasma-forming gas affects the morphology of the final product (Figure ) and its
thermal stability. When using argon in the synthesis of graphene, the lateral size of the flakes is within
the range of 300–500 nm (Figure (a)). When alcohol is added to nitrogen, the lateral size of the flakes
reaches  up  to  1  µm,  but  the  size  dispersion  becomes  significant  (Figure  (b)).  When  heating  the
samples  synthesized  in  the  argon  plasma,  their  mass  losses,  within  the  temperature  range  of
300–1300 K, are not more than 5 wt.%. Graphene produced in the nitrogen plasma is less thermally
stable.

Thus, this work demonstrates the features of plasma technology as the low cost, efficient, clean
and environmentally friendly route for the high-quality graphene production.

The work is supported by the Russian Foundation for Basic Research, projects nos. 18-08-00040,
19-08-00081, 18-08-00306.

Fig. (a) SEM- image of synthesized graphene graphene in the argon plasma jet, 350 Topp. (b) SEM- image of
synthesized graphene graphene in the nitrogen plasma jet, 150 Topp.
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     Graphite oxide is a non-stoichiometric derivative of graphite prepared by oxidation of pure
graphite  in  acidic  conditions.  It  is  known that  graphite  oxide  has  a  central  EPR signal  and  pair  of
partially  resolved  small  satellites,  which  can  be  observed  depending  on  conditions  of  spectra
recording and sample preparation. There is a widespread supposition that signals in EPR spectra of
graphite  oxide  correspond  to  localized  paramagnetic  centers  in  graphite  oxide  structure  and  the
satellites  are  the  result  of  hyperfine  interaction  of  electron  spin  with  hydrogen  nucleus.  However,
nature of  paramagnetic centers in graphite oxide has not been studied sufficiently.  The aim of  this
contribution is experimental EPR examination of graphite oxide and quantum-chemical determination
of structures conforming to the experimental data.

      In our work, the Brodie-type graphite oxide (B-GO) was studied. The samples were degassed
in  vacuo  (5·10-3  torr).  X-band  (3  cm)  and  Q-band  (8  mm)  EPR spectra  were  recorded.  Orca  (3.0.3)
program package was used for quantum-chemical calculations by DFT method.

      In our experiments, the EPR spectra of B-GO had an intensive central signal (g=2.0030) and
contained satellites with distance of ~10.2 G. It was found that in course of isotopic exchange (H/D),
the satellites  vanish and the deuterium hyperfine structure appears.  This  experiment confirms that
the satellites are the result of electron spin coupling with hydrogen. On the other hand, the distance
between  satellites  in  the  EPR  spectra  recorded  in  Q-band  was  found  to  be  37  G.  This  kind  of
observation is known to be typical to forbidden electron spin transitions accompanied by nuclear spin
flips  of  the  hydrogen.  The  observed  distances  between  satellite  signals  in  X-band  and  Q-band  EPR
spectra are in excellent agreement with calculated for these forbidden transitions.

      Numerical simulations of experimental spectra were performed for determination of magnetic
parameters  of  paramagnetic  centers  in  B-GO.  The  simulations  show that  the  EPR spectra  of  B-GO
sample  can  be  described  as  a  sum  of  central  signal  and  signal  with  hyperfine  splitting  with  axial
tensor  of  hyperfine  constants.  Determination  of  the  structures  demonstrating  the  experimentally
observed  chemical  properties  and  magnetic  parameters  was  performed  by  DFT  calculations.  A
number  of  oxygen-centered  paramagnetic  centers  with  nearby  allocated  proton  are  proposed  as
potential structures responsible for EPR spectra of graphite oxide.

 
This work was supported by the Russian Foundation for Basic Research (grant 18-29-19120).
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One of the new and quite popular scientific areas is the production of composite materials based
on graphene aerogels with a three-dimensional electrically conductive structure, high specific surface
and porosity. Materials based on aerogels have relatively high target characteristics, but the authors
point out the need for their improvement, which is associated with the fragility of graphene aerogels
and  materials  based  on  them,  as  well  as  the  need  to  modify  the  surface  to  control  porosity.  The
problem  of  obtaining  highly  filled  polymer  composites  combining  high  electrical  conductivity,  the
required  porosity  and  mechanical  properties  is  currently  under  development,  and  the  available
literature  data  show the  promise  and  relevance  of  the  study  of  new approaches  to  the  creation  of
electrode materials based on 2D carbon nanostructures.

The task set in the project is inverse to the traditional problem of nanocomposites synthesis - the
development  of  methods  for  producing  highly  filled  composites  based  on  2D  nanoparticles  with  a
specific architecture. The functional requirements for such materials are the stability of the shape and
mechanical  properties,  the  preservation  of  the  nanoscale  2D  filler  structure,  high  electrical
conductivity and porosity of the composite.

For the first time in world practice, polymerization of ultra-high molecular weight polyethylene
on the surface of graphene particles (reduced graphene oxide) has been carried out. Aerogels were
synthesized with a polyethylene content of 7, 20, 50, 80, and 93.5 wt. %. It is shown that the “in-situ”
polymerization of ethylene on the surface of graphene aerogel significantly decreases the electrical
conductivity of the composite and its specific surface even with an insignificant (about 7%) polymer
content.  However,  at  high  PE  contents  (more  than  20%),  the  composite  material  has  plasticity,
exhibits  hydrophobic  properties,  and  ultra-high  filling  (93.5%)  results  in  a  material  with
superhydrophobic properties.

The study was carried out by a grant from the Russian Foundation of Basic Research (Project No.
16-29-06440 ofi_m).
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Carbon  nanomaterials,  in  particular,  graphene  nanoplatelets  (GNP)  are  actively  used  by
researchers  as  an  additive  in  composite  materials  (CM)  because  of  their  high  characteristics,  for
example,  high  thermal  conductivity  and  strength.  Therefore,  researchers  around  the  world  are
studying the effects of carbon nanomaterials as an additive in CM. However, due to the imperfection
of  the methods of  synthesizing GNP,  their  cost  price remains extremely high,  which hampers their
introduction into the real industry.

The  purpose  of  this  work  was  to  study  the  mechanical  and  thermophysical  properties  of  CM
aluminum-GNP  composition  depending  on  the  GNP  concentration  obtained  by  the  method  of
selfpropagating  high-temperature  synthesis  (SHS).  Cellulose  was  used  as  the  starting  material  for
GNP. The starting material used was an aluminum powder, grade PA-4, which was mixed with 0.5–5
wt. % GNP by ultrasound treatment. This method allowed us to obtain a uniform distribution of GNP
in the aluminum matrix. After mixing, the mixture of aluminum powder with GNP was sintered at high
pressure and temperature.

It  was  found  that  the  addition  of  GNP  improves  the  mechanical  and  thermal  properties  of
aluminum.
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Graphene is a 2D-structural nanomaterial, that was discovered in the last decade and became an
object  of  great  interest.  Graphene-like materials  can be obtained by chemical  reduction or  thermal
exposure on its main precursor – graphene oxide (GO). But the product received with such methods
has  numerous  disadvantages  because  of  defects  occurring  due  the  oxidation  process.  These
deficiencies can be partially fixed by combining graphene-like particles with different materials. For
example,  modification  of  the  GO  surface  with  alkylamines  improve  its  dispersibility  in  organic
solvents [1]. Besides, since polymers are situated between GO layers, they prevent a sheet stacking. 

In this work we study influence of the polymers with different types of binding with GO surface
on the surface area of the obtained material. As a polymer component we used sodium polystyrene
sulfonate (PSS), polyvinyl alcohol (PVA) and polyethyleneimine (PEI). All of them are soluble in water
and can increase dispersibility of final product in water. PEI allows to insert additional components
because of covalent binding with the GO surface and branched structure. Besides, polymer additives
are capable to improve mechanical properties of obtaining aerogels. Also, graphene materials were
modified  with  electroconductive  additives,  such  as  conductive  carbon black  and carbon nanotubes,
with and without PEI. We studied influence of amounts of the additives on the surface area, electrical
conductivity and structure of the obtained materials. 

The study was carried out by a grant from the Russian Foundation of Basic Research (Project No.
16-29-06440 ofi_m). 
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experimental data on the graphene resistance
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We consider a problem of obtaining information about the scattering potentials of the monolayer
graphene sample using available experimental data on its resistance. We have in mind a development
of the study describing super-high mobility electrons in suspended samples without chemical doping
[1].  As  far  as  practical  absence  of  the  doping  impurities  in  this  case  makes  Coulomb  scattering
negligible,  we  consider  models  of  the  short-range  scattering  potentials.  The  model  of  short-range
potential is assumed to be supported by the close vicinity of the ring or the circumference of a circle.
The diameter of circles is supposed to be of the order of the crystal lattice spacing. The empty core of
the  model  potential  guarantees  the  suppression  of  nonphysical  shortwave  modes.  Two  models  are
investigated:  the  delta  function  on  the  circumference  of  a  circle  and  the  annual  well  [2-4].  An
advantage of the former is simplicity, while a virtue of the latter is regularity. We consider scattering
of electrons by these potentials and obtain exact explicit  formulae for the scattering data.  We here
discuss  application  of  these  formulae  for  calculation  of  observables.  Namely,  we  analyze  the
contribution of this scattering into the graphene resistance and plot the resistivity as a function of the
Fermi  energy  according  to  our  theoretical  formulae.  The  obtained  results  are  consistent  with
experiment  [1],  where  the  resistance  was  measured  as  a  function  of  the  Fermi  momentum on  the
suspended  annealed  graphene.  This  fact  gives  a  possibility  to  find  parameters  of  the  modeled
potential  on  the  base  of  the  available  experimental  data  on  resistance  of  the  suspended  graphene
sample  with  the  gate  voltage  controlled  Fermi  level  position.  It  is  clear  to  be  very  important  for
applications.
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Among the most important trends in device development the creation of flexible devices is on top
in 2019. In particular, it is important to develop not only smartphones but set of different sensors that
is main paradigm of the 5G networks and IoT. Taking into account that personal healthcare is one of
another largest trends it’s important to design sensors for such monitoring, especially biosensors for
different pathogen detection.
To provide flexibility and acceptable price it’s important to use such new and promising material as
graphene oxide and its  derivatives [1].  Among advantages of  graphene oxide are easily processing,
relative cheapness and presence of functional groups on the basal plane [2]. The last fact provides us
to  form  transducer  film  that  can  be  both  sensitive  and  transmitting  layer.  In  this  study,  the
peculiarities  of  the  aptamers  interaction  with  the  surface  of  reduced  graphene  oxide  on  flexible
substrate were investigated.
Graphene oxide films with different reduction level (reduced with laser fluence range from 15 to 59.4
J/cm2), were used for further immobilization of aptamers. The study of the binding of aptamers with
graphene oxide films showed that successful conjugation requires the addition of organic solvent to
the reaction mixture, carrying out the reaction with ethanol improves the quality of immobilization.
It is shown that the optimal degree of graphene oxide reduction is achieved with the fluence in the
range  of  15-20  J/cm2,  that  ensures  both  sufficient  conductivity  and  best  conjugation  rate  due  the
presence of functional groups.
Thus, the possibility of aptamer based transducer layer formation was shown. Moreover it was shown
possibility of control of the aptamers binding degree of to the graphene oxide surface by changing the
reduction parameters.
This work is financially supported by the Ministry of the Higher Education and Science of the Russian
Federation grant No. 14.574.21.0182 (unique ID: RFMEFI57417X0182).

Dependence of carboxyl groups content and oxygen content on fluence parameter of laser reduced graphene oxide
samples.
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Twisted  bilayer  graphene  attracts  a  lot  of  attention  due  to  its  angle  dependent  intriguing
electronic  and  optical  properties,  such  as  new  Van  Hove  singularities  in  the  low-energy  electronic
density of states [1] and strong Raman G band enhancement [2, 3] at specific angles.

Transferred  onto  oxidized  silicon  substrate  monolayer  graphene  from  Graphene  Supermarket
was used to obtain folded twisted bilayer graphene. The graphene was scratched with a steel needle
to make folded twisted graphene.

The Raman spectroscopy was used for characterization of the graphene. Micro Raman spectra
were  collected  in  ambient  air  and  at  room  temperature  with  the  SENTERRA  Bruker  Raman
microscope at the laser wavelength 532 and 488 nm. A 50x objective lens was used to focus the laser
beam to about 1.5 mm spot on the surface of the graphene and to collect the backscattered Raman
signal.

G band intensity depending on twisted angle was investigated. A substantial resonance of the G
band was found at a twist angle of about 12°. The intensity of the peak G in twisted bilayer graphene
was about 30 times higher than the intensity of the peak G in monolayer graphene. In the spectral
range of the breathing ZO’ modes, a relatively intense band is observed at 95-120 cm-1. Corresponding
frequencies evidently characterize the fundamental breathing movements between graphene layers,
as described for the exfoliated graphene earlier [4].

 
O.V.K. gratefully acknowledge the financial support of the Russian Foundation for Basic Research

(Grant No. 16-29-06306).
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Currently,  researchers  are  greatly  interested  in  the  choice  of  material  for  the  detection  of
impurities. This is due to the large number of possible applications of such sensors in various spheres
of  human  activity.  Thus,  the  works  [1,  2]  are  devoted  to  the  development  of  sensors  based  on
graphene, silicene [3], and germanene [4]. The last two of the mentioned structures are relatives of
graphene, but they have much greater spin-orbit interaction: for silicon – it is 1000 times larger than
for graphene, for germanene – it is 10,000 times larger than for graphene.

In this work, we compare two materials (graphene and germanene) in terms of their sensitivity to
adsorbed gas molecules.  Typically,  sensory properties are investigated within the framework of the
density  functional  theory.  We  use  a  different  approach,  which  is  based  on  the  investigation  of  the
tunneling  current  flowing  in  the  contact  of  the  material  with  a  metal  or  superlattice.  The  main
advantage  of  the  proposed  approach  is  the  choice  of  material  for  contact,  which  can  significantly
affect  the current-voltage characteristic  of  the system and improve its  response to the existing gas
molecules.

A comparison of the tunneling current for the germanene/graphene contact with superlattice is
presented in Fig. 1.

This  work  was  supported  by  Russian  Foundation  for  Basic  Research  and  the  government  of
Volgograd  region,  grant  №  18-42-343002  and  the  state  assignment  of  the  Ministry  of  Science  and
Higher Education of the Russian Federation (government task No. 2.852.2017/4.6).

Fig.1. Dependence of the tunneling current density (contact with superlattice) versus the voltage in the case of the
one impurity molecule: (a) germanene; (b) graphene.
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Graphene  being  a  nonmagnetic  material  with  a  weak  spin−orbit  coupling  (SOC)  can  be
considered as  a  spin  transmission element  of  spintronics,  e.g.  in  a  graphene-based spin  field-effect
transistor  or  spin  valve1,2.  Additional  applications  of  graphene  in  spintronics  may  appear  if  one
changes  its  properties.  Enhancement  of  SOC in  graphene  would  enable  the  efficient  generation  of
pure spin currents based on the spin Hall  effect  and its  quantized version.  Strong enhancement of
SOC has also been observed for Pb-intercalated graphene on Ir(111)3 and Pt(111)4, respectively, both
cases pointing toward the quantum-spin-Hall-like  state  in  the carbon honeycomb.  A combination of
strong  spin-orbit  coupling  (SOC)  and  robust  magnetism  could  provide  a  playground  for  the
observation  of  the  quantum  anomalous  Hall  effect  (QAHE)5,6.  The  direct  contact  of  graphene  with
magnetic  metals,  like  Fe,  Co or  Ni,  leads to  destruction of  the Dirac cone in  graphene’s  electronic
structure due to the appearance of hybridization and symmetry-breaking gaps. Thus, special attention
should  be  paid  to  maintaining  intrinsic  features  of  graphene,  namely,  a  linear  dispersion  of  the
electronic bands close to the Fermi level and ultrahigh carrier mobility.

In  the  present  talk  induced  spin-orbit  and  exchange  coupling  in  graphene  under  contact  with
heavy (Au, Pt) and magnetic (Ni, Co, Gd) metals will be addressed. The induced contributions of the
intrinsic  (internal)  and extrinsic  (Rashba-like)  SOC realized in the studied systems will  be analyzed
and  estimated.  The  experimental  investigation  of  spin  and  electronic  structure  was  carried  out  by
spin-  and angle-resolved photoemission (SARPES) and crystalline structure -  by  scanning tunneling
microscopy  (STM)  and  low  energy  electron  diffraction  (LEED).  It  will  be  shown  that  a  quasi-
freestanding  character,  strong  exchange  splitting  and  giant  spin-orbit  coupling  are  perfectly
achievable  in  graphene  at  once.  SARPES  data  reveal  a  giant  splitting  (up  to  0.2  eV)  and  the
appearance of an asymmetric spin structure due to the time reversal symmetry breaking in the system
Gr/Au/Co(0001).  STM  data  and  DFT  calculations  suggest  that  the  peculiar  reconstruction  of  the
Au/Co(0001) interface is  responsible for the exchange field transfer to graphene. The realization of
this “magneto-spin−orbit” version of graphene opens new frontiers for both applied and fundamental
studies using its unusual electronic band structure.
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Adsorption of rare earth atoms and clusters is an interesting challenge to grow uniform magnetic
metal films for use as a part of spin valves or to grow high density of thermally stable magnetic islands
for  information  storage1-3.  The  use  of  4f  rare  earth  atoms instead  of  3d  transition  metal  atoms has
advantage to obtain magnetically stable bits: (i) 4f atoms with larger spin and orbital momenta show
larger magnetic anisotropy energy per atom than 3d atoms, (ii) the strong localization of the 4f states
leads  to  less  hybridization  with  the  surface,  which  could  increase  the  lifetimes  of  the  spin  states1.
However, magnetic properties of 4f rare earth atoms and clusters on surfaces were not thoroughly
studied. Recently, adsorption and intercalation under graphene of rare earth atoms was investigated2,3

but  investigation  of  graphene’s  band  structure  by  angle-resolved  photoemission  (ARPES)  remained
out of scope of the studies. The effective way to modify the electronic structure and to shift the Dirac
point  can  be  adsorption  of  Gd  adatoms  atop  of  graphene.  Among  possible  adsorbates,  rare  earth
metals  and  Gd  in  particular  are  interesting  and  unexplored  candidates.  According  to  Ref.  [4]
adsorption  of   Gd  on  top  of  graphene  on  different  metal  substrates  leads  to  strong  n-doping  of
graphene without modification of the Dirac cone dispersion at the K point in opposite to the case of
adsorption of alkali metals followed by their intercalation underneath a graphene with the Dirac point
gap opening already at room temperature.

The aim of this work was to study electron energy structure of graphene/Pt(111) upon adsorption
and  intercalation  of  Gd  atoms.  A  shift  of  the  Dirac  point  in  graphene  below  the  Fermi  level  by
deposition of Gd atoms with detailed study of the electronic structure of the graphene π states will be
shown.   Scanning  tunneling  microscopy  (STM)  and  X-ray  photoelectron  spectroscopy   (XPS)  data
suggest intercalation of Gd and formation of PtxGd alloy under graphene after annealing of the system
at  1080˚C.  PtxGd  alloy  formation  on  Pt(111)  surface  was  observed  earlier  in  Ref.[5].   Global  gap
opening at the Dirac point of  graphene was measured by ARPES after intercalation of  Gd at lower
temperatures that possibly connected with corrugation and AB symmetry breaking. High temperature
annealing  allows  us  formation  of  quasi-freestanding  graphene  with  atomically  flat  terraces.  It  was
proved that graphene was situated on monolayer of Pt for this case.
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Graphite exfoliation in a liquid phase is the main approach used currently for mass production of
graphene.  Among  the  methods  used  for  liquid-phase  graphite  exfoliation,  ultrasound  processing
(sonication) in different solvents is the most popular [1]. The popularity of sonication is due to its low
cost,  scalability,  versatility and ability to produce single layer,  a few layer and multilayer graphene
sheets or graphite nanoplatelets. Here, the defects produced during ultrasound processing in graphite
nanoplatelets  with thickness from a few to a few tens of  nanometers were studied [2].  It  has been
shown that due to strong localized energetic impacts produced by cavitation shock waves in graphite,
bulk ripplocations can be developed inside the samples eventually resulting in formation of large-scale
ripples, fracture of layers and formation of multiple localized defects like dislocations. Formation of
ripples is more pronounced in large aspect (length/width) ratio platelets or nanobelts that behave as
vibrating strings after the energetic impact by shock waves. The height of ripples in some nanobelt
samples reached 100 nm evidencing the extremely high intensity of the ripplocation process and high
energy  deposited  in  samples  by  shock  waves.  Further,  the  samples  were  thermally  treated  at
temperatures up to 2950 C in inert atmosphere. As confirmed by results of XRD (X-ray diffraction),
TEM  (transmission  electron  microscopy)  and  confocal  Raman  techniques,  fast  high-temperature
processing successfully anneals most of defects produced by sonication in the nanoplatelets. This is
consistent with our observations that the defects associated with ripplocations are strongly localized
and thus can be fast  annealed.  The phenomena observed here for thin graphite samples should be
valid also for other layered materials processed in liquid phase for exfoliation.
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The analysis of scientific works in the field of synthesis of nanostructured composite materials for
sorption purification of aqueous media shows that carbon nanomaterials are much more efficient than
currently used commercially available sorbents. Besides, they are non-toxic and thermally stable [1].
The prospect of using nanostructured materials in sorption-desorption cycles is substantiated by their
unique physical-chemical characteristics determining the performance properties of modern sorbents:
specific surface area, presence of chemically active sites, and high potential affinity for components
being recovered [2-3].

Functional  polymer  compounds  are  increasingly  being  used  as  modifying  additives  to  carbon
matrices [4]. The main requirements for such materials are as follows: chemical and thermal stability,
and ability to ion exchange, complexation and redox reactions for selective extraction of contaminants
from aqueous media.

The authors  have  developed a  method for  synthesizing  an  innovative  nanocomposite  based on
1,4-benzoquinone-modified  graphene  oxide.  The  product  obtained  is  technically  called
“polyhydroquinone/graphene oxide” (PHQ/GO).

Technological  parameters  of  the  production  of  this  nanocomposite  were  comprehensively
studied. Quantitative dependences of the effect of the ratio of the initial components participating in
the  synthesis  on  the  degree  of  GO surface  modification  were  revealed.  It  was  established  that  the
amount  of  the  modifier  grafted  nonlinearly  depends  on  the  weight  of  the  initial  monomer.  This  is
presumably due to concurrent occurrence of several chemical reactions during the 1,4-benzoquinone
polymerization.  The  physical-chemical  characteristics  of  the  material  synthesized  were  investigated
implementing  the  following  techniques:  scanning  electron  microscopy/energy  dispersive  X-ray
spectroscopy, Raman spectroscopy, and thermogravimetry/differential scanning calorimetry.

The  results  of  studying  the  structural,  physical-chemical  and  operational  properties  of  the
nanostructured composite developed suggest that this material can be used as an efficient universal
sorbent for the purification of aqueous media from different contaminants.
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Currently,  much  attention  is  being  paid  to  research  in  the  field  of  graphene  structures  and
functional  materials,  which  are  based  on  studying  graphene  and  its  modified  forms.  This  is  due  to
their  unique  physical-chemical  characteristics  such  as  high  electrical  and  thermal  conductivity,
mechanical strength, thermal stability, etc. The works of many research teams convincingly prove the
promising use of graphene-based composites as efficient sorption materials [1-2].

Considering  the  aforementioned,  the  present  research  is  aimed  at  developing  an  effective
graphene  sorbent  for  liquid-phase  sorption  of  organic  pollutants  from aquatic  media.  The  material
synthesized  in  accordance  with  the  method  proposed  represents  a  nanostructured  composite
possessing hydrogel properties: structured three-dimensional carbon skeleton surface-modified with
iron  nanoparticles  (i.e.,  graphene  oxide  (GO)/Fe-H2O).  Within  the  framework  of  the  research  being
implemented, the following characteristics of this material were determined: density, specific surface
area, porous space parameters. Moreover, the proportion of dry matter in the hydrogel was revealed
(by drying to a constant weight at a given temperature (110 °C), the powdery form (GO/Fe-110) of the
composite was obtained). Besides, the airgel (GO/Fe-250) of the composite developed was formed, for
which the hydrogel synthesized was subjected to hydrothermal drying in isopropanol for 6 h under
supercritical conditions, thereby making it possible to get the material with the original volume and
porous space structure remained [3].

The sorption capacity of the nanostructured composite, present in various forms (hydrogel and
airgel), was estimated for the removal of the model synthetic organic dye, methylene blue, used as a
target  pollutant.  Sorption  experiments  were  carried  out  under  static  conditions  ("limited  volume"
method). The following sorption parameters were determined: maximum recovery rate in the selected
concentration  range,  sorption  activity  of  the  material,  and  kinetic  characteristics  of  the  target
pollutant.

The results of the studies showed that the maximum sorption capacity values obtained under the
static conditions for the studied materials are ~2,500, ~1,500 and ~ 2,300 mg/g for the GO/Fe-H2O,
GO/Fe-110 and GO/Fe-250, respectively. Besides, the high rate of the process of the target pollutant
removal from the aquatic media is a distinctive feature of the composites developed herein.
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Mogera  et  al  recently  reported  on  the  synthesis  of  twisted  multilayer  graphene  grown  by
modified CVD technique [1-3].  The twisted multilayer  graphene posses  attractive  properties  due to
high degree of decoupling arising from interlayer twists. Among them, twist-angle-dependent optical
absorption in  the  visible  spectral  region,  semiconducting to  metallic  transition with  increasing of  a
temperature,  photoresponse coinciding with the transition from semiconductor to metallic  behavior
without a photoresponse at the transition point and others.

The twisted multilayer graphene was synthesized by the low-pressure chemical vapor deposition
with a single injection of  acetylene on iron film catalyst deposited on oxidized silicon substrate [4].
The structure of the graphene film was investigated depending on the growth time.

The Raman spectroscopy and High Resolution Transmission Electron Microscopy (HRTEM) were
used for characterization of the graphene films. Micro Raman spectra were collected in ambient air
and  at  room temperature  with  the  SENTERRA Bruker  Raman  microscope  at  the  laser  wavelength
532. A 50x objective lens was used to focus the laser beam to about 1.5 mm spot on the surface of the
graphene and to collect the backscattered Raman signal.

Despite the graphene film thickness of 5-20 nm the Raman spectra collected from the graphene
show the symmetric 2D band with a full width at half maximum (FWHM) of 20-35 cm-1, which can be
well  fitted  by  a  single  Lorentzian  curve,  and  the  I2D/IG  intensity  ratio  is  2-9.  The  very  low  D-band
intensity (intensity ratio between D and G peaks smaller than 0.04) indicates a low defect density in
the  graphene.  The  spectra  are  characteristic  of  monolayer  graphene.  However,  in  the  majority  of
these spectra small peaks are observed (R), indicating multilayer graphene with twisted layers.

The features attributed to moiré superlattice which forms due to the rotation of graphene layers
were observed in TEM images.
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Since it was discovered spillover is a real scientific puzzle but at the same time it has found a
variety of uses [1]. For example, this is radioactive labeling in biologically active molecules [2‑4]. In
this case, spillovered hydrogen migrates through both the solid state and the gas phase. Particles of
metals  of  the  platinum  group  deposited  on  a  graphite  substrate  act  as  a  generator  of  this  active
hydrogen.

In the literature, a number of mechanisms have been proposed explaining spillover of hydrogen
on carbon surfaces, but all  of them contradict the laws of thermodynamics or kinetics [5,6].  In this
paper, two mechanisms of hydrogen spillover along the carbon surface are proposed: one is carried
through the relay diffusion of atomic hydrogen along graphene planes, the second is carried through
the  transfer  of  a  carbon  radical  center  along  the  edge  or  surface  of  graphene.  Reactions  in  both
mechanisms have low activation energies, which allows them to take place at room temperature and
below.  Both  mechanisms are  in  agreement  with  experimental  data.  Quantum-chemical  modeling of
elementary chemical acts on model molecular systems has been carried out. Assumptions about how
to experimentally confirm or disprove the implementation of these mechanisms in nature have been
made.

These spillover mechanisms can also be used in modeling the growth of carbon structures with
conjugated bonds and the active participation of hydrogen radicals.
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According  to  the  data  of  theoretical  and  experimental  [1-5]  studies,  near  zigzag  edges  of
honeycomb  carbon  structures  the  π-electronic  states  with  zero  energy  (zero  modes)  stabilize  and
density of electronic states D(E) at the Fermi level EF tens times exceeds the value of corresponding
parameter  for  macroscopic  ordered  graphite  [6].  Mentioned  topological  zero  modes  substantially
change known properties of nanosized carbon structures [1-6], but also may initiate essentially new
phenomena such as edge magnetism [7] and edge superconductivity [8]. Near armchair edges similar
electronic states do not exist [1-6].

In recent years a new field of research in the technology of nanoscale carbon structures has been
developed,  which  is  aimed  at  fine  adjustment  of  their  properties  with  changing  chemical  state  of
peripheral  atoms.  For  instance,  the  emergence  of  topological  zero  modes  has  been  established
recently  at  etching  graphenic  armchair  edges  by  hydrogen  [9].  However,  with  appreciating  the
significance of those works, up to now the problem of influence of adsorbed molecules (adsorbate) on
the edge π-electronic band and, thereby, on the properties of nanosized carbon structures, was not
treated  properly.  At  the  same  time,  evidently,  this  information  is  important  for  establishing  the
reasons and mechanisms of changing the properties of carbon nanostructures under the influence of
different  reagents,  for  ranking  the  factors  determining  their  structural  organization,  electronic
structure and chemical reactivity, as well as for solving problems of practical application.

In this work the results of investigations of structure and properties of few-layer nanographenes
(nanographites)  and  their  changes  under  the  influence  of  adsorbed  molecules  are  presented.  The
presence  of  specific  edge  π-electronic  states  with  zero  energy  (topological  zero  modes)  in
nanographites  and  reversible  decrease  of  D(EF)  at  their  interaction  with  adsorbed  molecules  of
oxygen,  chlorine  and  water  have  been  established.  The  explanation  of  discovered  effect  has  been
proposed in the terms of model of spin splitting of edge π-electronic states, initiated by transferring
small portion of electronic density from nanographites to adsorbed molecules. It has been shown that
change in  sign of  the temperature coefficient  of  current  carrier  spin relaxation rate at  presence of
adsorbate may be accounted for by their interactions with edge spin-split states. The preservation of
peripheral  π-electronic  states  of  nanographites  at  saturation  of  dangling  σ-bonds  of  edge  carbon
atoms with chlorine has been substantiated.
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Recently  proposed  sensor  applications  of  graphene  transistors  in  which  graphene  is  exposed
directly to the environment without any intervening layers has sparked growing interest to studies of
interfacial  phenomena  in  solution  gated  graphene.  For  example,  it  has  been  shown  that  graphene
interfaced with aqueous solutions is suitable for fabrication of pH sensors [1]. However, there are few
studies of hysteretic phenomena in this configuration despite its importance. Among these reports we
can  mention  only  a  discovery  of  hysteresis  in  a  scale  of  seconds  in  CVD  grown  graphene  at  the

interface with KCl electrolyte [2].
Therefore, in this work we focus on hysteretic and time dynamic phenomena in transistors based

on  epitaxial  graphene  interfaced  with  a  gating  solution.  We  studied  [3]  electrical  transport  in
transistors fabricated on a surface of high quality epitaxial graphene with density of defects as low as

5·1010 cm−2  and  observed  quasistatic  hysteresis  with  a  time  constant  in  a  scale  of  hours.  This
constant  is  in  a  few  orders  of  magnitude  greater  than  the  constant  previously  reported  in  CVD
graphene.  The  hysteresis  observed  here  can  be  described  as  a  shift  of  ∼+2V  of  the  Dirac  point
measured during a gate voltage increase from the position of the Dirac point measured during a gate
voltage  decrease.  This  hysteresis  can  be  characterized  as  a  nonvolatile  quasistatic  state  memory
effect in which the state of the gated graphene is determined by its initial state prior to entering the
hysteretic region. Due to this effect the difference in resistance of the gated graphene measured in
the hysteretic region at the same applied voltages can be as high as 70%. The observed effect can be
explained by assuming that charge carriers in graphene and oppositely charged molecular ions from
the solution form quasistable interfacial complexes at the graphene interface. These complexes likely
preserve the initial state by preventing charge carriers in graphene from discharging in the hysteretic
region. The observed state memory effect is important for production of graphene based pH and other
chemical sensors.

We  have  also  observed  that  gate  voltage  dependence  of  graphene  conductivity  in  transistor
structures  gated  by  negatively  charged  amino  acid  (aspartic  acid)  aqueous  solutions  qualitatively
differ from the dependence that was previously observed [1] in graphene gated by the acidic and base
aqueous  solutions  containing  small  molecular  ions.  These  results  demonstrate  that  graphene
transistor structures can potentially be useful for detecting biological markers (molecules) containing
negatively charged amino acid tails.
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X-ray  photoelectron  holography  (XPH)  is  a  powerful  and  rapidly  developing  spectroscopic
method, which enables direct visualization of atomic structure of single crystal surfaces. This method
is  based  on  the  photoelectron  diffraction  (PED)  phenomenon  that  is  appearance  of  photoelectron
intensity angular modulations (the PED patterns) caused by interference of photoelectron waves after
scattering  on  ordered  atomic  structure.  PED  patterns  of  are  uniquely  dependent  on  the  atomic
positional relationships and can be considered as holograms of atomic arrangement. Nowadays there
are the two main implementations for reconstruction of atomic structure from its hologram, namely
the  approaches  based  on  Fourier  transformation  (FT)  and  the  SPEA-MEM  (Scattering  Pattern
Extraction  Algorithm  with  Maximum  Entropy  Method)  algorithm  [1].  The  first  group  of  methods
require  many  holograms  that  are  recorded  using  multiple  energies  since  FT  requires  an  infinite
integral  interval.  Therefore,  such  experiments  are  very  time  consuming.  The  second  SPEA-MEM
method is devoid of this disadvantage and provides possibility to reconstruct an atomic arrangement
from a single-energy hologram. However, study of 2D interfaces remains a challenging task for the
SPEA-MEM algorithm because of  the  single-scattering approximation (SSA)  implemented in  it.  The
SSA  is  enough  for  modelling  the  forward-scattering  and  cannot  be  used  for  considering  the  back-
scattering  which  dominates  at  low  kinetic  energies  and  is  necessary  for  investigating  adsorbate’s
position with relation to substrate. Thus, one of ways for further development of the XPH method can
be enabling consideration of multiple-scattering events in the prospective MEM algorithm.

In  our  work  we  propose  a  rather  straightforward  approach  for  photoelectron  holograms
reconstruction which includes two steps: multiple scattering calculations of the PED patterns for all
expected atomic structures and the MEM algorithm selecting the best combination of structures. This
scheme is rather similar to the SPEA-MEM algorithm, but notably differs from it because the latter
employs two-atom scattering patterns, while we calculate the multiple-scattering for large clusters. In
the case of studying the interface between the 2D crystal and its substrate we calculate a basis set of
PED patterns by means of shifting the 2D layer relative to the cluster model of substrate. Thus, the
aim of such analysis represents determination of all possible positions of the 2D crystal relative to the
substrate and the relative amount of these structures.

Efficiency  of  applying  developed  multi-structural  approach  was  demonstrated  on  structural
analysis of the BN/Co system, which structural parameters were determined in good agreement with
earlier PED and DFT studies [2]. Then we used our approach for structural investigation of the boron-
doped  graphene  interfaces:  B-graphene/Co  and  B-graphene/Ni.  As  a  result,  we  have  determined
possible positions of the graphene layer and boron atoms in it  also discovered domination of boron
atoms  in  one  of  two  graphene  sublattices.  Obtained  results  may  help  further  development  of
implementing  these  interface  structures  in  electronics  and  spintronics  and  give  us  hope  that
developed algorithm will find its application for wide range of tasks related to studying 2D materials
and interfaces.
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UV-perforated flakes of  multi-layered reduced graphene oxide (RGOp)  were functionalized with
vinyl groups and copolymerized with polystyrene in toluene. The molecular masses of polystyrene in
the  composites  were  4,000,  6,000,  9,000  and  45,000  Da.  In  process  of  precipitation  of
RGOp/polystyrene  composite  using  a  mixed  solvent  (petroleum  ether  and  benzene  in  a  1:1  ratio),
conduction channels were formed in two-dimensional RGOp structures.

Despite  lateral  sizes  of  separate RGOp  inclusions are of  10-20 µm [1],  precipitation process by
petroleum  ether  described  in  [2]  led  to  formation  of  a  larger  planar  structures  (up  to  1  mm  in
diameter)  of  reduced  graphene  oxide  in  a  non-conductive  polystyrene  matrix.  Since  polymer  coils
become  denser  during  the  precipitation  some  tensions  between  macromolecules  and  covalently
bonded graphene layers allowed the RGOp filler to partially emerge on the surface of polystyrene films
being deposited on a glass substrate. Thus, chemical precipitation method of RGOp  composites was
used for the creating of the planar RGOp flakes possessing a percolation grid with sufficient areas for
electrical measurements on the polystyrene surface. As a result, very low resistances for some flakes
precipitated  from 15  wt.% composite  of  4,500,  6,000  and  9,000  Da  molecular  masses  at  the  room
temperature were obtained. The absolute values of measured resistances turned out to be 1-3 orders
lower than resistance of  copper.  The lowest  resistance demonstrated the composite  on the base of
polystyrene with molecular mass 9,000 Da. Such an extraordinary result allows supposing a presence
of  superconducting  component  in  the  reduced  graphene  oxide  inclusions  similar  to  work  [3].  After
partial release of separate RGOp particles from polymer matrix due to deformation of covalent bonds
and possible shift or rotation of RGOp layers a superconducting state appears at room temperature, as
in [2]. On the contrary, resistance was very high and ranged from semiconductor values to dielectric
state in the case of a composite with a molecular weight of 45,000 Da. Possible explanation is in the
influence  of  the  large  sizes  of  polystyrene  macromolecules  bonded  with  separate  RGOp  particles.
Extended  polystyrene  macromolecules  during  its  precipitation  with  a  mixed  solvent  prevent  the
coalescence of RGOp particles, due to steric restrictions, which suppress the formation of conduction
channels.
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Graphene  –  2-dimensional  carbon  material  attracts  the  attention  of  researchers  from  various
scientific  fields  because  of  its  outstanding  properties  such  as  high  thermal  conductivity  (5000
W/(m*K))  [1],  mechanical  strength  (1  TPa)  [2],  impermeability  for  most  gases  [3],  etc.  These
properties can significantly change when using different kinds of graphene synthesis methods [4], [5].
The CVD method used in this work has several advantages before other synthesis methods: with this
method, high quality and large area graphene can be obtained. Scalability of this method has made it
one of the most popular methods in the scientific literature.

The CVD method is based on the thermal catalytic decomposition of carbon-containing gas with
use of metal catalyst substrate. In this work, the synthesis of graphene was carried out on the copper
foil surface. For some practical applications of graphene [6] transfer stage to the target substrate is
required. Synthesis and transfer stages play a crucial role in the formation of the graphene structure
and characteristics of graphene-based devices.

The  work  is  focused  on  studying  adhesion  processes  occurred  between  copper  crystallites
surfaces  and  graphene,  or  in  other  words,  on  studying  the  influence  of  the  copper  crystallites
orientation on the amount of mechanically transferred graphene.

As a result of the work, it was found out that crystallographic planes of copper – [100], [110] &
[111]  have  the  highest  adhesion  to  graphene.  Their  uniform  structure  conduces  to  strong
intermolecular interactions between copper and graphene surfaces. In addition, a new quick method
measuring the amount of graphene transferred to the target substrate was developed.
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One of  the most  promising technologies  for  synthesis  of  graphene,  which can produce a  high-
quality material and, at the same time, be integrated into industrial production process, is the thermal
destruction of  the surface of  silicon carbide (SiC)  substrates  [1,  2].  Graphene was formed on high-
resistivity  silicon  carbide  substrates  in  order  to  rule  out  any  influence  exerted  by  the  substrate
conductivity in transport measurements. The synthesis was performed in a vacuum or in an inert gas
(Ar). Prior to growth of graphene, SiC was subjected to sublimation etching to remove the defective
layer from its  surface.  The difference between the techniques used to obtain graphene on SiC in a
vacuum and in argon does not consist only in that dissimilar growth media are used. Also different are
the growth temperature and the orientation of the substrate surface on which graphene is formed.
The  following  technological  parameters  were  used  in  the  case  of  growth  in  a  vacuum:  residual
chamber pressure 10−6 Torr, growth temperature 1400−1500◦С, growth duration 15 min. The C-face
[surface orientation (000)] of the SiC substrate was used to grow graphene. In the case of growth in
argon, the growth temperature was raised to 1800−1850◦С, the growth duration was 10 min, and the
argon pressure in the growth chamber was 760 Torr, with the growth itself performed on the Si-face
[surface orientation (0001)] of the substrate. The technological parameters were changed because the
growth kinetics was different due to the partial suppression by argon of the sublimation of the silicon
carbide components from the substrate surface. As a result, it became possible to use the thermally
more stable Si  face of the SiC substrate.  This,  in turn, led to a lower growth rate of graphene and
made it possible to obtain homogeneous monolayer graphene films [2].

For  the  concentration  1.3  х  1013  cm-2,  the  electron  mobility  in  the  graphene  under  study  was
µ=300--400  cm2/(V  s).  In  samples  of  this  kind,  the  magnetoresistance  (MR)  of  the  graphene/SiC
system  exhibited  a  weak  localization  in  weak  magnetic  fields  and  at  low  temperatures.  At  higher
temperatures, a transition from weak localization to a weak antilocalization (which is a manifestation
of the isotopic spin in graphene) was for the first time observed in the magnetoresistance. To the best
of  the authors'  knowledge,  this  behavior  was observed for  the first  time for  graphene on SiC.  This
effect  has  been  predicted  for  graphene  strongly  bound  to  the  substrate,  with  the  spatial  scale  of
scatterers  comparable  with  that  of  the  atomic  kind.A  clearly  pronounced  pattern  of  Shubnikov--de
Haas  oscillations  (Fig.1-4)  was  observed  in  measurements  at  low  temperatures  (4.2  K)  in  strong
magnetic fields of up to 30 T. This pattern demonstrates that the Berry phase is manifested. These
effects are characteristic of graphene and are weakly sensitive to defects on the substrate.
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The  properties  of  graphene  oxide  (for  example,  high  electrical  conductivity  and  mobility  of
charge carriers after it reducing, a large specific surface area), as well as its comparative cheapness,
initiate  active  searches  for  the  application  of  this  material  in  applied  developments,  as  well  as
methods for its chemical modification. Graphene oxide is a promising compound for the production of
composite  materials.  When  assessing  the  possibility  of  using  graphene  oxide  in  this  quality,  it  is
necessary to take into account, in particular, the accessibility of areas that are close in composition to
graphene and the chemical activity of oxygen-containing groups.

The  aim  of  this  work  was  to  determine  the  effect  of  heat  treatment  on  the  composition  and
structure of microwave exfoliated graphite oxide (MEGO). Heat treatment included stepwise heating
samples of MEGO in a vacuum with mass-spectral monitoring of the composition of the emitted gases.
The  obtained  samples  were  analyzed  by  XPS,  XRD,  IR  and  Raman  spectroscopy,  and  electron
microscopy (SEM and TEM). The complex of these methods made it possible to obtain heat treatment
products  from  MEGO  under  controlled  annealing  conditions  and  determine  its  effect  on  various
characteristics:  morphology,  total  defectiveness,  total  oxygen  concentration,  types  of  oxygen-
containing groups, and sizes of graphene crystallites.

Annealing of MEGO at Tf = 573 K is accompanied by the release of H2O, CO, and CO2 molecules
(no release of  oxygen O2  and sulfur  dioxide SO2 was detected),  and does not  lead to  the complete
removal of water and oxygen-containing groups from the sample. In the samples MEGO and MEGO /
573 the total oxygen concentration is almost the same, and a similar set of oxygen-containing groups
is found.

The release of water molecules reaches a certain minimum level at a temperature of 773 K, and
upon  further  heating  changes  slowly.  Intensive  emission  of  carbon  oxides  CO  and  CO2  at
temperatures of  873–1073 K is  completed by reducing their  fluxes to a level  beyond the sensitivity
limits of the mass spectrometer.

A 4,4 times decrease in oxygen concentration occurs during high-temperature (1073K) annealing
of  MEGO.  The formation of  MEGO/1073 is  accompanied not  only  by  the  disappearance of  quinone
fragments  and  adsorption  water,  but  also  by  a  significant  decrease  in  the  content  of  oxygen-
containing groups. The decrease in the content of carbonyl groups is estimated by a factor of 2, and
hydroxyl and ether groups - by a factor of 3.

During the high-temperature heat treatment of MEGO, deeper separation of particles occurs with
the formation of highly deformed packs with a small number of layers, in which the same wrinkles,
folds and twists are present. In addition to the morphological changes, there are numerous holes in
the layer structure, which are formed in the areas of active oxygen removal in the form of CO and
CO2 oxides.  High-temperature  annealing leads  to  an  increase  in  the  concentration  of  defects  by  ~
20%; at the same time, the average distance between defects is reduced by ~17%. In conclusion, we
note that the very small crystal areas distributed by volume, as well as twists, folds, and wrinkles in
carbon layers are the “clips” that determine the stability of MEGO and keep them from decay.
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In  the  present  report,  a  method  of  low-temperature  exfoliation  of  graphite  combined  with  its
simultaneous alkylation/hydrogenation is described. The exfoliation of graphite is performed through
its  intercalation in solution of  metallic  sodium in liquid ammonia.  When alkali  metal  is  dissolved in
liquid ammonia, the ion pair of solvated alkali cation [Na(NH3)x]+  and solvated electron [e(NH3)y]–  is
created [1]. Solvated electron gives the solution color ranging from blue to golden depending on the
concentration.  Upon  solvated  electron  addition  to  graphite  planes,  fast  intercalation  of  solvated
sodium cation into interplanar space of graphite occurs. The intercalation compound thus produced
can  also  be  referred  to  as  “sodium  graphenide”.  After  excessive  ammonia  evaporation,  the
decomposition  of  this  graphite  intercalation  compound  through  its  hydrolysis  leads  to  graphite
exfoliation into multi-layer flakes [2] with corresponding powder expansion.

To combine the exfoliation with chemical functionalization, salts of quaternary ammonium cation
were added to the solution. Tetraethylammonium bromide (TEAB) and ammonium bromide (AB) salts
were  used  in  the  experiment.  Salts  were  dissolved  in  liquid  ammonia  and  then  added  to  graphite
powder in the sodium solution in liquid ammonia.  Upon the reaction proceeding, the solution color
changes from intensive blue to transparent. The reaction mixture was mixed for 3 hours, left to dry
out under room temperature and then thoroughly washed with distilled water and dried.

FTIR spectra of the synthesized powders have shown the appearance of peaks characteristic of
C-H bond vibration in the region of 2790-3000 cm‑1  thus confirming the alkylation/hydrogenation of
the exfoliated graphite powder. Thermal stability of the powders was studied using thermal analysis
combined  with  FTIR  spectroscopy  of  the  thermal  decomposition  gaseous  products.  Molecular
structure of the synthesized powders is discussed.

In our opinion, the simplified scheme of the functionalization can be described through the steps
of  reduction  of  the  quaternary  ammonium  cation  by  the  solvated  electron,  its  subsequent
decomposition  into  tertiary  amine  and  alkyl  radical  and  following  radical  grafting  onto  graphite
planes.  On  the  other  hand,  the  radical  anions  produced  by  the  addition  of  solvated  electrons  to
graphite planes are thought to play an important role in the functionalization as well similar to Birch
reduction  mechanism  [3].  The  functionalization  method  described  in  the  report  is  a  promising
approach for grafting various functional groups/ molecular chains onto graphite and graphene.
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Graphite  oxide  (often  called  graphene  oxide)  attracts  recently  wide  attention  as  a  material  to
make  membranes  for  separation/filtration  of  liquids  and  gases  [1].  Here  we  present  the  results  of
extensive  experimental  study  of  interaction  of  graphite  oxides  (GO)  with  a  series  of  polar  organic
liquids  mostly  inspired  by  the  interest  in  properties  of  GO  membranes.  Measurements  were
performed using Differential Scanning Calorimetry (DSC), Thermo gravimetry (TG), isopiestic method
and X-ray diffraction (XRD), nuclear magnetic resonance (NMR) and electron spin resonance (ESR).
The  interaction  of  GO  with  polar  liquids  leads  to  sorption  and  formation  of  saturated  swelled  GO
structures consist of parallel GO planes and layers of organic liquids. The ultimate goal of this study
was to come up with a phenomenological model of the GO swelled structures, incorporating data on
inter-plane  distances,  sorption,  and  number  of  oxygen  containing  groups  at  GO  planes.  The  very
concept of “liquid layer” within the GO inter-plane space was carefully examined and the quantitative
characteristics of such a “layer” were proposed. The most valuable parameter to describe a “layer”
turned out to be a sorbed volume related to a certain increase of the inter-plane distance (2-3Å). The
same volume of the “layer” (~0,3-0,5 cm3/g GO) was found for liquids with rather different molecular
mass. The “layer” covers no more than 50% of the internal GO surface leaving room for bare nano-
channels suitable for diffusion through the GO membranes.

No visible correlation of  the sorbed volume with the number of  oxygen-containing groups was
found. This implies that layers of liquid didn’t form stable contacts with the GO planes and might have
certain  translational  mobility.  Such  mobility  was  confirmed  by  ESR  measurements.  Swelled  GO
structures with 1-5 parallel  layers  in  between two GO planes were detected.  Contrary to  literature
data, no spontaneously formed structures with perpendicular or inclined orientation of sorbed layers
were observed. Phase transformations of swelled GO structures were detected at change of pressure
or  temperature  within  the  system.  They  were  interpreted  in  terms  of  incongruent  melting  –
equilibrium desorption of one layer from the swelled structure. Surprisingly only two types of such
transitions were detected, namely the transition from two sorbed layers to one and from five layers to
four. The systems of Brodie GO with acetonitrile and 1-nonanol, respectively, give the best examples
of these two transitions.
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During last decades graphene-based systems attract continuous interest and remain a subject of
intensive investigations. Graphene, which is a zero-gap semiconductor, and an insulating hexagonal
boron nitride (h-BN) are considered as the most promising building blocks for future 2D electronics,
but their hybrid structures remain relatively unexplored. Graphene (Gr) and h-BN are isostructural to
each  other;  both  possess  sp2-honeycomb  arrangement  and  nearly  the  same  lattice  constant.  Their
lateral heterostructures are supposed to have novel properties and functionality. Among the unusual
physical properties of h-BN-Gr hybrid system are tunable bandgap, magnetism, outstanding thermal
transport,  etc.  [1,  2]  However,  these  properties  depend  strongly  on  the  stoichiometry,  boundary
structure (between h-BN and graphene domains) and morphology of a resultant film, and still are not
well understood.

One  of  the  most  efficient  ways  to  construct  the  h-BN-Gr  lateral  heterostructures  of  high
crystalline quality, which provides possibility to study the interplay between atomic scale features and
physical  properties,  is  a  chemical  vapor  deposition  (CVD)  on  single-crystal  substrates,  including
Ru(0001),  Rh(111),  Ir(111),  Pt(111),  Re(0001)  [3-5].  However,  these  systems  are  characterized  by
strong corrugation of h-BN-Gr layer. This corrugation originates from large lattice mismatch between
substrates  and  h-BN-Gr.  The  corrugation  makes  analysis  of  the  atomic  structure  sophisticated.  No
corrugation  was  found  for  the  h-BN-Gr  grown  on  matched  Ni(111)  surface.  However,  no  detailed
structural  studies  of  h-BN-Gr/Ni(111)  interface  were  reported.  The  information  on  the  BN-
Gr/Co(0001) system is totally missing.

Here, we report on comprehensive investigation of the h-BN-Gr heterolayers structure formed on
the Ni(111) and Co(0001) substrates. A complete layers of Gr and h-BN domains with various B:N:C
ratios  were  obtained  in  two  ways:  using  a  single  molecular  precursor  1,3,5-trimethylborazine
(C3H12B3N3)  and  from  mixture  of  propylene  (C3H6)  and  borazine  (N3B3H6)  precursors.  Given  that
Ni(111) and Co(0001) substrates possess low lattice constant mismatch (less than 2%) with respect to
both  h-BN  and  Gr  well-ordered  interfaces  with  (1x1)  structure  were  achieved.  Using  XPS
complemented with DFT study we figured out that formation of zigzag linking edge is more preferred
than  armchair  one.  This  finding  was  further  confirmed by  atomically  resolved  STM.  Photoemission
electron microscopy measurements indicate that both Gr and h-BN domains can be as large as a few
hundred nm.
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In the field of creating efficient and cheap electrocatalysts for the processes of electrochemical
energy  conversion,  we  can  highlight  the  researches  of  the  redox  kinetics  on  the  surface  of  carbon
materials containing various defects. There are a new experimental data that indicate the significant
change  in  electron  transfer  (ET)  activity  at  different  types  of  defects,  such  as  vacancies,  graphene
edges, impurities and functional groups on the surface.

The local ET rate depends on the geometrical structure of the surface and its composition. The
improved electrochemical activity can be explained by the appearance of local electronic states near
the Fermi level and, as a result, a larger overlap between the electronic states of graphene and the
redox couple.

In this study, the reaction of heterogeneous ET was investigated for the following set of defects:
mono vacancy,  Stone-Wales  defect,  double  vacancies,  substitutional  nitrogen atom,  epoxy (-O-)  and
hydroxyl  (-OH)  functional  groups.  For  these  defects  the  electron  density  of  states  (DOS)  was
calculated using density functional theory (DFT) method. That allowed us to obtain the rate constants
of direct and inverse heterogeneous ET in the framework of the Gerischer-Marcus model [1] taking
into account the graphene quantum capacitance [2]. This stage provides an opportunity to rank the
electrocatalytic efficiency of the defects with respect to various redox couples.

It  was  shown  that  defects  can  lead  to  catalysis  of  heterogeneous  ET.  The  range  of  standard
potentials in witch this effect is observed depends on the defect type. The most significant result is
found for single vacancies. Their presence enhances the electron transfer by an order of magnitude at
standard  potential  from  -1  V  to  0  V  (vs.  SHE).  Experimental  confirmation  of  the  electrocatalytic
properties of vacancies was shown in [3], where an increase in the equilibrium rate constant by an
order of magnitude at a vacancy density corresponding to the characteristic distance between defects
~2.5 nm was found, which is close to the parameters of our system. For redox couples the standard
potential  of  witch lies  outside  the  interval  [-1V,  1V],  an  increase  in  the  rate  constant  of  more than
1.5-2  times  in  comparation  with  defect-free  graphene  is  not  observed,  since  a  significant  relative
increase in the DOS far from the Fermi level cannot be provided by presence of studied defects.
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Graphite  oxide  (GO)  membranes  demonstrate  exceptional  permeation  properties  with  promise
for many applications. Mechanism of such permeation is widely discussed in literature. In the present
work  we  assessed  the  degree  of  mobility  of  polar  liquid  intercalated  in  the  inter-plane  space  of
graphite oxide. It is known that the polar solvents adsorbed inside the GO powders and membranes
do  not  exhibit  freezing/melting  phase  transition  [1,  2].  The  data  on  the  molecular  mobility  of  such
liquids are incomplete and controversial. The state of the liquid is typically characterized as “strongly
bound to the host molecules” [2].

EPR and NMR spectroscopic techniques are very sensitive to rotational and translation mobility
of  molecules  possessing  nonzero  spin.  By  means  of  X-band  EPR  it  was  shown  that  rotation  of  the
stable nitroxide radicals TEMPO in polar liquids (СH3OH, H2O, CH3CN) intercalated in the inter-plane
space of GO is almost the same as their rotation in bulk liquids (rotational correlation time is about
10-10 sec). Figure 1(a) shows EPR spectrum of the spin probe in the system “B-GO – CH3CN”. On the
other hand, T2-filtered 19F and 1H NMR using CPMG sequence reveals significantly broader signal in
trifluoroethanol (TFE) saturated B-GO sample compared to one obtained for bulk TFE mixed with B-
GO  (Figure  9(b)).  It  indicates  that  diffusion  of  TFE  in  the  inter-plane  space  should  be  somewhat
hindered, but it certainly remains in liquid state. It is important to note that experimental techniques
used to prepare saturated samples did not allow formation of bulk liquid droplets in the defect areas
of GO.

This work was supported by the Russian Foundation for Basic Research (grant 18-29-19120).

Fig.1. (a, left) EPR spectrum of TEMPO radical in the “B-GO – CH3CN” system, dotted lines show the components of
rapidly rotating radicals; (b, right) 19F NMR spectra of the “B-GO – CF3CH2OH” system, saturated sample (top line),

and B-GO mixed with an excess of CF3CH2OH.
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The terahertz resonance transitions between Landau levels in graphene are studied theoretically
on  the  basis  of  technological  opportunities  to  control  electronic  concentration  in  it.  In  an  external
quantizing  magnetic  field  under  the  action  of  unpolarized  light  incident  normally  on  a  graphene
monolayer  resonant  transitions  occur  between  Landau  levels  (LLs)  with  a  change  in  the  absolute
value  of  their  number  |n|  by  ±  1  [1,2]  (n  is  numbered  for  all  integers).  LLs  in  graphene  are  non-
equidistant  and  demonstrate  a  root  dependence  on  magnetic  field  and  |n|  [1,2].  The  probability  of
terahertz transitions per unit time as a result of light absorption by graphene is proportional to the
degeneracy of  the Landau levels  (i.e.  to the magnitude of  the magnetic field),  the difference in the
population  of  LLs  between  which  optical  transitions  are  allowed,  and  the  resonant  transition
frequency factor that has the form of a Lorentzian with an appropriate broadening of the levels. The
concentration of carriers sets the Fermi energy that is included in population difference between LLs.

The probability of terahertz transitions between Landau levels for various magnetic fields at 4.2
K  is  calculated  in  MATLAB  at  different  positions  of  Fermi  levels  corresponding  to  different
concentrations of electrons. A resonant type magnetic field dependence of photoconductivity due to
excited by resonant transitions electrons is demonstrated. There is a peak of this dependence at the
magnetic field Bmax  in a wide range of FEs from 0 upto 400 meV at frequency ω/2π=3.3 THz of the
incident beam. This calculation shows that the Bmax increases when FE grows, but there are regions of
plateaus  resulting  in  semiladder  type  of  this  dependence.  The  peak  values  of  photoconductivity
manifest a periodic dependence on FE with a huge change in value during the period although with
the increase in average at high FE. Besides the considered above ideal case of well-defines LLs (small
broadening of them), the effects of big broadenings and big fluctuations of FE along the sample are
discussed.    

The author acknowledges the support from RFBR (Project 18-02-00498).
References

Zheng and T. Ando, Phys. Rev. B (2002) 65, 245420.1.
L. Sadowski, G. Martinez, M. Potemski, C. Berger, and W. A. de Heer, Phys. Rev. Letters (2006)2.
97, 266405.



253

P4-30
Graphene & related materials

Graphene edge as an electrocatalyst for the oxygen reduction reaction.

Pavlov S.V. 1, 2 , Kislenko S.A. 2, 3

sergey.pavlov@skoltech.ru
1 Skolkovo Institute of Science and Technology, Moscow, Russia
2 Joint Institute for High Temperatures of the Russian Academy of Sciences, Moscow, Russia
3 Moscow Institute of Physics and Technology, Moscow, Russia

The relevance of this work is due to the fact that the search for cheap and stable catalysts for
various redox systems is a significant challenge today. One of the most promising directions in this
field is the use of carbon nanomaterials as electrocatalysts. Various defects in such materials are able
to create around themselves local electronic states with energies close to the Fermi level, accelerating
electron transport across the interface. One of the most common defects is the edge of graphene, the
experimental data on the electron transfer kinetics from which is contradictory in the literature. Also,
there is a lack of theoretical studies in this area; most of the existing studies published to date are
qualitative. In our work, we studied the influence of the graphene edge both from the point of view of
the interface structure, which determines the kinetics of the reactants adsorption and from the point
of view of the heterogeneous electron transfer kinetics. The method of classical molecular dynamics,
as well as density functional theory, was used.

Using  the  method  of  classical  molecular  dynamics,  we  have  obtained  the  structure  of  the
electrode/electrolyte  interface  for  various  types  of  surface  —  a  single-layer  graphene  edge,  a
multilayer graphene edge, a graphene plane [1-3]. Acetonitrile was considered as an electrolyte, as
one  of  the  common  nonaqueous  solvents  using  in  electrochemical  systems.  We  have  obtained  the
distributions  of  mass  and  charge  densities  in  the  near-electrode  layer,  the  distribution  of  the
electrostatic  potential,  and  the  orientational  ordering  of  the  solvent.  Also,  the  kinetics  of  oxygen
adsorption  to  the  model  surfaces  and  the  corresponding  distributions  of  the  equilibrium
concentrations were calculated.

Within  the  framework  of  the  density  functional  theory,  we  studied  heterogeneous  electron
transfer from two clusters of graphene with different edge types. Using the Landau-Zener and Marcus
theory,  the values  of  electron transfer  constants  with spatial  resolution both along the surface and
varying the distance to the surface of the clusters were obtained [4, 5]. The effective electron transfer
constants were calculated, taking into account the equilibrium distribution of the oxygen molecules in
the near-electrode region, which we have obtained previously by classical molecular dynamics.

The  edge  of  graphene  showed  a  less  ordered  interface  structure  with  less  dense  layers  of
electrolyte compared with the plane of graphite. As a result, the edge of both single and multilayer
graphene is an effective surface for adsorption of the oxygen molecules. Also, the accelerated kinetics
of the electron transport from the zigzag graphene edge was found in comparison with the graphene
plane. At the same time, the armchair graphene edge does not show such electrocatalytic activity.

The work is supported by grant 18-03-00773A of the Russian Foundation for Basic Research.
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Transparent conductive films (TCF) are of crucial importance for modern electronic devices as
they  are  widely  used  as  transparent  electrodes  in  photovoltaics,  sensor  displays,  smart  windows,
antistatic coatings, OLED technologies. Currently used indium-tin oxide (ITO) films, as well as some
alternative  materials  (conductive  polymers,  metal  nanowires  and  networks),  possess  a  number  of
serious drawbacks that hinder their applications in prospective devices.

Graphene  films  have  great  potential  as  TCF  material:  chemical  stability,  excellent  optical
properties and mechanical properties suitable for flexible applications. Unfortunately, scalable large
area graphene films have relatively high resistance (over 300 Ω/sq.) due to high interparticle contact
resistance  [1].  It  has  become  relatively  popular  recently  to  manufacture  thin  films  from graphene-
containing  suspensions;  graphene  oxide  or  partially  reduced  graphene  oxide  are  normally  used  in
order  to  provide  for  better  suspension  stability  and  adhesion.  Various  techniques  have  been  used
(Meyer rod, spin coating, spray coating, Langmuir-Blodgett etc.),  but no works to date report large
area films with desirable level of properties (sheet resistance <100-200 Ω/sq. at optical transparency
over 85%).

In the current study we have successfully applied Langmuir-Blodgett technique to deposit TCFs
of  few-layered  graphene  particles  on  various  dielectric,  primarily  piezoelectric,  substrates  (glass,
quartz, lithium niobite, PVdF, PTFE, PET). Few-layered particles were obtained via direct exfoliation
of natural graphite [2] in the presence of surfactants. Aqueous suspensions of few-layered graphene
were  further  centrifuged  to  remove  un-exfoliated  graphite  and  obtain  semi-transparent  conductive
suspensions.  Langmuir-Blodgett  technique  was  chosen  as  it  provides  considerable  pressure  as  the
film is formed which results in high interparticle contact quality. Amphiphility of particle surface is a
prerequisite for successful Langmuir-Blodgett deposition, therefore all previous attempts were aimed
at graphene oxide-based materials. It was shown that directly exfoliated graphene can also be used as
surfactants adsorbed on its surface can also provide sufficient hydrophilicity to form continuous films.

Scanning electron microscopy, Raman spectroscopy, and atomic force microscopy confirmed that
films  consist  of  1-4  layered  graphene  with  no  apparent  voids  across  ca.  3’-films,  as  confirmed  by
Raman  mapping.  It  was  further  shown  that  both  hydrophilic  and  hydrophobic  substrates  can  be
efficiently  coated  with  few-layered  graphene  films  having  sheet  resistance  less  than  120  Ω/sq.  at
average optical transmission 92% by varying surfactant chemical structure (wide variety of non-ionic
surfactants including fluorine-containing, polymeric, cholate-based was tested). Number of deposited
layers  strongly  affects  electrical  and  optical  properties  of  the  films.  One  of  the  advantages  of  few-
layered graphene TCFs is the absence of any specific absorption in the optical region which is very
important for sensor applications.
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Constant  scientific  and  technological  advancements  have  imposed  a  staggering  demand  for
scalable, robust and low cost solutions for design and fabrication of graphene based devices. Carried
out research introduces a bottom-up approach (Figure 1), involving GO ink preparation, optimization
of  inkjet  printing  parameters,  laser  reduction  and  characterization  of  GO layer  on  micron-sized  Au
electrodes, for application in humidity and gas sensing.

The initial step in the research activities was to optimize the functional dispersion of GO flakes
for  inkjet  printing.  Optimization  was  performed  by  selection  of  additives,  in  order  to  reduce  the
surface  potential  and  to  obtain  printed  structures  with  desired  thickness  and  morphology.  Inkjet
processing  was  performed  on  Fujifilm  Dimatix  DMP-3000  printer  equipped  with  piezo  controlled
head,  for  drop-on-demand operation.  Printed  layer  was  incrementally  treated by  laser  radiation  for
spatial  reduction of  GO and removal  of  additives.  Main idea behind the laser  treatment processing
was to obtain gradient in conductivity of the laser reduced GO (LrGO) layer for application in sensing
technologies.  Raman  spectroscopy  was  utilized  as  the  most  powerful  probe  for  investigation  of
chemical  bonding  and  presence  of  impurities  in  the  graphene-based  samples.  From  the  obtained
measurements of D band signature it was established that different levels of laser reduction can be
achieved  by  precise  control  of  the  laser  power  and  irradiation  time.  The  resistance  of  LrGO  was
measured for each pair of electrodes with different LrGO modified by various duration of laser pulses.
The initial resistance of GO channel was about 10 MOhms. Onset of decrease in resistance starts at 80
mW, going down to about 200 kOhms at 130 mW. Varying the time irradiation we demonstrated the
decreasing of resistance down to 100 Ohms. For laser powers higher than 200 mW ablation process
occurs, as detected by AFM. Investigated device demonstrates good sensitivity to humidity with fast
response/recovery times.

From the analysis  of  obtained results  it  was established that  undertaken approach offers  cost-
efficient solution to processing of GO nanomaterials for application in advanced technologies.

Figure 1. Schematic representation of cost efficient processing of GO on Si chip with interdigitated electrodes and
heater elements.
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The  spectral-brightness  characteristics  of  ZnS  electrophosphors  strongly  depend  on  the
functional  composition  of  their  surface  and  donor-acceptor  (acid-base)  properties  that  affect
electronic  transitions.  An  effective  way  to  control  microstructural  defects  distribution  in  ZnS:Cu
particle surface is to record relaxation characteristics of the impurity ions of manganese by electron
spin resonance (ESR) technique. This work focuses on clarifying the mechanisms of ZnS:Cu structural
defects modification by shungite carbon nanoparticles (ShC).

Aqueous  dispersions  of  ShC  nanoparticles  [1]  were  used  to  modify  the  surface  of  the
electrophosphor  ZnS:Cu  particles  (commercial  electrophosphor  E-455).  It  was  found  that  ShC
nanoparticles  are  effectively  fixed  on  the  structural  defects  of  the  phosphor,  and  even  small
concentration of ShC lead to a significant darkening of the surface of the phosphor and reduce the
reflection coefficient at a wavelength of 490 nm [2]. In this case, a nonlinear change in the brightness
of  the  luminescence  was  observed:  decreasing  at  small  concentration  of  ShC  and  enhancing  in
luminescence with higher concentration of nanoparticles.

The  ESR  spectrum  of  ZnS:Cu  powder  contains  the  components  that  indicate  the  presence  of
paramagnetic  Mn  centers  located  in  a  disordered  system.  Modification  of  the  surface  of  the
electrophosphor  by  ShC  nanoparticles  sufficiently  affects  the  spectrum  line  width,  amplitude  and
integral  intensity.  The  dependence  of  the  effect  on  the  concentration  of  ShC  nanoparticles  is
nonmonotonic.  This  is  broadly consistent  with the data on the alterations of  the electro-  luminosity
during the modification by ShC nanoparticles.

The dependence of the parameters of the spectral lines on the content of ShC nanoparticles and
microwave power saturation can be explained in terms of the formation of extra dislocations with new
physicochemical properties in the near-surface layer of electrophosphor during its modification.
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Fast,  efficient  and  reproducible  manufacturing  of  graphene-like  film  (GLF)  microstructures  on
dielectric  substrates  is  of  high  technological  importance  for  high-capacity  storage,  photovoltaic
devices, sensors, transparent electrodes and defoggers and other applications [1]. GLF in this work
are defined as graphene films with the crystallite size of few tens of nm.

Earlier, we reported that pyrolysis of ethanol vapor can yield GLF even without a catalyst. Later,
it was shown that the pre-exposure of the substrate by the e-beam can affect the synthesis: the growth
rate of the GLF on exposed areas is higher than on unexposed ones [2]. With varying the exposure
parameters, this can be used for the controllable growth of thin films and even 3D structures of sp2

carbon  [3].  It  was  shown  in  [2]  that  the  exposure-stage  carbon  contamination  is  not  the  factor
affecting  the  deposition.  We  assume  that  the  main  mechanism  of  this  effect  is  the  charge
implantation.  It  is  known  that  charge  buildup  arises  from  localization  of  electrons  in  trap  centers
produced under irradiation or preexisting in the dielectric. At the CVD stage, the precursor molecules
are attracted by the local electric field from the charge implanted in the dielectric substrate. In this
work,  we  study  the  deposition  of  GLFs  on  pre-exposed  SiO2/Si  from  various  organic  precursors  (i-
C3H7OH, C2H2, CH3C(O)CH3).

The  electron  beam  lithography  system  used  in  this  work  was  based  on  a  scanning  electron
microscope JEOL JSM 840 controlled by Nanomaker hardware-software system. Irradiating electron
energy was varied from 1 to 30 keV, the exposure doses were 500-3000 μC/cm2. GLFs were grown at
950оC. Carbon structures were grown in a flow-type quartz reactor incorporated in a CVD apparatus,
which included a tube furnace, temperature control system, reagent feed system and a vacuum pump.
The synthesis was carried out in an inert gas flow at a reduced pressure (~103 Pa).

This  work  was  supported  by  the  Russian  Foundation  for  Basic  Research  (project  no.
18-32-00047).
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Carbon  nanostructures  have  high  surface  area,  which  can  be  functionalized  with  different
oxygen-containing groups (hydrogen, carbonyl, carboxyl). This surface modification leads to change in
physical  and  electrochemical  properties  and  still  makes  it  able  to  covalent  or  non-covalent
functionalization by organic molecules, polymers or biomolecules. Most of the modified materials can
used  for  electrical  application,  in  particular,  as  electrodes  for  supercapacitor.  Electrochemical
capacitors are devices for accumulation and storage energy with high power, high capacity, long live
durability. Cyclic voltammetry allows qualitative analysis of functional composition of the surface at
the  potential  supply.  Reduced  graphite  oxide  is  an  example  of  carbon  nanomaterials  with  active
surface and great opportunities for functionalization and also for study its electrochemical properties.

In  this  work  graphite  oxide  was  synthesized  by  modified  Hummers  method  from  purified
graphite.  Further,  reduced  graphite  oxide  was  obtained  by  treatment  of  graphite  oxide  with
concentrated  sulfuric  acid  by  heating.  Functionalization  was  carried  out  by  hydrothermal  alkali
treatment,  sintering  with  potassium  oxide  and  potassium  hydroxide  system,  simple  treatment  with
sodium chloroacetate.  The morphology and functional  composition of  all  materials  were studied by
SEM,  Raman  and  FTIR  spectroscopy.  Also,  all  of  the  modified  samples  were  studied  by  cyclic
voltammetry,  and  the  peaks  observed  on  the  current-voltage  curves  were  compared  with  the
oxidation-reduction processes occurring on the surface of the carbon matrix at the potential supply.

Thus,  it  was  shown  that  alkaline  treatment  led  to  changes  in  morphology  and  functional
composition, and also affected the electrochemical properties of the reduced graphite oxide due to the
contribution of oxidation-reduction processes.
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It  is  known  that  the  interaction  of  an  electron  beam  with  the  silicon  oxide  results  in  charge
injection into SiO2.  The charging consists  in  electron localization in  defects  in  the material  [1].  For
practical  applications,  this  effect  is  often  undesirable  since  it  can  cause  high  leakage  currents  or
breakdown  phenomena.  Efforts  are  applied  to  eliminate  the  charging  [2].  On  the  other  side,  the
positive charging effect is utilized to form a useful scanning electron microscope (SEM) contrast for
imaging  buried  microstructures  in  SiO2  films  [3].  But  nobody  used  this  charge  as  a  tool  for
controllable CVD on an exposed surface. Well-known techniques of electron-beam-induced deposition
and etching are not considered because they associated with an electron-mediated decomposition of a
precursor molecule and physical restructuring caused by electron bombardment [4], respectively, not
with the charge.

Recently  we  estimated  that  the  exposure  of  SiO2/Si  and  quartz  substrate  by  electrons  affects
further CVD of  graphene-like film (GLF) [5-6].  We assumed that this  influence is  caused by charge
accumulation. GLFs are nanocrystalline films which can be synthesized without a metal catalyst. Their
high  transparency  combined  with  a  good  conductivity  provides  successful  applications  in  high-
capacity storage and photovoltaic devices, sensors, transparent electrodes, field-effect transistor.

In the current work, we aimed to determine the influence of preliminary substrate exposure on
the further CVD of GLFs for the case of different dielectric wafers (BN, sapphire). For this purpose,
the  spectral  and  electrophysical  characteristics  were  studied  for  the  GLFs  grown  on  pre-exposed
substrates.  Raman  measurements  were  also  carried  out  for  “clean”  exposed  substrates  before
synthesis.

The substrates were irradiated by electron beam in a scanning electron microscope JEOL JSM
840.  Irradiating  electron  energies  and  exposure  doses  were  controlled  by  Nanomaker  hardware-
software  system.  GLFs  were  grown  according  to  the  previously  reported  procedure  [5-6].  Raman
spectra of the carbon films were recorded with a Bruker Senterra micro-Raman system equipped with
a 532 nm laser in the 300-3700 cm-1 range. Electrical measurements were carried out by SourceMeter
Keithley SMU 2450.

This  work  was  supported  by  the  Russian  Foundation  for  Basic  Research  (project  no.
18-32-00047).
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The search of high-performance anode materials for lithium-ion batteries is currently one of the
most important tasks. Battery performance is not only depending on the materials properties of anode
and  electrodes  but  also  on  the  interface  or  surface  effects.  The  development  of  suitable  electrode
materials  with  superior  interface  or  surface  properties  along with  stability  and low cost  are  highly
demanded.  So,  to  keep  up  with  recent  rapid  advancement  in  cathode  materials  it  is  desperately
needed to seek for suitable and innovative high-performance anode materials.

Previous research has shown that BiVO4 is a promising electrode, in particular, anode material for
lithium-ion batteries; it shows an excellent reversible capacity of 769 mAh/g at 0.12 A/g with a great
capacity retention. [1] The motivation to use this material in this study is its unique layered crystal
structure. Varying the conditions of the synthesis makes it possible to easily manage the morphology
of the material that can be used to fine tune lithium-ion batteries. The use of graphene can improve
material  stability  and  conductivity.  [2]  That  is,  the  significance  of  conducting  additives  in  device
fabrication will be smaller and therefore the anode of the same size will have more electrode material.
This means that capacity of the cell could be increased without changing size, shape and structure of
the battery. Also graphene addition can make anode material more durable, because graphene is the
strongest  material  ever  produced,  it  is  able  to  prevent  a  crystal  structure  from  cracking  during
cycling.

Graphene  modified  BiVO4  were  synthesized  by  hydrothermal  method  at  a  temperature  180  oC
using  bismuth  nitrate,  ammonium  metavanadate,  graphene  oxide  and  hydrazine  chloride  as  a
reducing agent. Electrochemical properties of initial and graphene modified materials were examined.

The work was supported by RFBR (project 18-53-06009)

References
Dubal D., Patil D., Patil S., Munirathnam N. R., Gomez-Romero P. BiVO4 Fern Architectures: A1.
Competitive Anode for Li‐ion Batteries , ChemSusChem. 2017. Т. 10.
Wu H., Liu Q., Guo S. Composites of Graphene and LiFePO4 as Cathode Materials for Lithium-Ion2.
Battery, Nano-Micro Letters. 2014. Vol. 6, № 4, P. 316–326



261

P4-38
Graphene & related materials

Transformation of the buffer layer grown on 4H-SiC to single-layer
graphene by hydrogen intercalation

Eliseyev I.A. 1 , Lebedev S.P. 1 , Panteleev V.N. 1 , Dementev P.A. 1

zoid95@yandex.ru
1 Ioffe Institute, St.Petersburg, Russia

One of the most promising growth techniques able to bring graphene-based electronics to mass
production is the thermal decomposition of the Si-face of 4H-SiC wafers. Despite its advantages, the
electron  mobility  of  such  graphene  films  is  limited  by  the  presence  of  the  interface  layer  between
graphene and SiC.  However,  this  layer,  also  called a  buffer  layer,  is  known to  be transformable  to
single-layer graphene by hydrogen intercalation. This process leads to the formation of a quasi-free-
standing monolayer graphene (QFSMG) [1]. In the present work, we studied the effect of hydrogen
intercalation on the buffer layer by using Raman spectroscopy, atomic force microscopy (AFM) and
Kelvin-probe force microscopy (KPFM).

The buffer layer was grown on the Si-face of the semi-insulating 4H-SiC substrate at 1600 °C.
After  the  growth,  the  resulting  buffer  layer  structures  were  put  into  a  chamber  where  they  were
heated in the H2 atmosphere at a temperature of 900 °C for 1 hour. The same areas of as-grown and
annealed samples were studied by Raman, AFM and KPFM.

According  to  Raman  and  KFPM  mapping,  the  as-grown  samples  were  predominantly  covered
with buffer layer with presence of a small (<10%) fraction of monolayer graphene. Analysis of the 2D-
line shift points that the monolayer graphene islands were subjected to relatively high compressive
strain (ε||~0.3%), typical for graphene on 4H-SiC.

An analysis of the Raman 2D line FWHM map showed that, after heating in H2, the buffer layer
was  turned into  monolayer  graphene,  and single-layer  graphene inclusions  became double-layered.
The compressive strain values estimated from the 2D line position after H2 treatment (ε||~0.1%) are
significantly lower than the values observed before treatment. These two facts point to the successful
intercalation of H2 under the buffer layer. Appearance of a weak D-line in the QFSMG Raman spectra
indicates  that  a  small  amount  of  intercalation-induced  point-like  defects  was  introduced.  The
estimated defect concentration range was within 1010… 1011 cm-2.   

Kelvin-probe  measurements  confirmed  the  conclusion  about  the  successful  conversion  of  the
buffer layer to graphene. KPFM maps demonstrate a transition from the potential contrast value of
ΔU1LG-buffer~1  V  to  the  value  typical  for  single-double  layer  graphene  pair  ΔU1LG-2LG~100  mV.  The
fractions of monolayer and bilayer areas are in a good agreement with the initial fractions of buffer
layer and monolayer graphene. 

In conclusion, by using Raman spectroscopy and KPFM we have shown that the transformation
of the buffer layer to high-quality QFSMG is possible by heating the buffer layer in the H2 at 900 °C
for 1 hour. We expect observation of higher values of electron mobility in these films.

I.A. Eliseyev and S.P. Lebedev acknowledge the support from RFBR (Project 18-02-00498).
References

C. Riedl, C. Coletti, T. Iwasaki, A.A. Zakharov, U. Starke. Phys. Rev. Lett. (2009), 103, 246804.1.



262

P4-39
Graphene & related materials

Influence of functional composition and intercalated water on dielectric
properties of graphite oxide

Grebenkina M.A. 1, 2 , Gusel'nikov A.V. 1 , Stolyarova S.G. 1 , Bulusheva L.G. 1, 2 , Okotrub A.V. 1, 2

grmariya@mail.ru
1 Nikolaev Institute of Inorganic Chemistry SB RAS, Novosibirsk, Russia
2 Novosibirsk State University, Novosibirsk, Russia

Graphite  oxide  (GO)  is  a  layered  structure  which  is  formed  by  graphene  layers  modified  with
different oxygen functional groups and intercalated water molecules in the interlayer space [1]. The
composition  of  GO  is  influenced  by  the  method  of  synthesis  and  it  determines  the  substance’s
properties  [2,  3].  Particularly  the  degree  of  graphene  layers'  oxidation  and  the  concentration  of
intercalated  water  molecules  formed  hydrogen  bonds  with  the  layers  designate  the  dielectric
properties of GO.

In this study we investigated the frequency and temperature dependence of dielectric constant at
water's  phase  transition  temperatures  (T  =  0°С  and  T  =  100°С).  The  dielectric  properties  of  GO
synthesized by the modified Hummers method and the Brodie method were compared. The method of
impedance spectroscopy was applied to measure dielectric constant. The measurements were carried
out within the frequency range from 1 Hz to 7 MHz and the temperature range from -10°С to 150°С.
Also the hodographs of GO with valuable humidity were analyzed using electric circuit simulation.

It was indicated that the increase of GO's humidity promotes the appearance of ionic diffusion
conductivity for GO synthesized by the Hummers method and the extra mechanism of polarisation for
GO synthesized by the Brodie method at low frequencies. The difference was explained by the data of
IR  spectroscopy  which  demonstrated  the  lack  of  epoxy  groups  in  GO  synthesized  by  the  Brodie
method. In addition, the origin of water agglomerates in GO synthesized by the Hummers method due
to the increase of humidity was detected.
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Graphene oxide (GO) is considered as one of the promising derivatives of graphene, in which the
ratio  of  the  number  of  oxidized  areas  of  graphene  (sp3)  and  regions  where  carbon  has  sp2-
hybridization can be controlled by varying the conditions of the material synthesis. The control of the
degree  of  oxidation  opens  up  the  possibility  of  obtaining  both  highly  conductive  and  dielectric
materials based on graphene, meanwhile, they can be both hydrophilic and hydrophobic. Numerous
studies were focused on the methods of graphene oxidation and types of oxygen groups as well as its
stability  during  thermal  treatment  under  inert  atmosphere.  At  the  same  time,  there  are  only  few
studies of redox processes in graphene based materials carried out with spatial resolution.

This talk aims to touch next aspects: 1) a number of synthetic approaches to the production of GO
as  methods  of  chemical  and  electrochemical  exfoliation  and  oxidation  of  graphite,  as  well  as  CVD
graphene oxidation by atomic oxygen [1] and photocatalytic oxidation [2], 2) analysis of the type of
oxygen  groups,  along  with  the  morphology  of  GO  using  a  unique  combination  of  methods  of  XPS
mapping and Raman with spatial resolution [1] and 3) possible application of GO for ultra-high density
of  storage  and  computational  elements  production  [2,  3],  highly  selective  membranes  for  gas
dehumidification  [4],  an  effective  conductive  additive  for  positive  electrodes  of  Li-V2O5and  Li-S  [5]
batteries, as well as a model electrode for the study of processes on electrochemical interfaces in the
operation of Li-O2 cells [6].
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One of the most promising technologies of graphene synthesis, which provides the formation of
high-quality  material  and  can  be  integrated  into  commercial  production  technology,  is  the  thermal
decomposition of the surface of semi-insulating silicon carbide (SiC) substrates. One of the important
issues of the technology of graphene growth on silicon carbide is the control of the substrate surface
morphology.  It  is  known that during the graphene growth on SiC substrate a stepped surface with
atomically  flat  terraces  between  steps  is  formed  (step  bunching  phenomena).  In  order  make
graphene/SiC structure suitable for the creation of various devices, it is necessary to obtain samples
with minimal surface roughness, because a decrease in surface roughness leads to a decrease in the
anisotropy  of  the  electrical  properties.  In  this  work  we  present  studies  of  the  influence  of
technological parameters of graphene growth on morphology of the substrate surface.

Graphene films were grown by thermal decomposition of the Si (0001) face of single crystalline
semi-insulating  4H-SiC  substrate  in  an  argon  (Ar)  ambient.  Graphene  growth  was  carried  out  at  a
temperature of 1740-1750 °C during 5 min. The growth parameters used to control the morphology of
the  substrate  surface  were  the  heating  sample  heating  rate  and  the  gas  pressure  in  the  chamber.
Heating rate varied from 100 °C/min to 315 °C/min, gas pressure varied from 700 Torr to 750 Torr.
Surface  morphology  was  controlled  by  atomic  force  microscopy  (AFM).  To  estimate  the  surface
roughness, we used the root-mean-square (RMS) parameter.  The structural quality of graphene was
controlled by using Raman spectroscopy and Kelvin-probe force microscopy (KPFM).

The investigations of graphene growth showed the dependence of the surface morphology on the
heating rate of the sample. The difference in morphology lies in the different step height and width of
the terraces. At low heating rates of the sample, a surface with high steps (>5 nm) and large terraces
(2-3  μm)  is  formed,  and  the  RMS  exceeds  1.5  nm.  Increasing  the  heating  rate  to  250  °C/min  and
higher leads to a decrease in the height of the step to 0.5-1 nm, the width of the terraces being equal
to 100-300 nm, and the RMS value of 0.5-1 nm. In addition, high heating rates make it  possible to
obtain  a  more uniform single-layer  graphene with  a  minimum number of  bilayer  inclusions.  At  low
heating  rates,  it  is  much  more  difficult  to  achieve  the  coating  of  large  terraces  with  monolayer
graphene without the inclusions of a bilayer graphene.

Ar  pressure  in  growth  chamber  also  influences  the  surface  roughness.  It  was  found  that
combination of heating rate about 250 °C/min and the pressure value of 710-720 Torr allow one to get
surface roughness with minimal  RMS=0.5-0.7 nm. Increasing the pressure to  the value of  740-750
Torr during growth leads to an increase of  RMS  to 0.7-1 nm.

In conclusion, we have shown the way of controlling the morphology of the SiC (0001) substrate
surface during the growth of graphene using different combinations of technological parameters.

S.P. Lebedev and I.A. Eliseyev acknowledge the support from RFBR (Project 18-02-00498).



265

P4-42
Graphene & related materials

Dirac cone manipulation by bismuth and oxygen intercalation
underneath graphene on Re(0001)

Gogina A. A. 1 , Klimovskikh I. I. 1 , Estyunin D. A. 1 , Shikin A. M. 1

alevtina_gogina@mail.ru
1 St. Petersburg University, St. Petersburg, Russia

Currently,  graphene  had  been  established  as  the  one  of  the  most  interesting  material  for
researchers, due to the linear dispersion of electronic states, the so-called Dirac cone. Owing to it is
two-dimensional  crystal  structure,  graphene properties strongly depend on the interaction with the
various types of substrates. For example graphene on Ir(111) or Pt(111) is quasi-free-standing, while
in  the  case  of  Re(0001)  substrate  graphene  has  a  strong  interaction  with  this  surface.  For  such  a
system the Dirac cone collapses, and dispersion near the high-symmetric K-point is no longer linear,
as  in  the  quasi-free-standing  graphene.  Nevertheless,  by  intercalation  of  different  atoms  under
graphene,  such  as  Pb  [1],  Au,  Al  or  Bi  [2,  3]  we  can  detach  it  from  the  substrate  and  reduce  the
interaction between graphene and the metal surface. The Dirac cone is expected to restore after the
intercalation, but the charge transfer and local hybridization effects may still modify the ideal linear
Dirac cone structure. Furthermore, the electronic structure of graphene can be changed by oxygen
intercalation while exposing the sample in the air. By intercalation of oxygen atoms it is possible to
restore linear π bands crossing the Fermi energy and hole doping [4].

This work is devoted to the experimental study of the electronic structure of graphene/Re(0001)
after the bismuth and/or oxygen atoms intercalation. The data had been obtained by means of angle-
resolved and core-level photoemission spectroscopy. The experiment had been performed at research
resource center “Physical methods of surface investigations”.

Our results demonstrate that the unique linear dispersion is indeed restored after Bi and O atoms
intercalation. Moreover, the Dirac point position is found to be different depending on the intercalated
atoms configuration. There are two Dirac cones in the ARPES image and for the first one the charge
transfer from the Bi atoms leads to the Dirac point position below the Fermi level, i.e. to the n-doping
of graphene. For the second one the Dirac point is located above the Fermi level resulting in p-doping,
that is related to the charge transfer to oxygen atoms. Possible reasons of this behavior as well as the
perspectives of such graphene p-n junction will be discussed.
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To  realize  high  potential  of  the  novel  2D  carbon  material  graphene  oxide  (GO)  in  the  field  of
optoelectronics,  gas-  and  biosensorics,  etc.,  thin  uniform films  fabrication  techniques  are  required.
Standard methods including dip-coating, drop-casting, layer-by-layer assembly, spin‑coating provides
high  uniformity  of  the  films  but  have  poor  manufacturing  scalability.  Spray-coating  is  a  promising
method  for  GO  thin  films  deposition  with  well-controllable  thickness,  compatible  with  roll-to-roll
technology  and  applicable  for  a  wide  range  of  substrates.  Common  spraying  methods,  however,
requires high-temperature heating of the substrate wich must have high wettability with dispersion
medium  [1].  This  limitation  can  be  partially  overcome  by  deposition  of  individual  microdroplets,
without  agglomeration  on  the  surface  during  the  evaporation.  Microdroplets  mode  requires
optimization  of  a  number  of  process  parameters,  determining  the  average  size  of  the  droplets
reaching  the  substrate  and  the  rate  of  their  evaporation  from  the  surface.  Both  of  these  factors
depends  on  the  vapor  pressure  of  the  solvent  used  and  distance  between  nozzle  and  substrate.
Excessive evaporation during droplets transfer to substrate leads to carrying away of a small droplets
with airflow, as well as the GO irreversible crumpling [2]. Dispersion with high boiling point requires
high-temperature heating for efficient evaporation during the deposition, as well  as post annealing.
Optimal composition of high- and low-volatile solvents results in more uniform film deposition due to
better self‑assembly on the surface [3]. GO with average lateral size ~20 μm dispersed in water and
water-NMP mixture with concentration 60 μg/ml was spray‑coated at cover-slips heated up to 80 ºС,
at  a  flow  rate  0.1  ml/min  and  distances  10  and  15  cm.  As  a  result  uniform  films  were  obtained,
demonstrating  thickness  of  ~5  nm  with  roughness  Ra~3  nm  (fig.1).  The  wrinkles  on  the  surface
apparently determined by a large size of GO flakes comparable to the spray droplets.

The  presented  work  was  financially  supported  by  the  Russian  Foundation  for  Basic  Research
(grant no. 18-29-19172).

Fig.1. AFM image of thin GO film on glass substrate formed by spray deposition of water solution.
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In  the  current  report,  a  plain  method  of  graphene  covalent  functionalization  by  organic  dyes,
based  on  the  chemistry  of  diazonium  compounds,  is  presented.  The  advantages  of  diazonium
chemistry  approach are  its  simplicity,  the  high  degree  of  functionalization,  and the  relatively  short
time that is necessary for the reaction to proceed. For the first time, this method was utilized for the
attachment  of  an  organic  dye  to  graphene  by  Martin  et  al.  [1];  the  graphene  in  the  form  of
nanoplatelets, dispersed in ethanol, was covalently modified by Neutral red dye. Later on, the same
procedure  was  applied  to  graphene  epitaxially  grown  on  cubic-SiC(001)  [2].  Such  graphene
intrinsically exhibits properties of quasi-free-standing graphene due to the mismatch of crystal lattices
of cubic silicon carbide and hexagonal graphene and has a size comparable to the size of the initial
substrate  [3].  It  was  found  by  small  area  STM  investigations  that  phenazine  dye  molecules  are
standing  up  on  the  graphene  surface  and  exhibit  a  short-range  order  with  a  rectangular  unit  cell,
while STS measurements proved the emergence of a bandgap [2]. Besides, we should emphasize that
the grafting procedure of a new type of dye, phenothiazine one, has been conducted for the epitaxial
graphene. To get deeper inside of interesting phenomena above we performed vast investigations of
the functionalization like XPS,  NEXAFS,  and UV-PEEM using modern Mega Sciences (a  number of
European Synchrotron Radiation Facilities). The graphene/dye composites have shown high stability
verified by XPS measurements after sonication of them and annealing in ultrahigh vacuum conditions.
UV‑PEEM  imaging  with  work  function  contrast  proves  the  homogeneity  of  the  systems  on  a  large
scale.  STS  measurements  and  secondary  electron  cutoff  confirmed  a  deep  modification  of  the
electronic  structure  as  a  result  of  the  functionalization,  a  wide  band  gap  opening  and  remarkable
change of the work function.

This  work  was  supported  by  RAS,  RFBR  (Grant  Nos.  17-02-01139,  17-02-01291)  and
Minobrnauki of Russia (Project 3.3161.2017/4.6).
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We report the first self-limiting ambient pressure synthesis of single crystal graphene approach
that does not contain hydrogen neither in molecular nor in atomic forms. Regular copper substrates
were used both in liquid and solid states and detailed kinetics study were done in order to describe
the  method  and  find  optimal  regime.  In  comparison  to  earlier  reported  hydrocarbon  based
synthesis[1], the proposed technique demonstrates extremely low nucleation rate wherein the growth
rate is rather high (tens of square microns per second).  We also present novel dopant-free graphene
transfer approach, that utilizes sublimating sacrificial layer. It turned out to be much more convenient
and  simple  in  comparison  to  PMMA  or  CAT  transfer[2].  Finally  we  demonstrate  the  adoption  of
Atomic  Force  Microscopy  capabilities  of  capturing  samples  mechanical  properties[3]  as  a  facile
method  for  individual  grain  visualization  both  on  the  copper  and  transfer-target  substrates.  Such
method  provides  high  contrast  imaging  of  the  graphene  and  provide  a  room  for  the  further
improvement by acquiring more sophisticated data out of Force-Distance curves

a Photograph of monolayer graphene grains of sub-millimeter size on copper substrate; b Average Raman spectra
of the demonstrated region; c UV-vis transmittance measurements of the large size sample.
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The movement of electronics to the nanoscale led to the fact that the flexoelectric effect and the
surface  piezoelectric  effect  significantly  influence  on  the  electromechanical  properties  of  materials
[1]. Nanopiezotronics is studying these effects in nanostructures to develop new devices [2]. The basic
element of nanopiezotronics is a two-electrode structure, in which the internal electric field occurring
in a nanostructure under strain is used as a voltage controlling the charge carriers transport [2]. The
search for such nanostructures continues to date. Our latest research in this area has shown that the
strained  aligned  carbon  nanotubes  (CNTs)  have  an  internal  electric  field  due  to  their  piezoelectric
properties [3, 4]. It is shown that the strained CNTs can be used in the development of nonvolatile
memory and nanogenerators [3-5]. The aim is to study the influence of a strain of carbon nanotubes
on its electrical properties to develop new nanopiezotronics devices.

As the experimental samples we used vertically aligned CNTs arrays grown by plasma-enhanced
chemical vapor deposition. Studies of the experimental samples were carried out by the atomic force
microscopy (AFM) using previously developed techniques [3, 4]. The results of experimental studies of
a CNT piezoelectric response showed that when the AFM probe is applied to the top of a nanotube the
current increases linearly and then goes to saturation. This dependence may be explained by the fact
that a CNT predominantly experiences compressive strain and only negative piezoelectric charge is
formed at its top when a weak force (up to 200 nN) is applied. Increasing the force further (up to 800
nN), bending strain begins to predominate,  which leads to the formation of simultaneously positive
and negative charges on the CNT top. As a result, the total piezoelectric charge varies insignificantly
and the current dependence saturates when the force is increased.

Studies  of  the surface potential  of  strained CNTs confirmed the dependence of  the magnitude
and sign of the surface potential at the CNT tops on the magnitude of their strain. It was shown that
the tops of unstrained CNTs have zero potential. The potential is negative at a compressive strain of
the CNTs and is  positive at  a  bending strain of  the CNTs.  The obtained results  can be used in the
development of promising nanoelectronics devises based on aligned carbon nanotubes in particular
memory elements and high-efficiency nanogenerators. The results were obtained using the equipment
of the Research and Education Center and Center of Common Using “Nanotechnologies” of Southern
Federal University.

The  reported  study  was  funded  by  RFBR  according  to  the  research  projects  No.  16-29-14023
ofi_m and No.18-32-00652 mol_a.
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Carbon nanotubes (CNTs) are one of the most popular material for energy storage devices such
as  supercapacitors,  Li-ion  batteries,  fuel  cells  because  of  their  unique  physicochemical  properties.
Typically,  due  to  electrical  conductivity  and  textural  properties  CNTs  are  demanded  for  different
electrochemical applications.  Besides of  CNTs, porous carbon is widely used as in electrochemistry
devices  because  of  their  easy  synthesis,  low  cost  and  highly  specific  surface  area.  Combination  of
CNTs and porous carbon in hybrid material  allows improving electrochemical  properties  compared
with  each  of  individual  component.  In  addition  to  this  incorporation  of  nitrogen  atoms  in  CNT
structure provides the material wettability by electrolyte thus improving electrochemical properties of
hybrid materials.

In  the  present  work,  hybrid  materials  based  on  CNTs  and  porous  carbon  were  obtained  with
different  methods.  The first  one is  synthesis  of  a  hybrid  material  during chemical  vapor  deposition
(CCVD)  method  with  dynamic  temperature  profile  in  CH4/H2/(CH3CN)  purging.  In  this  case,
CNTs/porous  carbon  and  nitrogen  doped  CNTs  (CNx)/porous  carbon  hybrids  were  synthesized.
Another method is a mixing of CNTs (CNx) and porous carbon with a different ratio. Hybrid materials,
CNTs  and  CNx  were  synthesized  using  Co-Mo/MgO,  Ni-Mo/MgO  and  Fe-Mo/MgO  catalyst  while
porous carbon were templated by MgO.

Hybrid materials were tested as electrodes for energy storage devices such as supercapacitors,
lithium- and sodium-ion batteries.  It  was determined that the influence of  nature of  catalyst  on the
carbon material  structures and individual components in hybrid materials as well  as the present of
incorporated  nitrogen  on  the  electrochemical  properties  of  electrodes  for  electrochemical
applications.

The work was supported by the Russian Foundation for Basic Research (grant № 18-33-01053).



271

P5-03
Carbon Nanotubes

Growth dynamics of inner tubes inside metallocene-filled single-walled
carbon nanotubes

Kharlamova M.V. 1 , Kramberger C. 2 , Saito T. 3 , Shiozawa H. 2 , Pichler T. 2

mv.kharlamova@gmail.com
1 Institute of Materials Chemistry, Vienna University of Technology, Vienna, Austria
2 Faculty of Physics, University of Vienna, Vienna, Austria
3 Nanomaterials Research Institute, National Institute of Advanced Industrial Science and Technology,
Tsukuba, Japan

Single-walled  carbon  nanotubes  (SWCNTs)  are  a  fascinating  class  of  carbon  nanomaterials
possessing  exceptional  physical,  chemical,  mechanical  and  structural  properties.  The  synthesis  of
SWCNTs  with  defined  properties  is  required  for  both  fundamental  investigations  and  practical
applications. Although the use of SWCNTs in the fields of nanoelectronics has been already realized,
the full potential of SWCNTs is still not implemented in applications. This is caused by the fact that as-
synthesized SWCNT samples have inhomogeneous properties, and the selective synthesis of SWCNTs
with certain conductivity type and structure is elusive. The revealing and thorough understanding of
the growth mechanism of SWCNTs is the key to the synthesis of nanotubes with required properties.

This  work  undertakes  the  systematic  investigation  of  the  influence of  synthesis  parameters  on
growth dynamics of nanotubes inside SWCNTs. The study aims at revealing the growth mechanism of
inner  tubes  inside  metallocene-filled  SWCNTs.  The  SWCNTs  filled  with  nickelocene  (NiCp2),
cobaltocene (CoCp2) and ferrocene (FeCp2) molecules serve as a catalyst source and carbon feedstock
at the same time, and provide well-controlled conditions for the low-temperature high-yield synthesis
of inner tubes.

The  growth  temperature  decreases  linearly  with  decreasing  the  inner  tube  diameter.  The
temperature difference between the largest  (dt  ~ 1.3  nm) and the smallest  diameter  (dt  ~ 0.7  nm)
tubes amounts to ~ 230°C for the three precursors. The growth temperatures are offset by 34°C from
Ni to Co and another 28°C from Co to Fe.

By  combining  in  situ  annealing  and  Raman  spectroscopy  measurements,  the  monitoring  of
growth  dynamics  of  nine  individual-chirality  inner  tubes  (8,8),  (12,3),  (13,1),  (9,6),  (10,4),  (11,2),
(11,1),  (9,3)  and  (9,2)  with  the  diameters  from  ~  0.8  to  1.1  nm  has  been  performed  with  a  time
resolution of several minutes [1,2].

The  growth  mechanism  of  inner  tubes  implies  two  successive  stages  of  the  growth  on  the
carburized  and  purely  metallic  catalytic  particles,  respectively.  The  stages  of  the  tube  growth  are
characterized by the corresponding growth rates and activation energies. The growth rates at both
stages are inversely proportional to the inner tube diameter and are also significantly higher for the
Ni  catalyst.  The  activation  energies  of  the  growth  on  the  carburized  Ni  and  Co  catalytic  particles
decrease monotonically with decreasing the tube diameter, while they show the opposite trend for the
purely metallic particles.

References
M.V. Kharlamova, C. Kramberger, T. Saito, Y. Sato, K. Suenaga, T. Picher, H. Shiozawa,1.
Nanoscale (2017) 9, 7998.
M.V. Kharlamova, C. Kramberger, Y. Sato, T. Saito, K. Suenaga, T. Pichler, H. Shiozawa, Carbon2.
(2018) 133, 283.



272

P5-04
Carbon Nanotubes

Carbon nanostructures for drug delivery systems

Nazarova A. 1 , Chudoba D.M. 1, 2, 3 , Jazdzewska M. 2 , Woloszczuk S. 2

anazarova@jinr.ru
1 Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, Dubna, Russia
2 Adam Mickiewicz University, Poznan, Poland
3 Saint Petersburg State University, Saint Petersburg, Russia

In the last decade, the most popular type of nanomaterials is carbon nanotubes, which attract the
attention  of  members  of  various  scientific  fields.  The  development  of  fundamental  and  applied
concepts  of  carbon  nanotubes  in  the  coming  years  can  lead  to  fundamental  changes  in  materials
science, electronics, biology, medicine and ecology.

Carbon nanotubes reveal new opportunities for biological and medical applications: visualization
of  molecular,  cellular  and  tissue  structures;  creation  of  biosensors  and  electrodes  based  on  them;
targeted  delivery  of  various  substances;  radiation  and  photothermal  therapy.  The  most  promising
property of carbon nanotubes in the context of biomedical applications is their ability to penetrate into
various tissues of the body and can serve as the basis for targeted drug delivery systems. They are
able to transfer large doses of  radionuclides and chemotherapeutic agents into tumor cells  without
destroying  normal  tissues,  significantly  reducing  the  side  effects  that  usually  accompany  many
modern treatments.

Tumor microenvironment is acidic and this property is one of the most important factors, which
should be taking into account in drug release. Therefore, a drug delivery system that is responsive in
the physiologically acidic pH range (4.5–6.9) is promising for the drug release inside tumor cells.

Here the anticancer drug, Doxorubicin (DOX) was selected, because it possess an amine group in
the  structure  and  the  physicochemical  properties  of  DOX  are  highly  sensitive  to  changes  in
environmental  pH.  To  reduce the  undesired effects  without  reducing drug potency,  DOX is  usually
encapsulated into drug delivery vehicles that have the ability to protect the molecule of interest and
selectively target.

    Despite the fact that some research works have been done on the effects of in vivo or in vitro
antitumor activity but very little is known about the adsorption behavior of anticancer drug on CNTs.
Development  of  the  CNT-based  drug  delivery  systems  thorough  studies  of  the  adsorption  and
desorption of drugs on CNTs are crucially important. In this work, we prepared MWNTs-nitric acid
and evaluated  its  ability  for  loading  and release  pH,  loading  concentration,  time of  adsorption  and
desorption of doxorubicin from CNTs.
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The practical use of the unique properties of carbon nanotubes (CNT) leads to the need to obtain
aligned CNTs located at a given place of the substrate [1]. One of the most promising methods for the
synthesis aligned CNTs is plasma enhanced chemical vapor deposition (PECVD). The initial stage of
the CNTs synthesis by PECVD is the formation of a continuous catalytic film on the substrate, from
which, as a result of annealing, catalytic centers (CC) are formed. Due to the fact that the geometric
dimensions, density and composition of CC determine the future properties of CNTs, the actual task is
to  predict  and  create  arrays  of  CCs  with  controlled  geometric  parameters.  To  exclude  chemical
interaction  during  annealing  between  the  catalytic  material  layer  (Ni,  Fe,  Co,  etc.)  and  the  silicon
substrate, is formed barrier layer based on metal films (Cr, V, Ti, etc.).

It  was  shown  that  a  multilayer  structure  consisting  of  two  or  several  contacting  materials  is
initially  thermodynamically  unstable.  Through the contact  plane between the layers  there will  be a
continuous process of mutual diffusion accompanied by a decrease in the free energy of the system. It
is  shown that  for  a  nanoscale  thickness  of  a  metal  layer,  which is  much smaller  than the  diffusion
length, the multilayer structure is asymmetric. The most of silicon atoms, passing through diffusion
through thin layers of metals, will come out onto the outer surface of the structure and desorb into the
vacuum,  while  chromium  atoms  saturating  the  contact  area  of  the  substrate  will  form  chromium
silicide layer. The intermediate layer of chromium silicide, forms a strong chemical bond and fixes a
metal film on a silicon substrate, which will affect on the thermal stress field nature with increasing
temperature. The free surface of the film will corrugate. In this case, the steady-state profile will be
determined  by  the  equilibrium  of  the  thermal  expansion  forces  and  the  capillary  pressure  at  each
point of the deformed film surface [2].  The resulting drop in the chemical potential (Δμ) will initiate of
the material diffusion transfer from the inner contact plane to the outer surface of the film:

 (1)
where αSi,Cr – coefficient of thermal expansion, ЕCr – Young's modulus, T – annealing temperature,

К – local curvature of the surface; γ – specific surface energy of chromium; n – number of atoms per
unit volume of the chromium lattice; Ω – volume of chromium atom.

It  is  shown  that,  after  film  breaking,  surface  processes  and  specific  surface  energy  are  the
dominant factor controlling the formation of the CC profile. Only after breaking the film into separate
fragments can we assume that the process of formation of the CC starts, at the same time, the limiting
size factor of the steady segment will be equal to the curvature of the CC surface. At a value of the
contact angle φ=π/2 the steady-state CC is a hemisphere with radius:

 (2)
where σ - thermal stress at the metal/substrate interface.
As  a  result,  developed  a  complex  model  for  the  formation  of  catalytic  centers  for  carbon

nanotubes growth from a continuous nanosized catalyst film that allows predicting the dimensions of
the CC formation on a silicon substrate. This work is supported by the Russian Science Foundation
under grant № 18-79-00176.
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The  progress  in  advanced  technologies  in  various  fields  of  science  and  industry  places  high
demands on new materials necessary for the implementation of the most modern developments. One
of these requirements in the producing new structural materials and catalytic systems is the creation
of reinforcing fibers or catalyst carriers with a large specific surface area and mechanical strength.
The most effective objects combining these properties are multi-walled carbon nanotubes (MWCNTs).
However, for the application of such objects as fillers in any structural material or as a catalyst, it is
necessary to modify the surface of the MWCNTs so that they could be effectively used in these areas.
Modifying the MWCNTs surface will  increase their affinity for the matrix material of the composite
when MWCNTs are used as reinforcing fillers in composites or will allow creating a large number of
active catalytic centers on the MWCNTs surface when using them as catalyst carriers.

This work proposes a method for the synthesis of new hybrid materials based on MWCNTs and
copper oxides or tungsten oxide. Such objects can be used in the catalysis of hydrocarbon pyrolysis, in
strong composites or alloys.

The MWCNTs synthesized by the MOCVD method during the pyrolysis of a mixture of toluene
and  ferrocene  were  used  as  the  basis  for  such  materials.  Next,  copper-containing  or  tungsten-
containing coatings were deposited on the surface of the obtained MWCNTs. Hybrid materials based
on  MWCNTs  and  nano-sized  copper  nanoparticles  were  synthesized  according  to  the  developed
method using MWCNTs in the form of powder and copper formate as a precursor. In this case, first
the precursor itself was deposited on the surface of the MWCNTs, and only after that it decomposed
to  form  copper  nanoparticles.  The  deposition  of  tungsten-containing  particles  occurred  during  the
pyrolysis  of  tungsten  carbonyl.  Thus,  the  hybrid  materials  synthesized  were  further  subjected  to
oxidation under atmospheric air to obtain copper oxide or tungsten oxide particles on the MWCNTs
surface.  All  synthesized  hybrid  materials  were  examined  by  various  physico-chemical  methods  of
analysis to establish their characteristics. The regularities of the formation of these hybrid materials
under  different  initial  conditions  of  synthesis  are  established,  which  allows  to  obtain  objects  with
specified properties.

This work was supported by RFBR (Project 18-33-00776).
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Epoxy resin (diglycidyl ether bisphenol-A type) polymer composites with added unmodified and
fluorinated  carbon  nanotubes  (CNTs)  were  studied  by  FTIR,  TGA,  DSC  and  electron  microscopy.
Composites tensile and flexural strength were measured. CNTs fluorination markedly (by a factor of
2.26) increased its specific surface. Fluorination did not influence CNTs thermal stability below 260oC
and  did  not  worsen  thermal  stability  of  filled  composites.  Insertion  of  0.1  weight  %  of  CNTs
fluorinated  at  150oC  into  polymer  matrix  resulted  in  the  composite  tensile  strength  increase  to
89.6±4.1 MPa (35% increase as compared with unfilled composites). Flexural strength of composite
filled  with  0.2  weight  %  fluorinated  at  150oC  CNTs  was  increased  to  199.7±4.8  MPa  (+58%  as
compared  with  unfilled  composite).  Obtained  reinforcement  values  exceeded  all  the  available
literature reinforcement data reported for epoxy composites based on epoxy resins similar to used in
the current project. Unmodified CNTs were less effective in composite tensile and flexural strength
improvement as compared with fluorinated CNTs. Insertion of fluorinated CNTs into a polymer matrix
increased  glassy  temperature  and  did  not  influence  the  composites  thermal  stability.  Surface  of
composites cuts was studied by electron microscopy technique (fig.1). The reinforced composites can
be  applied  in  several  industries:  aviation,  automotive,  wind  turbine  propeller  blades,  for  producing
yachts and boats etc.

Fig.1. Cut of the polymer composite containing 0.5 weight % of virgin CNTs. Scale 1 µm.
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We report geometry, energy, and electronic properties of [n,5]-, [n,6]-, [n,7]-, and [n,8]- carbon
and  silicon  polyprismanes.  Polyprismanes  or  [n,m]prismanes  are  the  nanotubes  of  a  special  type
constructed from the dehydrogenated molecules of cycloalkane (carbon rings) or cyclosilanes (silicon
rings), where m is the number of vertices of the closed atomic ring and n is the number of layers [1].
In this study using density functional theory we have calculated thermodynamic stability, electronic
properties,  and  chemical  reactivity  of  carbon  and  silicon  [n,m]prismanes  with  m  =  5,  6,  7,  and  8
containing from two to ten layers (see Fig.1) by means of calculating frontier molecular orbitals, and
some reactivity descriptors. Furthermore, we have performed structural optimization of rather long
(“infinite”) polyprismanes taking into account periodic boundary conditions and obtained their band
structure,  density  of  electronic  states,  electronic  transmission  coefficients,  and  some  mechanical
properties to predict their behavior as the part of perspective nanotechnology devices and to illustrate
the  potential  of  these  systems  for  the  future  development  of  next-gen  nanotechnologies.  All  DFT
calculations  for  the  finite  [n,m]prismanes  were  performed  using  the  TeraChem  software,  and  the
calculations  under  periodic  boundary  conditions  were  carried  out  using  the  Quantum  Espresso
package.  It  is  found  that  the  considered  polyprismanes  become  more  thermodynamically  stable  as
their effective length increases. However, the character of the energy spectrum and the behavior of
transmission function near the Fermi level, illustrate that the silicon polyprismanes exhibit non-typical
for the sp3-hybridized silicon systems metallic nature, whereas the carbon polyprismanes possess the
semiconducting properties in the bulk limit.

The presented study was performed with the financial support of the Russian Science Foundation
(Grant No. 18-72-00183).

Fig.1. Left to right: Molecular structures of [n,5]-, [n,6]-, [n,7]-, and [n,8]- carbon and silicon polyprismanes
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An alternative to lithium-ion batteries, widely used as a power source for robotic systems (RTC),

can be air-aluminum batteries (PSA), differing by 5-10 times lower cost and 1.5-2 times higher energy
intensity. However, they have a low specific power which can be increased due to increase in activity
of electrodes and decrease in mass of an element.

            Soot is one of the most common carbon carriers of metal catalysts in various applications.
Soot doping by heteroatoms, in particular N, allows to increase considerably the polarizing capacity
and also activity and selectivity of the considered reaction. For clarification of influence of doping of
various types soot, the catalysts used as carriers on the basis of a tetrametoksifenilporfirin of a cobalt
(TMFPSO) on electrochemical characteristics (polarizing capacity, activity and selectivity in reaction
of  restitution  of  oxygen  to  water)  investigated  exemplars:  277HIT;P276E;  P277  E-HIT  P;  HS72P;
A114P; P267E; UAF. As an example comparisons used the catalyst synthesized on commercial Vulcan
XC72 soot.

The activity of cathodes was significantly increased when replacing the catalyst (UAF absorbite)
by the developed pyrocatalyst on the basis of  Fe -  Co -  N -  the containing connection (Fig.  1).  It  is
investigated influences of carriers Fe - Co - N - the containing connection on polarizing characteristics
of air cathodes. It is shown that on air electrodes with the pyrocatalyst on the basis of P267E diffusion
limits start at current density above 350 mA/cm2, while on the basis of Vulcan XC72 is more narrow at
200  mA/cm2,  that  is  a  consequence  of  influence  of  a  cellular  structure,  its  hydrophylic  and
hydrophobic properties. (Fig. 1).

Fig.1. Polarizing curves of air cathodes with the UAF catalyst and with the pyrocatalyst on the
basis of various technical carbon carriers.



278

P5-10
Carbon Nanotubes

Effect of heat treatment on the characteristics of the catalyst for the
synthesis of carbon nanostructured materials

Burakova E.A. 1 , Dyachkova T.P. 1 , Tkachev A.G. 1 , Gutnik I.V. 1 , Tugolukov E.N. 1 , Galunin E.V. 1

elenburakova@yandex.ru
1 Tambov State Technical University, Tambov, Russia

Carbon  nanotubes  (CNTs)  are  often  used  as  modifiers  of  various  composite  materials.  Their
introduction  into  the  matrix  can  significantly  improve  the  performance  of  the  composites  created.
However,  nanomaterials  with  a  certain  structure  and  morphology  are  used  as  a  modifier  for  each
application. It is known that the correctly selected composition of the catalyst and the conditions for
the synthesis of nanomaterials make it possible to obtain CNTs with given characteristics. Thus, it is
possible  to  provide  a  directed  synthesis  of  nanostructures  by  CVD  through  metal  oxide  catalytic
systems,  on  the  active  centers  of  which  the  formation  and  growth  of  CNTs  take  place,  so  it  is
important to know the features of obtaining catalysts. The easiest way to obtain a metal oxide catalyst
for CNTs synthesis is the wet burning method, in the implementation of which the main stages are the
preparation of the pre-catalyst and its heat treatment.  Heat treatment is  usually carried out in two
stages: thermal decomposition of the pre-catalyst and calcination of the resulting metal oxide catalytic
system. Since the formation and transformation of the active centers of the catalyst occur at the heat
treatment stage, it is important to know how the heat treatment conditions of the pre-catalyst affect
the characteristics of the formed system and CNTs synthesized on the obtained catalyst samples. The
Co-Mo/Al2O3  catalytic system obtained by wet combustion was chosen as the object of study. In the
process of obtaining the catalyst, heat treatment was carried out not in two, but in one stage (there
was no calcination stage), while the temperature and duration of the thermal decomposition stage of
the pre-catalyst varied. It is revealed that as a result of thermal decomposition of the precursor at 350
°C, catalytic systems with a small specific surface area (~2.0...26.0 m2/g), allowing the process gas-
phase chemical vapor deposition to synthesize CNTs  with a diameter of 5÷30 nm with the degree of
deficiency 0,784 (specific output ~0,5..9.4 gCNT/gcat). Samples of Co-Mo/Al2O3 catalytic system obtained
by  thermal  decomposition  at  500  °C  and  700  °C  have  a  large  specific  surface  area  and  are  more
effective  in  the  synthesis  process.  The  results  obtained  during  the  experiment  showed  that  by
adjusting the operating parameters of the pre-catalyst heat treatment process, it is possible to control
not only the characteristics of  the formed catalyst  (specific surface area,  efficiency),  but also CNTs
(diameter,  degree  of  defect).  The  use  of  Co-Mo/Al2O3  catalytic  system obtained  without  calcination
stage  in  the  process  of  synthesis  of  carbon  nanostructured  materials  helps  to  reduce  the  cost  of
synthesized nanotubes.

The work was funded by the Ministry of Science and Higher Education of the Russian Federation
in  the  framework  of  the  Federal  Target  Program  “Research  and  Development  in  Priority  Areas  of
Advancement of  the Russian Scientific  and Technological  Complex for 2014–2020” (Agreement No.
14.577.21.0253, Unique Identification Number: RFMEFI 57717X0253).
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In  fuel  cells  with  proton-conducting  (solid)  electrolyte  and  metal-air  batteries,  the  oxygen
reduction  reaction  (MER)  is  the  most  difficult  because  of  its  low  flow  rate  in  comparison  with  the
reactions occurring at the anode or during electro-oxidation of the nanoparticles of the metal phase
[1]. Therefore, the development of active and stable electrocatalysts RVK with a lower cost is crucial
for the commercial application of TE and metal-air batteries. With the current state of technology, the
most  practical  RVC catalysts  are platinum-based materials  supported on a  carbon carrier  (CN) [2].
Platinum (Pt)  and alloys  based on it  are  the  most  common selective  in  relation  to  the  reduction  of
oxygen to water, a corrosion-resistant and active catalyst in RVC and used in commercial fuel cells
(FC). At the moment, the main strategies that allow to increase the activity and stability of the catalyst
based on Pt, aimed at optimizing its composition and structure, for example, alloying with transition
metals (Co, Ni, Fe, etc.) [3], as well as the use of new types that are more resistant to the working
conditions  of  fuel  cells,  carbon  materials  (PA),  with  a  unique  surface  morphology  (nanotubes,
mesoporous  carbon,  etc.)  as  catalyst  carriers  [4].  Studies  concerning  the  optimization  of  the
composition and structure of catalysts have reached a certain level,  while the EC characteristics of
such systems remain rather low, and the systems themselves are noncommercializable.

Carbon nanotubes have an optimal matrix of physicochemical properties and are promising CNs
for  RVC  catalysts.  A  distinctive  feature  of  CNTs  is  their  high  corrosion  resistance,  compared  with
other  CMs  [5].  The  use  of  CNTs  in  combination  with  other  strategies  (for  example,  alloying)  will
significantly increase the commercialization of cathode electrocatalysts [6]. However, due to certain
disadvantages of CNTs related to their hydrophobicity and a small number of active centers on the
surface,  a  number  of  studies  are  needed  regarding  the  modification  of  their  surface  by  various
functional  groups,  which,  in  turn,  will  create  conditions  for  the  uniform  distribution  of  metal
nanoparticles  over  the  entire  surface.  Also,  the  use  of  modified  CNTs  as  catalysts  carriers  will
increase the electrochemically active surface area (EAP), the activity in the oxygen reduction reaction
(RVC) and the corrosion resistance of the catalysts synthesized on this carrier due to the formation of
certain types of bonds between metal nanoparticles and functional groups.
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Polymer  nanocomposites  based  on  high  aspect  ratio  conductive  nanofillers,  such  as  carbon
nanotubes, are promising advanced materials for protection from electromagnetic interference (EMI).
Due  to  their  low  density,  design  flexibility,  ease  of  processing  and  high  conductivity  at  low  filler
loading,   polymer  composites  are  attractive  materials  for  use  in  enclosures  for  electronic  and
electrical devices [1-4].

            This work is devoted to the development of aerosol method for the deposition of layered
carbon  nanotubes-containing  polymer  composite  and  investigation  of  its  EMI  shielding  efficiency.
Polymer composite films were obtained on metal surface by aerosol spraying of a dispersion of carbon
nanotubes  in  the  solution  of  a  copolymer   of  vinylidene  fluoride  with  hexafluoropropylene  SCF  26
(Russia) in acetone. Single-wall TUBALL carbon nanotubes (OksiAl, Russia) were used. Thickness of
the coatings was 250-300 mcm. Reflection coefficients of electromagnetic radiation were measured in
the  range  of  20-35  GHz.  Three-layer  coatings  were  formed  with  a  concentration  of  nanotubes
decreasing  in  each  subsequent  deposited  layer.  The  concentration  of  nanotubes  in  the  first  layer
(applied to the metal sample) corresponded to the coating with concentration of nanotubes (0.5% wt.),
which  had  the  maximum absorption  coefficient.  The  concentration  of  nanotubes  in  the  second and
third layers was 0.3 and 0.1%, respectively. For effective shielding of electromagnetic radiation, large
concentrations  of  nanotubes  are  necessary,  while  maximum  of  absorption  requires  concentrations
close  to  the  percolation  threshold.  Gradient  samples  had  significantly  better  characteristics,
(reflection coefficient reached -6dB at 35 GHz)  since the outer layer provides a better matching of the
wave  resistance  with  free  space  and  a  smooth  entrance  of  an  electromagnetic  wave,  and  the
subsequent  layers  with  an  increasing  concentration  of  single-walled  carbon  nanotubes  absorb
electromagnetic radiation.

            Thus, polymer composite coatings with layered structure and with concentration gradient 
were obtained. They had shown low reflection coefficient of electromagnetic radiation. The advantage
of the proposed aerosol method of applying EMI shielding coatings is in its versatility. Coatings can be
applied to the surfaces of any composition and shape.

 This work was supported by RFBR  grant № 18-29-19112
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The Sn-Sb-Cu antifriction babbit alloys are widely used in sliding bearings employed in friction
units of machines and mechanisms.  Babbits' antifriction characteristics are the highest among those
of  alloys  of  this  class;  however,  their  fatigue  strength  is  low,  which  limits  the  thickness  range  of
babbit-based antifriction coatings and also reduces their wear resistance. Currently more and more
attention  is  paid  to  using  ultradispersed  particles,  especially  nanoparticles,  in  order  to  improve
characteristics  of  antifriction  materials  and  coatings  based  on  them.  For  this  purpose,  refractory
particles  (e.g.  diamond  nanoparticles,  WC,  SiC)  and  carbon  nanotubes  (CNTs)  have  been  already
tested. Introduction of nanoparticles results not only in changes in structural-phase components but
also  in  improvement  of  the  antifriction  material  performance  characteristics.  Thus,  modification  of
antifriction  materials  and  coatings  based  on  them  with  nanoparticles  may  be  regarded  as  a  quite
topical research direction.

This work is devoted to studying the CNT influence on the tribotechical characteristics of babbit-
based coatings fabricated by cladding. However, it seems impossible to reveal the mechanism of the
CNT  effect  on  the  babbit  alloy  performances  without  detecting  them  in  the  antifriction  coating
structure.  Therefore, especial attention was given to searching for and testing of techniques novel for
this application.  In the framework of this study, the soft x-ray absorption spectroscopy was used to
detect CNT within the antifriction coating structure for the first time. Studies of the coatings metal
structure by soft x-ray absorption spectroscopy, as well  as by the metallographic and fractographic
techniques involving electron-microscopy,  showed that  CNTs remain stable during plasma cladding
process and merge into the coating.

In this study, the friction test performed according to the "pin-on-disk" procedure under the dry
sliding friction conditions showed that adding to the coating 0.25 %wt of CNTs significantly improves
the friction stability (the friction factor scatter coefficient decreases twice with reducing the friction
factor and wear resistance by 5% on the average).
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Electrophysical  properties  of  CNTs  are  determined  by  their  chirality,  and  those  of  graphene
nanotapes - by their size. Industrial production of nanotubes with a preset chirality is not mastered
yet,  which  is  why  the  doping  procedure  can  be  used  to  correct  their  properties.  Doping  with
functional groups allows to solve several other problems, for example, reduce the tendency towards
agglomeration, increase the adhesion to the surrounding substance, add the properties of a chemical
sensor. Therefore, the possibility of chemical modification of electrophysical properties of nanoobjects
is a subject of interest. Similar methods of doping were considered for some other compounds such as
cubane-based  chain,  graphene,  carbon  nanotubes  [1-3]  etc.  Understanding  the  mechanisms  of
influence of  functional  groups on the band structure of  large molecularly similar formations is  also
quite important for obtaining conducting polymers.

Information on the influence of purification of CNTs from amorphous carbon, catalyst particles
and structure defects on the conductivity as well as temperature and frequency dependences of the
conductivity of CNTs for various types and degrees of functionalization will be presented during the
speech.  A  comparative  analysis  of  the  influence  of  the  morphology  of  "matrioshka"  and  "fish
cartillage" CNTs on their properties has been conducted. The non-linear dependence of the degree of
functionalization of CNTs on the conductivity presented in Figure 1a is explained.

Fig.1. Dependence of the conductivity of "Taunit" f-CNTs on the concentration of carboxile groups (a) and on the
temperature for "Taunit-M" f-CNTs with various types of functional groups (b)
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Despite the simplicity of the CNTs band structure within a tight binding approximation, several
effects may result in significant modification of electron spectrum in these 1D crystals. Among those
are the proximity effect,  electron-electron interaction and presence of  defects [1-3].  Therefore,  it  is
important to be able to investigate the bandstrucutre of individual CNTs under different conditions.
This work describes an approach allowing for such studies via measurements of the density of states
of individual single-walled carbon nanotubes (CNTs) by means of a tunnel contact.

We  report  on  a  technology  for  manufacturing  devices  in  the  configuration  of  field-effect
transistors, where the channel of the transistor is an individual single-walled CNT, a tunnel contact is
used as a source, and contact to the drain is ohmic (Fig.1). We used silicon substrates (480 μm) with a
thermally grown SiO2 film with a thickness of 500 nm. Heavily-doped silicon substrate was used as a
back gate. The nanotubes were grown by the CVD method using a three-component catalyst based on
iron nitrate [4]. The ohmic contact was made from gold using electron beam deposition (film thickness
is 25 nm). The tunnel contact was made using the following method: an aluminium film 2 nm thick
was acidified for 1.5 hours at a pressure of 10-3 atmospheres, after which a gold film 25 nm thick was
deposited  in  situ.  We show that  by  measuring  the  current-voltage  characteristics  of  our  structures
between the tunnel and ohmic contacts at a fixed value of the gate voltage at cryogenic temperatures,
we actually realize the tunnel spectroscopy of the tube state density on a chip.
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Fig.1. SEM-picture of device.
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Carbon nanotubes (CNT) are promising carbon materials, because they have unique properties:
high strength and electrical conductivity, corrosion resistance, compatibility with living tissues, etc. In
this work, it is proposed to use CNT as nucleation of needle coke growth. Needle coke is used in the
production of electrodes as its electrical resistivity and thermal expansion coefficient is less than that
of  spongy  coke.  Needle  coke  is  produced  from  highly  aromatic  raw  materials.  In  this  study  we
investigated the mechanism of coking of anthracene, and the effect of carbon nanotubes (CNTs) on
the morphology and crystal structure of the resulting coke.

Anthracene coking was carried out in an autoclave at temperatures of 400–600°C and pressures
of 2–4 atm. Anthracene in an amount of 2 g was loaded into an autoclave basket, and the autoclave
was  placed  in  an  oven  to  heat  the  sample  to  a  predetermined temperature.  After  reaching  the  set
temperature, the sample was held for 2 h.

It  was  shown  that  at  a  temperature  of  450°C,  intermolecular  interaction  of  two  anthracene
molecules begins involving the elimination of hydrogen and the formation of a C–C bond between the
middle  rings  [1].  Increasing the coking temperature to  500–600°C leads to  the formation of  poorly
crystallized graphite. In the case of pure anthracene, spherical carbon particles of about a micron in
size  are  produced.  The  addition  of  carbon  nanotubes  leads  to  the  formation  of  the  carbon  “coat”
covering the surface of CNTs (fig.).

Carbon nanotubes act as nuclei of the new phase. The thickness of the carbon “coat” depends on
the temperature of coking. At a temperature of 450°C, an amorphous carbon layer of 1 to 2 nm in
thickness is observed on the CNT surface, with the thickness increasing to 10–15 nm at a temperature
of 600°C.

This work was supported by the Russian Science Foundation, project no. 17-73-30032.

Fig. Electron microscope images of “carbon coat”-covered CNT obtained after coking the CNT–anthracene mixture
at a temperature of 600°C.
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Unique mechanical, thermal and electrical properties of the carbon nanotubes  dependences on
number of walls (shells),  diameter and chirality.  Previously,  it  was shown that carbon nanotubes at
pressure  undergo  a  structural  phase  transitions  corresponding  to  distortion  of  the  nanotube  cross-
section from circular to oval and flattened form [1-3]. The pressure at which the collapse of carbon
nanotubes  takes  place  is  inversely  proportional  to  the  cube  of  the  diameter  of  the  nanotube  [1-2].
Double-walled carbon nanotubes demonstrate a series of structural transitions, like those observed in
single-walled nanotubes [2].

At pressures more than 30 GPa, irreversible changes occur with the formation of new 2D, or 3D
structural based on nanotubes [1,  3].  Also,  the 45–65 GPa compressive stress combined with shear
deformation at room temperature results in the joining of carbon nanotubes, and to the formation of
some  number  of  graphitic  fragments,  cross-linked  by  sp3-bonds  [4-5].  Many  2D  and  3D  structures
formed by carbon nanotubes are stable after removal of the load [3-5].

Changes in the structure of carbon nanotubes occurs under pressure should be accompanied by
the changes of the electrical and thermal properties. Thus, studying effects high pressure on Seebeck
coefficient  of  the  carbon  nanotubes,  can  be  a  complementary  tool  in  characterization  structural
transitions.

In this work, the studying of effect high pressure on the baric dependences of Seebeck coefficient
of  the  single-walled  and  double-walled  carbon  nanotubes  in  the  pressure  range  4–46  GP  was
produced.  High  pressure  has  been  generated  in  the  diamond  anvil  cell  with  conductive  synthetic
diamonds.  We found a  strong dependence of  the  Seebeck coefficient  of  carbon nanotubes  on  their
structural state, which varies with pressure. The results indicate to certain changes in the structure of
carbon  nanotubes,  induced  high  pressure.  The  observed  picture  can  be  due  to  the  processes  of
destruction of the structure of carbon nanotubes.
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The need to use new durable structural materials leads scientists to look for new opportunities to
produce composite materials with hardening additives. One of the most effective reinforcing additives
are  hybrid  materials  based  on  multi-walled  carbon  nanotubes  (MWCNTs),  decorated  with  various
nanoscale coatings.

The aim of this work is to create hybrid materials based on MWCNTs and their introduction into
Al-Mgalloys as reinforcing components.

The synthesis of MWCNTs was carried out using the MOCVD method in the developed facility
using toluene and ferrocene as precursors. The MWCNTs obtained in this way had an outer diameter
of about 81 nm on average.Further, to create reinforcing hybrid materials coatings of TiC or WC were
deposited on MWCNTs surface using the MOCVD also. Cp2TiCl2and W(CO)6were used as precursors of
coatings.The  hybrid  materials  thus  synthesized  were  MWCNTs  coated  with  nanoscale  continuous
layers of TiC or WC nanoparticles.Next, the resulting hybrid materials were used as reinforcing fillers
to create new structural nanocomposites based on Al-Mg system alloys. For this, powder metallurgy
technologies were used, including preliminary machining of matrix material and filler in high-energy
mills  and  subsequent  consolidation  of  composite  powders  by  thermal  deformation  methods.An
increase in the yield strength of the composites created in comparison with the initial alloys has been
established.
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Carbon  nanotubes  were  obtained  by  the  method  of  gas-phase  chemical  decomposition  of  a
carbon  precursor  on  the  surface  of  a  catalytic  particle  suspended  in  a  carrier  gas  stream  at  a
temperature of 1150 °C. Ethanol and ethanol-acetone mixture were used as the carbon precursor, the
catalyst was ferrocene, and the growth activator was thiophene.

It was previously shown [1, 2] that the use of ethanol results in aligned bundles of double-walled
carbon nanotubes. In this work, a mixture of ethanol and acetone (volume ratio 1:1) was used as a
feedstock.  The  obtained  samples  were  studied  by  high-resolution  electron  microscopy.  Electrical
conductivity was measured by the four-probe method.

Comparative study of the obtained samples showed that the number of walls and the size of the
bundles may vary (Fig. 1). In the samples obtained from ethanol only, the bundles consisted of double-
walled nanotubes of  8–35 nm in size.  In  the samples  obtained from ethanol  –  acetone mixture,  the
bundles of up to 70 nm in size were observed. In the latter case the thin-walled nanotubes (3-7 walls)
prevailed, and double-walled nanotubes were very few. Despite these differences, in both cases the
oriented bundles of carbon nanotubes of more than 1000 μm in length and with a nanotube diameter
of  1.8-15  nm were  formed.  In  addition,  the  value  of  electrical  conductivity  of  the  purified  samples
turned out to be rather high and similar for both cases: 1.4 * 105 - 9.4 * 105 S/m.

Fig. 1. SEM microphotographs of the bundles of carbon nanotubes obtained from ethanol (a) and from a mixture of
ethanol and acetone (b).
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Emission properties of carbon nanotubes
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Field electron emission from carbon nanotubes is the theoretical base for creation of new highly
useful  cathode  materials.  The  mechanism  of  field  electron  emission  is  described  by  the  modified
Fauler-Nordheim theory but this approach possesses certain defects [1]. The most important of such
defects is the absence of a molecular state that provides electron emission when a constant electric
field is applied. It is shown [2] in cylindrical carbon molecules, in-plane p-electron conjugation causes
to specific molecular orbitals (EMOs) which are characterized by electron localization at the ends of
open single-walled  carbon nanotubes  (SWCNTs)  both  chirality  (n,0)  and (n,n),  but  these  EMOs are
vacant.  Excitement  of  electrons  to  EMOs  provides  the  physical  conditions  for  following  electron
emission.

The present work studies the dependence of energy spectrum SWCNT, on the value of electric
field strength E (V/Å) applied along SWCNT axis. Model molecules have a length of 6 hexagons are
SWCNT fragments of hirality (n,0) for n=5-7 and (n,n) for n=3-4. The value E changed from 0.0 to 1.5
V/Å.  Electron  structure  of  model  molecules  was  calculated  for  every  n  using  DFT  6-31G/B3LYP
(Firefly/GAMESS program package).

The results of research are presented in Fig.1. Summary:
All investigated model molecules formed two EMOs. When value E is increased, energy of EMO1 is1.
increased too, but energy of EMO2 is decreased and reached the valence band edge at value E=Ecr.
For model molecules SWCNTs of hirality (n,n) Ecr=1.2 V/Å, whereas for model molecules SWCNT of2.
hirality (n,0) Ecr=1.5 V/Å.

The reported study was funded by RFBR according to the research project 18-33-00588.

Fig.1. Dependences of values EEМО, EHOМО, ELUMO from E for SWCNT: a-(n,0), b-(n,n).
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Modification of sealants with long carbon nanotubes
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The  carbon  nanomaterials,  especially  with  ultra-high  aspect  ratio,  give  great  opportunity  to
significantly  improve  many  physical  chemical  and  physical  mechanical  properties  of  different
materials  [1],  including  ones  based  on  organic  and  inorganic  polymers.  This  work  is  devoted  to
modification of the sealants with different chemical nature by the addition of carbon nanotubes with
ultra-high aspect ratio. 

Long  carbon  nanotubes  were  synthesized  in  specially  designed  chemical  vapour  deposition
reactor  [2]  using  ethanol,  ferrocene  and  thiophene  as  the  carbon  precursors,  catalyst  and  growth
activator,  respectively.  The  carbon  nanotubes  with  the  length  exceeding  1000  μm  were  used  as-
obtained and after purification by air annealing with subsequent chemical treatment at hydrochloric
acid solution. The SEM images of as-obtained carbon nanotubes cotton (CNT-cotton) and CNT-cotton
after purification were presented in Fig.1.

The  different  composites  were  obtained  by  infiltration  of  carbon  nanotubes  cotton  with  the
sealants  of  different  chemical  nature,  including  fluorosilicone  sealants,  polysulfide  sealants  and
siloxane  sealants.  In  was  shown that  long  carbon nanotubes  as  well  as  the  admixtures  change the
curing kinetics during vulcanization of the sealants and causes the variation of physical mechanical
properties. The influence depends on the chemical nature of the sealants,  vulcanization mechanism
as well as surface functional groups on CNTs and the content of admixtures.

Fig.1. SEM images of CNT-cotton as obtained (left) and after purification (right)
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Investigation of the surface potential of deformed carbon nanotubes
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The modern development of electronics is associated with the transition to nanostructures that
appearance  unique  properties  are  not  typical  for  bulk  materials.  In  [1,  2]  was  shown  that  carbon
nanotubes can appearance piezo- and flexoelectric properties, which opens up wide opportunities for
the creation of  nanogenerators,  memristors,  switches and other nanoelectronics devices [1,  3].  The
forming  bundle  carbon  nanotubes  have  elastic  nonuniform  strain,  which  results  in  a  non-zero
electrical  surface  potential  [2].  The  aim  of  this  work  is  an  experimental  study  of  the  potential
distribution on the bundle surface of  vertically  aligned carbon nanotubes (CNTs)  depending on the
bundle diameter.

Study  of  the  surface  potential  of  the  aligned  CNT  bundles  were  carried  out  using  the  Kelvin
Probe method of atomic force microscopy (AFM). Scanning of the sample with an area of 2×2 µm2

was  carried  out  at  the  oscillation  amplitude  of  the  AFM  probe  corresponding  to  the  bias  voltages
U=0.01;  0.1;  0.5  V.  The  increase  in  the  oscillation  amplitude  of  the  AFM  probe  led  to  a  greater
deviation  of  a  CNT  from  its  axis  and,  as  a  consequence,  to  the  formation  of  bundles  with  larger
diameter. It was shown that both negative and positive values of the potential were observed on the
CNT bundle surface. It is associated with various types of CNT deformation: on the one side of a CNT
experiences compression deformation, on the other tensile one.

The  analysis  of  the  obtained  results  showed  that  the  minimum  and  maximum  values  of  the
surface  potential  increase  with  the  increase  of  the  bundle  diameters  of  aligned  CNTs.  Thus,  the
maximum positive potential value was 200 mV at a bias voltage U=0.01 V, was 300 mV at U=0.1 V,
was  400  mV  at  U=0.5  V.  The  CNT  bundle  diameters  were  0.565  µm,  0.61  µm  and  0.635  µm,
respectively.  Studies  of  the  potential  distribution  along  the  cross  section  of  the  CNT  bundle  have
shown  that  the  potential  value  tends  to  zero  in  the  center  of  the  bundle  and  then  increases  with
displacement to the outer borders of the bundle. This dependence is associated with an increase of
the CNT deformation magnitude from the center to borders of the bundle.

Thus, the study of the surface potential  of  deformed CNTs showed a direct dependence of the
potential value on the magnitude and type of the CNT deformation. It is established that the surface
potential  value increases with increasing a bundle diameter of  vertically  aligned CNTs.  The results
can be used to develop nanoelectronics devices based on aligned carbon nanotubes. The results were
obtained using the equipment of the Research and Education Center and Center of Common Using
“Nanotechnologies” of Southern Federal University.

The  reported  study  was  funded  by  RFBR  according  to  the  research  project  No.  16-29-14023
ofi_m and Internal grant of the Southern Federal University (project №VnGr-07/2017-26).
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filled single-wall carbon nanotubes
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Filling single-wall  carbon nanotubes (SWCNTs) with various inorganic compounds changes the
electronic  structure  and  chemical  activity  of  the  material  [1,2].  Phosphorus  can  penetrate  into  the
cavity  of  the  nanotube,  forming  a  different  chain  structure  and  nanoclusters,  and  embed  in  the
graphene lattice with the formation of phosphorus-carbon bonds. Filling nanotubes changes surface
properties, which can affect the selectivity and response of sensory materials. For their application, it
is  important  to  achieve  maximum  filling  of  the  nanotube’s  cavity  and  minimize  the  content  of
impurities, for example, catalyst particles and phosphorus residues on the surface of the nanotube.

One of the most effective and simple methods of synthesis of filled SWCNTs is ampoule method
of synthesis. The filling was carried out in an H-shaped ampoule, in one part of which phosphorus was
placed, and in the other – SWCNTs. At heating, phosphorus vapors settle both on the surface of the
SWCNTs and penetrate into the cavity of the SWCNTs. By varying such parameters as the ratio of
reagents, synthesis time and synthesis temperature, it is possible to achieve the best degree of filling
with phosphorus. The obtained samples were investigated by Raman spectroscopy, SEM, TEM, AES,
and XPS. According to XPS, the sample contains 8 at. % of phosphorus.

A  study  of  the  sensing  ability  showed  that  the  filling  of  SWCNTs  with  phosphorus  leads  to  a
significant increase in response to electron-acceptor molecules (NO2), while the opposite results were
observed  in  the  adsorption  of  electron-donor  molecules  (NH3).  The  obtained  results  show  that  the
presence of phosphorus in the inner cavity leads to the p-doping of SWCNTs.
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Carbon nanotube oxidation in the presence of phase transfer catalyst
and qualitative evaluation of the product
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Functionalized  carbon  nanotubes  (CNT)  remain  an  object  of  intensive  scientific  research  and
industrial  interest for over 2 decades as functionalization provides for both controlled regulation of
physical  (Fermi  level,  defect  concentration)  and  surface  (ζ-potential,  chemical  activity,  suspension
stability)  properties.  To  date,  oxidation  remains  the  most  widespread  route  for  surface
hydrophilization,  as  well  as  a  convenient  first  step  for  further  surface  chemistry  manipulations.
Unfortunately,  the  most  popular  protocols  for  oxidation  involve  either  the  use  of  strong  acids  (e.g.
mixture  of  nitric  and  sulfuric  acids)  which  leads  to  production  of  considerable  amounts  of  acidic
wastewaters and serious damage of nanotube surface, or agents that tend to form disperse deposits
upon  reduction  (e.g.  potassium  bichromate)  that  are  hard  to  separate  from  nanotubes.
Characterization of oxidized nanotubes still remains a problem as well.

We  report  a  scalable  and  controllable  way  of  obtaining  oxidized  CNT  in  the  powder  form  via
microreactor-based  approach  in  the  presence  of  phase  transfer  catalyst.  Methylene  chloride-water
binary  system  was  used  for  performing  the  process  in  the  presence  of  triethyl  benzyl  ammonium
chloride  (TEBAC)  as  phase  transfer  catalyst.  Oxidizing  agent  -  potassium  permanganate,  -  was
dissolved in the aqueous phase. Reagent concentrations in such quinary system were optimized via
optical methods. Phase transfer catalyst conditions provide for controllable oxidation up to very high
degrees normally unachievable for potassium permanganate (up to 4 mg-eq./g) without any significant
change in morphology as observed via electron microscopy. Moreover, this route allows quantitative
regeneration of organic phase (vacuum distillation) as well as simple preparation of powdered highly
oxidized  CNT  via  centrifugation.  Single-,  few-  and  multilayered  CNT,  as  well  as  carbon  nanofibers
were shown to readily undergo controllable oxidation.

Quantitative analysis of the degree of CNT oxidation still remains somewhat controversial topic
[1].  For  example,  early  attempts  at  CNT  oxidation  in  the  presence  of  phase  transfer  catalyst  are
known [2],  although the product  was only  characterized via  X-ray photoelectron spectroscopy on a
semi-qualitative  level.  In  the  present  work  we  applied  a  combination  of  conductometric  Boehm
titration, Raman and infrared spectroscopy, as well as energy-dispersive X-ray spectroscopy analysis
to develop consistent protocol for quantification of acidic groups.
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Carbon  nanotubes  (CNTs)  have  received  considerable  attention  from  researchers  due  to  their
unique  properties  and  strong  potential  for  applications  in  various  technological  areas,  such  as
nanoelectronics, spintronics, etc. There are hollow spaces inside the nanotubes that can hold atoms
and  molecules.  The  filling  of  the  medium inside  CNT has  caused  considerable  interest,  due  to  the
possibility of realizing the capture of unstable and reactive compounds in free space [1,2].

An  important  class  of  systems  whose  stability  under  normal  conditions  is  of  great  practical
interest  are  nitrogen  nanostructures,  in  which  the  nitrogen  atoms  are  connected  to  each  other  by
single and double bonds. Polymeric nitrogen attracts great interest as a potential high energy density
material (HEDM), and it can be decomposed into pure inert gas consisting of N2 molecules that are
environmentally friendly. Polymer nitrogen can release a large amount of energy if it dissociates into
N2 molecules. This is due to the fact that nitrogen has a uniquely large difference between the energy
of  a  single  bond  (160  kJ/mol)  and  a  triple  bond  (954  kJ/mol).  Over  the  past  years,  a  number  of
structures  of  polymeric  nitrogen  were  theoretically  proposed,  however,  only  a  few  such  structures
were  experimentally  found,  among  which  the  so-called  cubic  gauche  phase  of  nitrogen  (cg-N),
successfully  synthesized under  extreme conditions  (P  = 110 GPa,  T  = 2000K)  [3].  However,  under
normal conditions, these polymeric nitrogen is not yet obtained, therefore the search for an effective
method of stabilizing polymeric nitrogen is an actual issue.

Within  the  non-orthogonal  tight-binding  model  [4,5]  and  density  functional  theory  in  the
framework of the code SIESTA 4.01 [6], we considered the encapsulation of various nitrogen systems
(nitrogen  nanotubes,  nitrogen  chains,  and  nitrogen  fullerenes)  inside  zigzag  and  armchair  carbon
nanotubes.  We  found  stable  configurations,  determined  the  binding  energy  for  different  nanotube
diameters, and also we investigated the electronic properties of such systems. It has been shown that
carbon nanotube is able to stabilize nitrogen nanostructures that are unstable in free space.

The  reported  study  was  funded  by  RFBR  according  to  the  research  project  No.  18-32-20139
mol_a_ved.
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Catalytic pyrolysis of ethanol vapor recognized as a simple relatively low-temperature method for
the synthesis of carbon nanotubes (CNT) [1, 2]. CNTs produced at low temperatures have a greater
imperfection and, therefore, are easier to undergo oxidative modification (functionalization). Modified
CNTs are promising for use as sorbents, electrode material of supercapacitors and fuel cells, catalyst
carriers, etc. The prospects for using CNTs as sorbents for solid-phase extraction of heavy metal ions
from aqueous media are directly related to the certain requirements. First, the material must have a
high capacity for metal ions, which is determined by the degree of functionalization of CNTs. Second,
the CNT sorbent should be able to separate well from the solution. The last property depends on the
morphology of the material obtained. We have previously shown that synthesis conditions, such as the
pyrolysis temperature and the nature of the catalyst, strongly influence the ability of CNTs to
oxidative modification. Often, oxidized carbon nanomaterials become pseudo-soluble, due to the
solubilization effect. Such materials disperse in the solution in the form of stable colloidal particles,
which are almost impossible to separate. To overcome this problem, we carried out work on the study
of the effect of preliminary catalyst preparation on the morphology of the obtained CNTs. Nickel
nitrate Ni(NO3)2•6H2O was used as a catalyst precursor. It is established that the conditions for the
decomposition of nickel nitrate strongly influence the properties of the synthesized CNTs. When
decomposed in air, the catalytic substrate gives CNTs in form of soft "cotton-like" product, which after
oxidation tends to "solubilize". Upon decomposition of Ni Ni(NO3)2•6H2O in an atmosphere of
alcohol vapor, a relatively hard brittle nanocarbon material is obtained, which, after functionalization,
is easily separated from the solution. The appearance of the materials obtained in different modes of
pre-treatment of the catalyst is shown in Fig. 1. In the present work, the obtained materials were
studied using electron microscopy, Raman spectroscopy. The kinetic features of the process were also
studied for various methods of catalyst preparation. The reasons for the observed differences are
discussed.
The work was partially supported by RFBR, grant No 18-03-00473 a.

Fig.1. The appearance of the materials obtained in different modes of pre-treatment of the catalyst .
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Despite the fact that carbon nanotubes (CNTs) have been known for more than twenty years, the
problems  associated  with  their  practical  applications  are  far  from  being  solved.  Depending  on  the
technology  of  synthesis,  both  single-walled  and  multi-walled  carbon  nanotubes  can  be  obtained
(SWCNTs  and  MWCNTs,  correspondently).  The  choice  between  SWCNTs  and  MWCNTs  is
fundamental, since the structure of CNTs affects their electronic, mechanical and chemical properties.
At present, it is still quite difficult to predict which type of nanotubes would be preferable for practical
use.  The  developed  high-performance  method  for  preparing  of  SWCNTs  brand  TUBALL  (OCSiAl,
Novosibirsk,  Russia)  made them available for  laboratory research.  Accordingly,  there is  currently  a
sharp surge in the number of publications on the SWCNTs study.

TUBALL dry powder contains in its composition up to 25 mass% of amorphous carbon and also
unwanted  inorganic  impurities  formed  during  the  process.  Therefore,  cleaning  of  TUBALL  is  an
obligatory stage of their preparation for practical use. Today, the main approach to the cleaning of
SWCNTs is  an oxidation by strong acids [1].  At the same time, the number of  structural  defects of
SWCNTs increases and the tubes themselves break up uncontrollably.  Also, acidic wastewaters are
formed, the disposal of which is a special task, which naturally affects the cost of CNTs for the end
user.

The aim of this work was to develop the SWCNTs brend TUBALL cleaning method that meets the
current challenges of “green” technologies.

The SWCNTs were cleaned under the conditions of a solid-flame burning process. This ensured
the simultaneous effect  on the nanotubes of  extremely  high temperatures  and aggressive  oxidizing
environment.  As a result,  the complete removal of  amorphous carbon and the transfer of inorganic
impurities  into  a  water-soluble  form  followed  by  their  removal  with  wash  water  was  ensured.  The
difference between the original and purified SWCNTs is well demonstrated in Fig. 1 (А and В).

Dry  powder  of  purified  SWCNTs  allowed  to  obtain  stable  (during  the  month  of  observation)
suspensions in various polar solvents without using surfactants, in particular, in ethyl acetate.

Fig. 1. Electron micrographs of SWCNTs (TUBALL, OCSiAl): A — the original SWCNTs (SEM); B - SWCNTs,
purified by the method of solid-flame combustion (ТЕМ).
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The study of the interaction of electromagnetic field with a medium plays an important role in
modern opto-and nano-electronics due to the large number of possible practical applications [1].  In
this paper, we investigate the propagation of electromagnetic waves taking into account a pumping
and a nonlinear absorption, which is introduced phenomenologically, in a medium with zig-zag carbon
nanotubes. Based on Maxwell's equations, an effective equation is obtained for the vector potential of
the  electromagnetic  field,  which  takes  into  account  the  dissipation  of  the  pulse  field  under  the
piezoelectric effect associated with the oscillations of the heavy nuclei of the medium [2], the pumping
with an external electromagnetic wave and the nonlinear absorption. The possibility of a stable pulse
propagation (fig.1) due to the balance of the influence of dissipation and pump field is established. The
stability of the steady state form of the electromagnetic pulse at large times is demonstrated when the
nonlinear  absorption  coefficients  vary  as  well  as  the  initial  distribution  of  the  field  of  the  pulse
entering  the  system.  The  stability  of  a  pulse  with  respect  to  angular  perturbations  that  violate  the
cylindrical symmetry of the distribution of its field is substantiated.

This  work  was  supported  by  the  state  assignment  of  the  Ministry  of  Science  and  Higher
Education of the Russian Federation (government task No. 2.852.2017/4.6).

Fig.1. Dependence of the maximum modulus of the pulse amplitude (unit of E is equal to 107 V/m) on time (in
relatively units) for different initial conditions: curve 1 corresponds to one field oscillation; curve 2 corresponds to

two field oscillations.
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The main impurities of the synthesized carbon nanotubes (CNT) are products such as graphite
polyhedrons,  amorphous  carbon  and  substrate  materials  [1].  In  addition,  SWCNTs  contain  catalyst
particles necessary for the growth of nanotubes [2]. The metal particles can be at the base of the CNT,
on  its  tips  or  they  are  incorporated  inside  the  SWCNT  [3].  In  this  work,  we  offer  a  combination
method  of  CNTs  purification  by  HCl  acid  and  magnetic  separation.  We  use  single-wall  carbon
nanotubes (SWCNT) provided by OCSiAl company. Tubes average diameter was 1.7 nm. SWCNT had
a purity of 75%. According to atomic-absorption spectroscopy, the amount of Fe catalytic particles in
the SWCNT data was ~ 7 mass%. In addition, SEM and TEM images confirm a large amount of Fe
particles (fig. 1).

In  the  first  stage  of  purification,  SWCNTs  were  treated  with  HCl,  HNO3,  H2SO4  and  mixture
HNO3/H2SO4 acids in an ultrasonic bath. After acid treatment, the amount of Fe decreased to 1.8, 3.3,
1.1,  1.2wt%.  respectively.  SWCNTs  dispersion  containing  surfactant  was  prepared  for  the  second
stage of purification. The SWCNT dispersion was passed through magnetic installation. The magnetic
separation was carried out using a silicone tube placed in a magnetic field. SWCNT dispersion was
pumped by a slow flow through the tube. It was shown that the amount of iron is reduced to 0.3% for
a  sample  treated  HCl  and  H2SO4.  This  method  could  be  combined  with  other  dispersion-based
techniques, which allow separation of SWCNT by transport properties and chirality.

This work was partially supported by and the Russian Science Foundation (Project 18-72-00017).
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Carbon nanotubes (CNT) thin films show great  promise as transparent  electrodes and sensing
structures.  Low  cost  of  CNT  based  devices  can  be  provided  by  a  solution  processes  implication.
However,  strong  CNT-solvent  interaction,  and  additionally  low  volatility  of  CNT  solvents  with  high
stability  of  colloidal  dispersion,  complicate  residual  solvent  removal  from  deposited  CNT  films.
Residual solvent reduces film conductivity and sensory response and degrades stability, which often is
characteristic for spray deposition, widely used for scalable, low-temperature and low-cost deposition
of  high-uniform  layers.  Post‑deposition  annealing  ineffective  for  solvent  removal  at  insufficient
temperature,  which  can  be  limited  by  process  technology.  Therefore,  the  development  of  residual
solvent removal methods is actual problem.

Method of solvent removal by CNT film rinsing in formic acid is purposed. Sparse CNT network
formed by spray-coating of 0.2 ml/cm2 of colloidal dispersions of CNT with a concentration 60 μg/ml in
N‑methylpyrrolidone (N-CNT) and NMP mixtures with volatile  solvents  (deionized water  (NW‑CNT)
and cyclohexanone (NC-CNT)) were spray deposited on cover glass (fig.  1a).  Networks density was
the lower, the more volatile dispersion components were used, due to decrease of transfer efficiency
coefficient of NW-CNT and NC‑CNT, that was confirmed by the average Raman intensity of G-peak
(IG~1590 cm‑1)  of  CNT (fig.  1b).  The networks resistivity was measured before and after sequential
rinsing  with  formic  acid  and  water  to  evaluate  the  treatment  efficiency  (fig.  1c).  As  a  result,
simultaneously both resistivity and Raman intensity decrease was observed, that is probably due to
CNT  contacts  improvement  after  solvent  removal  and  CNT  film  became  more  densely  packed  so
Raman  signal  is  also  decreased.  Slightly  film  resistivity  increasing  after  annealing  at  160  °C  in
vacuum after acid treatment allows to disregard any significant contribution of non-covalent doping to
a resistivity improvement. So the mechanism of resistivity decrease is removing of residual NMP from
CNT  surface  presumably  due  to  the  interaction  of  NMP  with  acid  molecules  and  ions,  what  was
described earlier only by modeling and stability of CNT colloidal dispersions investigation [1].

This  work  was  supported  by  the  Ministry  of  Science  and  Higher  Education  of  the  Russian
Federation, agreement №14.574.21.0184 (unique ID RFMEFI57417X0184).

Fig. 1. AFM image of NW-CNT film (a), Raman intensity of G-peak (b), resistivity (c) of N-, NW- and NC-CNT films.
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Tritium thermal activation method is a tool for radiolabeling different organic compounds from
amino acids [1] to humic substances [2] and carbon-based nanomaterials [3]. The method is based on
the  short-exposure  bombardment  of  solid  compound  with  tritium  atoms  that  a  generated  on  the
surface of tungsten filament at 1700 – 2000 K. The compound is usually adsorbed on the walls of glass
reaction  flask.  However,  the  application  of  other  substrates  can  influence  on  the  result  of  tritium
interaction with organic molecules.

In  present  work  we  have  studied  the  influence  of  carbon-based  materials  (activated  carbon,
graphene oxide,  reduced graphene oxide,  nanotubes or nanodiamonds) on the specific radioactivity
and intramolecular distribution of tritium in oligopeptide (Dalargin) and bovine serum albumin (BSA).

It was shown that deposition of dalargin of carbon-based substrates significantly changes tritium
distribution  in  the  amino  acids  residues  comparing  with  thick  target  on  the  glass  surface.  When
tritium  atoms  interact  with  dalargin  on  the  carbon  surface  the  significant  increase  in  the
phenylalanine radioactivity indicating that the isotopic exchange occurs by electrophilic mechanism
as  well  as  by  radical  mechanism.  Noted  that  changes  in  tritium  content  in  glycine,  leucine  and
tyrosine result from different in the structure of the adsorption layers on the carbon surfaces.

In the case of BSA the changes in the intramolecular tritium distribution was not so significant.
At  the  same  time,  a  pronounced  effect  of  increasing  the  specific  radioactivity  of  the  protein  was
observed  comparing  with  the  experiment  on  the  glass  surface  under  the  similar  conditions.  The
increase  in  the  specific  radioactivity  of  protein  by  an  order  of  magnitude  is  explained  by  higher
availability of protein on carbon surface to the interaction with atomic tritium. The effect of changes
of tritium atoms reaction ability on the carbon surface is not evident because of large size of protein
globule.

This  work  was  supported  by  Russian  Foundation  for  Basic  Research  (grants  №  18-03-20147,
17-03-00985).
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Detonation nanodiamond (ND) is one of most promising materials for targeted drug delivery - one
of rapidly developing areas of modern chemistry, pharmacology and medicine [1]. Wide possibilities of
surface  modification  and  advantageous  dimensions  make  nanodiamonds  very  attractive  objects  for
use in the drug delivery process. A number of studies have shown that therapeutic efficacy of drugs is
enhanced and their toxicities may be attenuated with immobilization on enriched ND. The one of the
simplest immobilization methods is creation of molecular complex due to hydrogen bonds formation
that is due to supramolecular interaction. In present work possibility of drug delivery and retention in
cells  due  to  hydrogen  bonds  formation  between enriched  nanodiamonds  and  highly  toxic  drugs  on
example  of  doxorubicin  and mitoxantrone is  investigated by  numerical  simulation.  Using molecular
modeling  by  the  density  functional  theory  B3LYP  method  with  6-31G(d)  basic  set,  we  analyze  the
hydrogen bonds formation and their influence on IR - spectra and structure of molecular complexes
which  is  formed  due  to  interaction  between  doxorubicin  or  mitoxantrone  and  nanodiamonds  with
different  surface  functionalization.  Molecular  modeling  of  modificated  nanodiamonds  and  drugs
interaction  is  based  on  nanodiamond  representation  by  a  diamond-like  nanoparticle  with  simpler
structure [2]. Enriched adamantane is used as an example of diamond-like nanoparticle with surface
functionalization. As a result of calculations the combined IR spectrum is obtained as imposing of IR
spectra  for  molecular  complexes  of  doxorubicin  (or  mitoxantrone)  and  1,3,5,7-
adamantanetetracarboxylic acid in various interaction positions (fig.1). Combined IR spectra for both
doxorubicin and mitoxantrone demonstrates a good agreement with experimental data.

Received results demonstrate that there can be strong supramolecular interaction between drugs
and modificated detonation nanodiamonds. Formed hydrogen bonds can be considered as one of main
mechanisms for targeted drug delivery and for drug retention in cells and, thus, for enhancement of
anti-cancer therapeutic efficacy.

Fig. 1. Molecular complex, formed by 1,3,5,7- adamantanetetracarboxylic acid and doxorubicin: (a) variant of
structure and (b) IR spectra: experimental (upper) and calculated combined spectrum (lower)
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In  present  work  the  supramolecular  interaction  of  graphene oxide  with  biomolecules  from the
DNA composition is investigated. Analysis of intermolecular interaction, structure of graphene oxide
and DNA is required for various kinds of biomedical tasks. Graphene oxide is used in areas such as
optoelectronics, supercapacitors, memory devices, composite materials, photocatalysis, biomedicine,
pharmacology. Graphene oxide can be used in Biomedicine and pharmacology as a delivery system,
diagnostic and medicinal products [1].

Graphene oxide (Fig. 1a) is an oxidized form of graphene and consists of carbon, hydrogen, and
oxygen  in  various  proportions.  It  has  a  hybrid  structure  consisting  of  a  mixture  of  sp2  and  sp3
hybridized carbon atoms [2].

Molecular modeling and calculation of the spectra of molecules and their complexes were carried
out on the basis of the density functional theory (DFT) [3] method using the B3LYP [3, 4] functional
with the base set 6-31G(d).

The  supramolecular  interaction  involves  medium  and  weak  bonds  which  are  created  in  large
quantities in molecular complexes, in particular such bonds include hydrogen bonds. Frequencies in
the  IR  spectrum  (Fig.  1с)  corresponding  to  such  oscillations  lie  in  the  high-frequency  region  from
1800 cm-1 and more. Accordingly, in the spectrum of graphene oxide oscillations that will participate
in  the formation of  Oh group bonds are  oscillations  that  have frequencies:  3247 (Fig.1c  №1),  3359
(Fig.1c №2), 3385 (Fig. 1c №3), 3419 (Fig. 1c №4).

Active sites in graphene oxide are the nodes with the oxygen that implement connection OH. The
oscillations of the active centers are in the range from 3200 to 3500.

Fig.1 Structures graphene oxide (a), adenine-thymine (b), IR-spectrum of graphene oxide (c)
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Colonization of  the surfaces of  medical  implants inside patient  body by bacteria and fungi  can
lead  to  complications  with  subsequent  repeated  surgical  operation  for  replacement  of  the  implant.
Application  of  antibacterial  coatings  on  the  base  of  antibiotics  is  limited  in  the  long  term  by  the
developing resistance of bacteria and emergence of multi-resistant bacteria.  Inorganic antibacterial
agents,  such  as  metals,  exclude  this  disadvantage:  the  mechanism  of  their  bactericidal  activity  is
based  upon  the  disturbance  of  the  cell  operation  by  the  biochemically  active  metal  cations  that
dissolve in the biological medium. At the same time, application of metals for antibacterial purposes is
limited by their overall cytotoxicity [1].

The present report  is  dedicated to the study of  nanosize coatings on the basis  of  diamond-like
carbon (DLC) with copper antibacterial agent. DLC is characterized by good biocompatibility and high
mechanical  and  tribological  properties.  At  the  same  time,  copper  volumetrically  dispersed  in  DLC
allows to implement the mechanism of local dozing release of copper ions into the biological medium.

The coatings were deposited from the products of pulsed cathodic arc discharge with the cathode
made of graphite and copper. The coatings were deposited on substrates made of titanium used for
medical implant production. Deposition process and structure of the coatings are discussed.

The DLC-Cu coatings were tested for antibacterial activity using E coli strains (Fig.1). The test
has shown approximately 25-fold decrease of the surface area colonized by the bacteria. At the same
time,  the  in  vitro  wound  healing  assay  with  human  HUVEC  cells  has  shown  that  scratch  wound
produced in the HUVEC monolayer heals approximately 3.5 times faster on the surface of the DLC-Cu
coating in comparison with the pristine titanium substrate. Thus, the biological tests have shown that
by combining biocompatible DLC matrix with bactericidal metal agents it  is possible to achieve the
antibacterial activity and, at the same time, improve the biocompatibility to human cells.

Fig.1. Results of the antibacterial test (E coli strains) for the pristine titanium substrate (a) and the same substrate
with nanosize DLC-Cu coating (b).
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L-dopa is an amino acid which is a precursor of dopamine biosynthesized by humans and some
animals. Currently L-Dopa is mainstay of Parkinson’s disease treatment as induces the formation of
Dopamine [1]. In that case the control of L-Dopa levels during the process of medication is important
in  order  to  avoid  negative  effects  [2].  Although  a  number  of  electrochemical  L-Dopa  sensors  [3-5],
optical methods is also prospective, especially spectrophotometric one. [6]

The  working  principle  of  the  L-Dopa  biosensor  describing  in  this  work  lays  on  the  use  of  the
specific absorption band of L-dopa - alizarin red reaction. This band is wide with the maximum at the
wavelength of the 588 nm [6]. A multimode optical fiber with diameter core was chose as a base of the
L-Dopa biosensor. At the first step a polymer jacket of the optical fiber was removed by sulfuric acid
(H2SO4) etch. Then the 5 mm long part of the optical fiber was treated with hydrofluoric acid (HF) in
order  to  etch  the  cladding  which  coated  the  core  [7].  At  the  next  stage  an  array  of  MWCNT  was
synthesized by spray pyrolysis chemical vapor deposition (SPCVD) method at the temperature of the
800 C and with the duration of the 10 min. Ferrocene (0,025 wt%) was used as a catalyst and toluene
was used as a carbon source (flow rate – 1 ml/min). The scheme of the biosensor is illustrated in Fig.
1. Then the final structure was dived into alizarin red aqueous solution (5 mg/ml) in order to MWCNTs
absorb the dye [8].

The optical biosensor transmission spectra in the range of the 200-850 nm without and with L-
Dopa  molecules  were  recorded.  In  order  to  bound  L-Dopa  the  biosensor  had  been  dived  into  its
solution (20 µg/mL) what resulted in reaction of L-Dopa and alizarin red absorbed with MWNTCs. The
absence  of  optical  fiber  cladding  allowed  light  to  go  through  CNTs  and  interact  with  L-Dopa
molecules. The spectrum of the biosensor after the diving demonstrated repeatable absorbance in the
range of the 550-620 nm which absented in initial spectra. The described sensor could be used as an
instrument of L-Dopa detection.

Fig.1.Scheme of the multiwall carbon nanotubes based optical biosensor for L-Dopa
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Treatment of tuberculosis (TB) complicated by the need of multi-drug regimens that need to be
administered  over  long  periods.  To  minimise  toxicity  and  improve  patients'  compliance,  extensive
progressive  efforts  have been made to  develop various  microparticulate-  and various  other  carrier-
based  drug  delivery  systems  to  reduce  the  dosing  frequency.  New  approaches  for  treatment  have
included  the  development  of  biodegradable  polymeric  micro-  or  nanoparticulate  carrier  systems  to
target  alveolar  macrophages  that  harbour  M.  tuberculosis.  Carbon  particles,  in  particular,
nanodiamonds  (ND)  are  extensively  studied  in  biomedical  applications,  but  limitedly  used  for  the
development of TB delivery systems.

The  focus  of  the  present  work  was  to  study  ex  vivo  biodistribution  of  ND  particles  in
different animals and and their detailed accumulation in the lung tissue. The radioactive methods was
as  follows.  Tritium  label  was  introduced  into  ND  by  the  substitution  of  hydrogen  atoms.  Tritium
labeled nanodiamonds ([3H]-ND) particles biodistribution (the kinetics of accumulation and excretion)
was  studied  in  mice  during  six  months  using  intravenous  administration.  The  time  of  maximal  ND
content  achievement  was  shown  to  depend  on  the  type  of  organs  from  which  it  was  gradually
excreted. It is necessary to emphasize that [3H]-ND are nanodiamond particles without any chemical
surface  modifications  opposed  to  articles  [1-4].  These  studies  have  revealed  sufficiently  fast  and
maximal ND cumulation in lungs of animals. It was found that nanodiamond particles are localized in
the form of homogeneous incompact agglemerates in the cytoplasm of histiocytes. There was a lack of
pathological changes in the structure of the cells that form the walls of the alveoli. The resulting data
allowed  to  study  in  details  ND  biodistribution  ex  vivo  for  effective  development  of  nanodiamonds-
mediated anti-TB drug delivery systems.

This work is supported by the Russian Science Foundation (project № 18-73-00336).
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The ability to integrate metal nanoparticles into biological systems is of special importance for
biology  and  biomedicine.  Noble  metal  nanoparticles  attract  much  interest  because  of  their  unique
tunability  of  the  plasmon resonance  through  variation  of  their  size,  shape,  and  composition.  These
nanoparticles are formed of clustered metal atoms that have to be protected by “capping agents” or
stabilized by surface-active substances [1].

The  specific  characteristics  of  graphene-metal  nanoparticle  hybrids  are  widely  used  in  the
production of biosensor systems for detection of allergens, toxins, bioactives and foodborne pathogens
[2].  An important aspect in the fabrication of  biosensors is  the preservation of  biological  activity of
biomolecules  while  they  are  immobilized  in  the  nanoparticle  microenvironment.  Recently  it  was
shown that the interactions with shungite carbon (ShC) nanoparticles affect the native biological state
of some blood proteins and the conditions that allow maintaining the biological functionality [3].

Clustering  of  graphene  flakes  ~  1  nm is  a  key  process  of  a  multilevel  structural  organization
scenario  and  of  structural  transformations  in  systems  of  various  physicochemical  nature  of  ShC.
Clusterization  of  graphene  flakes  in  the  stable  aqueous  dispersion  of  ShC  nanoparticles  is  well
reproducible  process  [4].  The  interaction  of  metal-ShC nanoparticles  in  aqueous  dispersions  was  a
subject of this study. Both dispersions of ShC and metal (Au, Ag) nanoparticles were processed jointly
by laser pulses of different durations.

Laser  irradiation  was  highly  efficient  in  producing  new  types  of  hybrid  ShC-Au  and  ShC-Ag
nanoparticles. Hybrid nanoparticles were stable in water regardless of the laser pulse duration. While
the processing parameters turned out to be critical to the structural organization of graphene clusters
in the hybrids. They were characterized by using UV-Vis absorption, dynamic light scattering, Raman
spectroscopy, and SEM methods.

 Comparative  study  of  the  hybrids  and  original  ShC  nanoparticles  in  aqueous  dispersions  and
films allows to consider graphene fragments of ShC as stabilizers and “capping agents” of Au- and Ag-
nanoparticles in aqueous dispersions.
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Recently, graphene quantum dots (GQDs) is extensively applied in biological and medical fields
such  as  bio-imaging,  sensing,  and  image-guided  therapy  due  to  its  superior  optical  property,  good
hydrophilicity,  excellent  biocompatibility,  and  extremely  low  cytotoxicity.[1,2]  Here,  we  report  the
synthesis of a novel kind of fluorine-doped GQDs (F-GQDs) by an oxidative cutting method and using
fluorinated graphite as raw material. As shown in Fig. 1a and 1b, the as-synthesized F-GQDs present
an  average  size  of  2.1  nm  with  the  fluorine  doping  amount  of  1.43  %.  The  F-GQDs  emit  green
fluorescence  at  365  nm  excitation  and  the  relative  fluorescence  quantum  yield  achieves  13.72%.
Moreover, the cytotoxicity was tested by a MTT assay using HepG2 cell line as a model, the results
reveal  that  the  F-GQDs  have  a  very  low  cytotoxicity  (Fig.  1c).  Further  studies  using  electron  spin
resonance spectroscopy (EPR) find that the F-GQDs can generate high production of singlet oxygen
(1O2)  under  a  visible  light  irradiation,  while  taking  2,2,6,6-tetramethylpiperidien  (TEMP)  as  a
scavenger (Fig. 1d). It is expected that the F-GQDs can be potentially applied in the biomedical area
such as fluorescence imaging and photodynamic therapy.

Fig.1. (a) TEM image of F-GQDs (Inset: the corresponding size distribution histogram). (b) XPS survey spectrum of
F-GQDs. (c) MTT result of HepG2 cells viabilities after co-incubation with the different concentrations of F-GQDs for

24 h. (d) EPR spectra of photo-induced 1O2 generation by TEMP + F-GQDs (0.2 mg/mL). Samples were irradiated
with a LED light (400-700 nm, 40 mW cm-2) for 12 min.
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Detonation nanodiamonds possess high capacity to adsorption of different compounds and so this
material can find an application in different areas of science and industry including bio- and medical
fields. Despite of a rapidly growing and developing interest to nanodiamonds the question concerning
its toxicity in the relationship to different objects is currently relevant.

In  the  presentation  we  summarized  the  results  obtained  for  nanidiamonds  and  adsorption
composites  of  nanodiamonds  with  toxic  and  non-toxic  compounds.  Adsorption  complexes  of
nanodiamonds  were  obtained  with  benzyldimethyl-myristoylamine-propylammonium  chloride
monohydrate (Myramistin) that shows high toxic effect as free compound in the relationship to the
adhesive  epithelial-like  MCF-7  cells  and  fungi  namely  Aspergillus  niger.  The  other  nanodimonds
adsorption composites were obtained with coal humic acids, that can be uptake by plants and fungi,
but do not show toxic effects. The composition of the composites was determined using radiotracer
method:  in  the  adsorption  study  we  used  tritium  labeled  Myramistin  and  coal  humic  substances
obtained by means of tritium thermal activation method.

In the case of nanodiamond-myramistin complex we have observed the decrease in myramistin
toxicity  in  the  relationship  to  MCF-7  cells  but  binding  efficiency  of  both  nanodiamonds  and
myramistin was preserved in the case of the formation of the composite [1].

It was shown that nanodiamonds in the suspension can be uptake by plants and penetrate into
the  green  shoots  through  the  roots  [2].  Humic  substances  can  adsorb  on  nanodiamonds  with
formation of the composite with different penetration ability in the relationship to plant. Noted that
both  nanodiamons  and  nanodiamonds-humic  acids  adsorption  composites  do  not  inhibit  the
photosynthesis process, but were slightly toxic to wheat plants under excessive light.

Being adsorb on nanodiamonds humic substances together with Myramistin do not affect on the
action of Miramistin inhibition of the growth and development of the fungus Aspergillus niger. Noted
that  the  inhibition  of  A.  niger  growth  by  nanodiamond-Myremistin  composite  is  depends  on
nanodiamond  initial  zeta  potential.  Peculiarity  of  nanodiamond  effects  will  be  discussed  in  the
presentation.

 
This work was supported by Russian Foundation for Basic Research (17-03-00985, 18-33-20147)

References
G. Chernysheva, N.S. Melik-Nubarov, I.D. Grozdova, I.Yu. Myasnikov, V.N. Tashlitsky, G.A.1.
Badun, Mendeleev Communications (2017) 27, 421.
G. Chernysheva, I.Yu. Myasnikov, G.A. Badun, D.N. Matorin, D.T. Gabbasova, A.I. Konstantinov,2.
V.I. Korobkov, N.A. Kulikova, J. Soils Sediments (2018) 18, 1335.



308

P6-10
Biomedical applications

Nanodiamonds-film as a modifier for improving heart valve biological
prostheses materials

Chernysheva M.G. 1 , Chaschin I.S. 2 , Sinolits A.V. 1 , Vasil'ev V.G. 2 , Popov A.G. 1 , Badun G.A. 1 ,
Bakuleva N.P. 3

chernysheva@radio.chem.msu.ru
1 Lomonosov Moscow State University, Moscow, Russia
2 Nesmeyanov Institute of Organoelement Compounds, RAS, Russia
3 A.N. Bakulev National Medical Research Centre of Cardiovascular Surgery, Russia

Xenogenic biological prostheses of the heart valves based on bovine pericardium are intensively
used in the world of cardiac surgery practice because it is sufficiently strong and elastic material that
is rich in collagen connective tissue. The valve also should have a high biocompatibility to eliminate
toxic  effects  on  the  human  body.  In  present  study  we  applied  nanodiamond  coverage  of  bovine
pericardium to provide pericardium tissue additional strength.

To  prepare  nanodiamond  film  on  the  surface  of  bovine  pericardium  matrix  was  stirred  in  the
aqueous  suspension  of  nanodiamonds.  The  thickness  of  the  film  was  determined  with  the  help  of
tritium labeled  nanodiamonds  that  were  obtained  using  tritium thermal  activation  method  [1].  The
obtained material was characterized by scanning electron microscopy. To characterize coated matrix
mechanical  properties,  the  collagen  samples  were  initially  cut  into  rectangular  pieces  with  lateral
sizes of approximately 7×0.5 cm2 were coated with NDs and stress–strain curves were recorded with
a universal testing machine 5 kN load cell LLOYD Instruments LR5R. Modification of the matrix with
nanodiamonds  results  in  the  increase  of  both  final  values  of  Young  modules  and  tensile  strength.
Moreover,  it  was  found,  that  premodification  of  nanodiamonds  with  chitosan  results  in  further
increase of both values.

The preparation of matrix and observed effects will be discussed in the presentation.
This  work  was  supported  by  Russian  Foundation  for  Basic  Research  (grants  №  17-03-00985,

17-03-00362, 18-33-20147). Electron microscopy characterization was performed in the Department
of Structural Studies of Zelinsky Institute of Organic Chemistry, Moscow.
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Background:  Herpes  simplex  viruses  type  1  (HSV-1)  and  type  2  (HSV-2)  and  human
cytomegalovirus  (HCMV)  are  common  pathogens  in  the  human  population.  Well-known  antiviral
drugs  have  a  number  of  drawbacks  including  toxicity  and  resistance  to  viral  neutralization  with
prolonged  use.  Previously  it  was  shown  a  fullerene  adducts  possess  an  inhibiting  activity  against
herpes simplex virus (HSV1), however such activity has not been studied for the aqueous dispersion of
unmodified fullerene. In connection with the development of biocompatible and scalable method for
obtaining a concentrated aqueous fullerene C60  solution (AFS),  we evaluated the anti-HSV and anti-
HCMV activities of AFS using in vitro and in vivo tests.

Methods:  The  AFS  (1  mg  of  C60/ml)  was  produced  by  novel  method  using  a  lab  setup  for
tangential ultrafiltration. The antiviral activities was evaluated in Vero cells, infected with HSV1, and
in HF cells, infected with HCMV, by a standard plaque reduction assay. The IC50 and selectivity index
(SI)  were  calculated.  HSV1  experimental  model  in  vivo  was  induced  in  Balb/c  mice  by  the
epicutaneous HSV1 suspension application in scarified areas. After 24 h, mice were treated with AFS,
and parallel for comparison ACV (Acyclovir) ointment or PBS, one time daily for 3 days. Therapeutic
effects were assessed by the severity of the development of virus-specific skin lesions.

Results: In vitro antiviral study has shown that the AFS suppressed HSV1-infection with SI>100.
In pre-treatment assay, maximal inhibition effect was shown for AFS (93±6.2%) and minimal for ACV
(37±2.6%). In post-treatment assay, inhibition of HSV1-infection was 93±5.6% for ACV and 60±4.4%
for AFS. In virucidal assay, AFS displayed the high inhibitory activity: 98.2±1.8%. Skin damage was
minimal in animals treated with AFS and ACV. However, the first showed effect 24 h earlier and at
molar concentration 500-fold lower than the ACV. At concentrations 50 and 10 µg/ml, AFS produced
anti-HCMV  effect  prior  to  82±4.6%  and  57±1%,  respectively,  and  80±2.6%  and  27±1%  after
infection. In the tested concentrations AFS displayed no virucidal activity. IC50 determined by linear
regression  was  8.0±0.7  µg/ml  for  prior-infection  and  30±2.8  μg/ml  for  post-infection  assay.  Anti-
HCMV activity of AFS was dose-dependent both in pre- and post-treatment assays. The cytotoxicity of
AFS was not observed even at the maximum studied concentration.

Conclusion:  The  results  suggest  that  AFS  exhibits  a  pronounced  therapeutic  activity  against
HSV1- and HCMV-infection and it is a promising candidate for a new antiviral drug.
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    Nanotechnology,  as  an  interdisciplinary  discipline,  unites  the  efforts  of  research  groups
working,  it  would  seem,  in  incompatible  areas.  Thus,  interest  has  arisen  in  studies  devoted  to  the
study of the functional features of microbial cells located on the surface of 2D graphene structures.
Perhaps such interest is since at present biological science is moving from the traditional concept of
microbial  cells  as  strictly  individual  organisms to  the  concept  of  microbial  communities  as  integral
structures  that  regulate  their  behavioral  responses  depending  on  changes  in  living  conditions.
However, despite the shown efficiency of using graphene in biology, up to the present its use has not
been included in the daily practice of laboratories. This fact is due to the need to have a method of
synthesis of graphene in quantities that provide real needs of the microbiological industry.
    To  solve  this  problem  we  using  2D  carbon  structures  (multilayer  graphene  -  MG),  which  we
synthesized  by  the  original  method  of  carbonization  of  biopolymers  under  the  conditions  of  the
process  of  solid-flame  combustion.  The  specificity  of  the  structure  of  a  graphene  sheet  makes  it
possible  to  form  a  significant  amount  of  hydrogen  bonds  along  a  planar  surface.  The  latter
circumstance  determines  the  possibility  of  reliable  adsorption  of  microbial  cells  on  the  surface  of
graphene sheets.
    This work is devoted to the study of the viability and oil-oxidizing activity of strains – hydrocarbon
destructors when microorganism cells are applied to MG particles obtained by carbonization of lignin
under the conditions of the process of solid-flame combustion.
    The results indicate a good survival rate and high activity of the studied cultures on samples of
nanocarbon and the possibility of creating drugs based on oil-oxidizing microorganism and graphene
strains.  It  was  shown  that  this  result  can  be  associated  with  good  protection  of  cells  and  their
metabolites by MG particles from solar insolation, drying, and oxidation [figure 1], which will increase
the shelf life and duration of action of bioinorganic preparations.

The work was supported by the RFBR grant №19-29-05248.

Figure 1. The pattern of distribution of microorganisms on the surface of graphene sheets.
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The  concept  of  a  therapy-accompanying  diagnostics  has  gained  a  great  popularity  and  turned
into a rapidly evolving field of study. Plenty of nanocomposite designs have been suggested and some
of  them  have  been  already  clinically  approved1.  Nanographene  oxide  (nGO)  is  one  of  the  most
promising  object  to  be  utilized  as  fluorescent  biomarker  and  drug  carrier  due  to  its  photostable
fluorescent  properties  and high biocompatibility.  In  this  study,  nGO + copolymer PEG-PEI  (Cop)  +
folic acid (FA) nanocomposites and their components were used as the objects of the study.                It
is  crucial  to  control  the  nanocomposite  excretion  from the  organism,  since  its  accumulation  in  the
body  can  lead  to  delayed  toxicity  effect.  In  our  study,  one  should  consider  that  nanocomposites
degrade as they fulfil their functions, therefore, initial composites and their degraded components can
be present in urine. As long as all  the nanocomposite’s components demonstrate high fluorescence
properties, fluorescent spectroscopy is an optimal method for their excretion control. Moreover, it is
non-invasive  and  cheap  technique.  However,  it  has  one  major  drawback  –  autofluorescence,
originating  from  biological  tissue  fluorophores,  prevents  one  from  extracting  nanocomposite
fluorescence signal. It occurs because the fluorescent bands of both the nanocomposite’s components
and the tissue fluorophores substantially overlap. Thus, identification and determination of the nGO
nanocomposites’ concentration excreted from the body represents a multiparameter inverse problem.

In this study we propose a new approach to the solution of such problem of monitoring of the
removal of luminescent nanocomposites based on carbon dots and their components with urine using
artificial  neural  networks  (ANN).   The  database  consisting  of  1459  fluorescence  spectra  of  carbon
nanomaterials  suspensions  with  8  combinations  of  classes  {nGO+Cop+FA},  {nGO+Cop},  {FA},
{nGO+Cop+FA,  nGO+Cop},  {nGO+Cop+FA,  FA},  {nGO+Cop,  FA},  {nGO+Cop+FA,  nGO+Cop,
FA},  {urine  without  nanoparticles}  was  obtained.   At  the  first  stage  the  obtained  spectra  were
visualized  with  Kohonen  self-organizing  maps.  On  the  basis  of  the  obtained  maps  k-means
clusterization  procedure  was  performed.  Finally,  a  complex  multiparametric  problem  of  optical
nanoparticle imaging in a biomaterial was solved with the help of perceptrons, which were used on a
full set of spectra and within the selected clusters. In results it was determined which nanoparticles -
the nanocomposites themselves and/or its components - and in what quantity are removed from the
body with human urine. The advantages and disadvantages of all used adaptive data analysis methods
are discussed in the report.

The  study  was  supported  by  the  grant  of  Russian  Foundation  for  Basic  Research  (project  No.
18-32-00779_mol_a) and by Foundation for the Advancement of Theoretical Physics and Mathematics
“BASIS” (project No.18-2-6-198-1). The authors are sincerely grateful to O.Shenderova for providing
carbon  dots  and  to  N.  Prabhakar,  D.  Sen  Karaman  and  J.M.Rosenholmfor  the  synthesis  of
nanocomposites.
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The  aim  of  present  work  is  analysis  by  numerical  modeling  of  phi29  DNA  polymerase
intermolecular  interaction  with  carbon  nanostuctures  and  buffer  solution  in  process  of  single-
molecular  DNA  sequencing  [1].  Buffer  solution  include  a  following  substance:
 TRIS(hydroxymethyl)aminomethane  hydrochloride  (TRIS),  hydrogen  chloride,  magnesium chloride,
ammonium  sulfate.  Also  the  buffer  solution  includes  the  carbon  nanostructures  –  alkanes.  In
polymerisation process molecules of DNA polymerase phi29 coupled on molecular complex HO-EG3-
C11-S-S-C11-EG6-NHCO-Maleimide (named alkane) and they interaction are registered by sensors in
the sequencer.

Molecular modeling is based on simulation by Material Studio software package. Basic numerical
method is DFTB (Density Functional based Tight Binding) [2].

Figure 1 shows the simulated molecular complex of buffer solution with phi29 DNA polymerase
and its calculated Raman spectrum.

The  numbers  in  Figure  1  (b)  indicate  the  frequencies  characteristic  of  the  components  of  the
molecular complex: 1 (134 cm – 1) - magnesium chloride, 2 (2319 cm –1), 3 (2630 cm – 1), 4 (2946 cm – 1),
5 (3657 cm-1), - TRIS, 6 (3836 cm-1) - ammonium sulfate.

It can be seen from the spectrum that the main substance involved in the formation of hydrogen
bonds is TRIS, since its peaks lie in the field of the formation of hydrogen bonds. If it is necessary to
create strong supramolecular compounds that improve the quality of  sequencing, it  is  necessary to
increase the concentration of TRIS.

Fig.1. Structure (a) and Raman spectrum (b) of the molecular complex TRIS (hydroxymethyl) aminomethane –
hydrogen chloride — magnesium chloride — ammonium sulfate.
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