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Abstract: The fullerite C60 modified by hot isostatic pressing (HIP) at 0.1 GPa in argon near and
beyond its thermal stability region (920–1270 K temperature interval) was studied by X-ray diffrac-
tometry, Raman spectroscopy, ultra soft X-ray photoelectron and near edge X-ray absorption fine
structure spectroscopy. It was found that the C60 molecules merge into closed nanocapsules with a
graphene surface during the thermal treatment. The conducted studies showed that using HIP treat-
ment of the fullerite C60, it is possible to obtain a chemically resistant material with a high hardness
and elasticity, as well as a density lower than that of the graphite. This new material, consisting of
closed graphene nanocapsules 2–5 nm in size, formed by sp2 covalent bonds between carbon atoms
is promising for various applications, and as a basis for the synthesis of new composite materials.

Keywords: XPS; NEXAFS; XRD; Raman spectroscopy; fullerite C60; HIP treatment

1. Introduction

In this work, for the first time, comprehensive studies of the fullerite C60 modified
by hot isostatic pressing (HIP) were carried out using a complementary set of methods
that are informative at the nano and micro levels of the structure of matter. Studies of
the behavior of the molecular fullerene C60 and its condensed phase, fullerite, at high
pressures and temperatures began in the mid-1990s, when simple methods for producing
C60 were proposed and it became available in gram quantities [1–3]. Various polymer
phases of C60 and their changes at temperatures above the limit of thermal stability of C60
were studied [4–8]. The investigations of the fullerene C60 transformations at high static
and dynamic pressures at temperatures above the thermal stability limit of C60 molecular
clusters [9–20] showed great opportunities for the creation of new carbon materials with
a wide variety of physicochemical properties. As a result, sufficiently detailed phase
diagrams of the fullerene C60 were obtained, especially at the pressure above 1 GPa [21–23].

At the same time, studies on the intercalation of various gases into the fullerite lattice in
gasostats (devices allowing to create high gas pressures up to 300 MPa) at high temperatures
(more than 1770 K) were conducted. It was shown, for example, that at temperatures
of 400–500 K and the limiting pressures Ar, Xe and Kr fill fullerite octahedral voids,
while its face-centered cubic (fcc) structure is preserved [24,25]. Studies of the fullerite
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behavior at pressures of 0.1–1.5 GPa and temperatures above the collapse temperature of
the C60 molecule [7,16] showed that the resulting disordered nanocarbon phase has unique
properties such as high hardness and elasticity at a density lower than that of graphite.
Therefore, finding and describing the structural and electron characteristics of fullerite
under different external conditions is an important task. In the available works, as a rule,
data obtained by separate methods for certain values of pressures and temperatures are
given. At the same time, there are no data on XPS and NEXAFS studies of HIP-treated
fullerene C60. This does not allow the objective characterization of the process of the fullerite
modification and reliably determines the atomic chemical composition and structure of
the final product. It is obvious that further serious progress in the study of solid-phase
transformations of C60 is impossible without the use of the modern methods of studying the
atomic–electronic properties of such polyatomic systems. The complexity of the nanoscale
atomic-electron structure of such materials requires the use of the combination of the
complementary research methods. These methods should be highly informative at the
nanoscale, non-destructive and highly sensitive to the sample atomic structure and its
changes due to physical and chemical influences. The near edge X-ray absorption fine
structure (NEXAFS) spectroscopy [26] and X-ray photoelectron spectroscopy (XPS) [27,28]
are effective experimental methods that allow us to directly obtain detailed information
about the nanoscale atomic-electron structure of the polyatomic system under study. Their
combination with traditional Raman spectroscopy and X-ray diffractometry (XRD) provides
new reliable knowledge about the atomic and electronic structure of nanostructured carbon
materials [29,30]. In this work, the successive modification of fullerite C60, as a result
of HIP at a pressure of 0.1 GPa in an argon atmosphere in the temperature range of
920–1270 K, was characterized by XRD, XPS, NEXAFS and Raman spectroscopy. The study
showed that changes in X-ray diffraction patterns, C 1s NEXAFS and Raman spectra appear
simultaneously due to structural changes in the fullerite C60 with increasing temperature
during HIP treatment.

2. Materials and Methods
2.1. Materials

Materials list: a 99.98% pure fullerite C60 powder with a crystallite size of 0.05–0.5 mm
(produced by Fullerene-Center, Nizhniy Novgorod, Russia); gaseous argon (produced by
LLC SPE “Salyut-gas”, Nizhny Novgorod, Russia, TU 2114-011-106-818-63-2005) with its
volume fraction is not less than 99.994%; multi-walled carbon nanotubes (MWCNTs) with
average outer diameter of 80 nm, average length of 300 µm, carbon purity of 98 wt.%,
Fe-based catalyst residue of (5.5–7.5) wt.% (synthesized in the Hybride Nanomaterials Lab-
oratory of G.A. Razuvaev Institute of Organometallic Chemistry of the Russian Academy
of Sciences (RAS)); highly ordered pyrolytic graphite (HOPG) (produced by SPI supplies,
West Chester, PA, USA), ZYA grade.

2.2. Experimental Details
2.2.1. HIP Treatment

The fullerite C60 sample preparing process consisted of grinding in a mortar with
hexane for 20 min and subsequent pressing into tablets with the 20 mm diameter and
3 mm thickness. Then, the samples were subjected to HIP treatment in the gasostat with
a multi-level working table for sample placement and thermocouples for temperature
control. The synthesis was performed at a constant 0.1 GPa pressure in an argon medium
at temperatures of 920, 1120, 1170 and 1270 K and a 3 h exposure time.

2.2.2. Characterization

The pristine fullerite C60 and its samples after HIP treatment were characterized
using a number of chemical and physical analysis methods. XRD were conducted using
equipment from the Center of “physics and technology of micro- and nanostructures”
at the Institute for Physics of Microstructures of RAS and Raman Spectroscopy—using
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equipment from the Center of Collective Use at the Institute of Geology of Komi Science
Center of the Ural Branch of RAS.

XRD analysis of the pristine C60 powder and HIP-treated materials was performed
with CuKα-radiation using a Bruker D8 Discover X-ray diffractometer (Bruker Corp.,
Billerica, MA, USA) in the θ–2θ symmetrical geometry with a Gobel mirror, an equatorial
Soller slit with the angular divergence of 2.5◦, and a slit of 1.5 mm on the primary beam.
The obtained diffraction patterns were processed using DIFFRAC.EVA V.3.0 software
(Bruker Corp., Billerica, MA, USA) with the PDF-2 (2012) powder diffraction database.

Raman studies were conducted at room temperature using an Ar laser with the 1 mW
power and 488 nm wavelength. Spectra were recorded using a monochromator with the
600 lines/mm diffraction grating in the 100–4000 cm−1 range. The spatial and spectral
resolution was 1 µm and 1 cm−1, respectively. Each spectrum was the result of three
accumulations with a 10 s exposure. The spectra fitting was performed by LabSpec V.5.36
software (Horiba, Ltd., Kyoto, Japan).

All NEXAFS spectroscopy data were obtained at the Berliner Elektronenspeicherring
für Synchrotronstrahlung (BESSY II), Helmholtz-Zentrum, Berlin, Germany, using syn-
chrotron radiation (SR) of the Russian–German beamline (RGBL) [31,32]. C 1s NEXAFS
spectra were measured using total electron yield (TEY) mode with correct consideration
of non-monochromatic background and instrumental distortions. For energy calibration
of these spectra, the energy positions of the first- and second-order light-excited Au 4f7/2
photoelectron (PE) lines were used. The spectral variation of the photon flux was measured
by recording a TEY signal from a clean Au plate. The photon energy resolution in the
vicinity of the C 1s (~280 eV) absorption edge was set to 50 meV.

XPS studies were carried out using an ESCAlab 250Xi X-ray photoelectron spectrom-
eter (Thermo Fisher Scientific, Waltham, MA, USA) with AlKα radiation (1486.6 eV) of
X-ray tube to excite PE spectra at room temperature equipped with the electron-ion sample
charge compensation system (the resource center in the Science Park at St. Petersburg State
University, “physical methods for surface research”). The C 1s and O 1s core level and
survey PE spectra were obtained with a total energy resolution of about 0.3 eV at the pass
energy of 50 eV and 100 eV, respectively. The experimental particularities and the used
equipment characteristics are described in more detail elsewhere [29,33]. Samples for XPS
and NEXAFS spectroscopy were prepared by pressing fullerene powder into the copper
plate surface.

All Raman, NEXAFS, and XPS measurements were performed for a series of samples
at different points for each one, and their results had good reproducibility.

3. Results and Discussion
3.1. Pristine Fullerite C60 Study

The results of preliminary tests of the initial powder of pristine fullerene C60 by XRD,
Raman, XPS and NEXAFS techniques are shown on Figure 1a–c and Figure 1d, respectively.
The XRD patterns (Figure 1a) are in good agreement with those of the studies [34–36] and
Raman spectrum (Figure 1b) show only the peaks characteristic of pure C60 [21,36–38].

Figure 1c shows the overview XPS spectra in the 0–1200 eV binding energy (BE) range
for the C60 powder and highly oriented pyrolytic graphite (HOPG) exposed to air for a
long time. This spectrum of the C60 powder contains an intense C 1s peak at 284.7 eV (full
width at half maximum, FWHM is 1.3 eV) and a broader O 1s line at 532.2 eV (FWHM
is 2.6 eV). In turn, the HOPG spectrum is also characterized by an intense C 1s peak at
284.6 eV (FWHM is 1.1 eV) and a broader O 1s line at 532.0 eV (FWHM is 2.4 eV). XPS
measurements allow to derive an estimate of the oxygen relative atomic concentration
on the C60 powder surface, equal to 4%, and on the HOPG surface, equal to 8%. The
availability of the O 1s peak in the overview XPS spectra of C60 and HOPG indicates the
presence of oxygen-containing compounds on the surface of the materials under study.
Possible reasons for this could be carbon oxides, as well as water and oxygen molecules
physically adsorbed from the air. The inset in Figure 1c shows C 1s and O 1s core-level PE
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spectra of C60 and HOPG. In both of C 1s spectra there is only one asymmetric peak and
no signals associated with carbon oxides. The main line of the C 1s core level PE spectrum
of HOPG is accompanied by a noticeable tail on the high-energy side, which is caused by
π-type shake-up satellite [39–41].
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XPS spectra of the C60 and HOPG, the inset shows their C 1s and O 1s XPS spectra; (d) C 1s NEXAFS spectra of the C60 and
HOPG (shifted at the vertical scale by 1.5 Mb). The arrow in (d) indicates the position of the fullerite C60 C 1s absorption
edge (289.60 eV) [42]. The positions of the absorption bands in the atomic groups C=O (288.9 eV), C–O–C (287.2 eV) and
C–O (286.7 eV) [43] are marked with dashed lines.

The obtained C 1s NEXAFS spectra of HOPG and C60 in terms of the number of
absorption bands and their energy positions are in good agreement with the results of the
previous works [42,44–51], respectively. The presence of carbon oxides on the fullerite C60
and HOPG surface can be detected using the C 1s NEXAFS spectra shown in Figure 1d.
The energy positions of absorption bands in the C 1s NEXAFS spectrum of the fullerite C60
are given in Table 1.

Table 1. Energy positions of absorption bands in C 1s NEXAFS spectrum of C60.

Peak Number 1 2 3 4 5 6 7 8 9 10 11

Photon energy, eV 284.50 285.84 286.43 288.30 290.91 291.85 292.93 295.50 297.50 300.73 ~305.50
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At room temperatures fullerene C60 condenses into a molecular crystal (fullerite C60)
in which the molecules are bound by weak Van der Waals forces and are in quasi-free
rotational motion. This crystal has an fcc lattice with a 1.417 nm lattice constant and
1.002 nm intermolecular distance [36]. The C 1s NEXAFS studies of C60 in condensed and
gaseous phases [50], as well as C60 molecules isolated in the Xe matrix [51] showed that
intermolecular interaction in fullerite C60 does not play a significant role in the formation
of its electronic structure and the electron correlation effects are intramolecular. It was
also found [51] that the BE of C 1s electron in crystalline fullerite is 0.4 eV less than in the
gas-phase C60 molecule. It should also be emphasized that the shape and energy positions
of absorption bands in the C 1s NEXAFS spectra of crystalline and molecular C60 coincide.
This is evidence for a negligible effect of neighboring molecules on the C 1s NEXAFS
spectrum due to the weakness of intermolecular interactions. Therefore, the calculation
data for the C60 cluster can be used to interpret the C 1s NEXAFS spectrum of fullerite [34].
The icosahedral-symmetric C60 theoretical study [34] shows the expediency of extending
the Hückel molecular orbital method, previously used for planar conjugate systems (where
each carbon atom forms three two-electron localized σ-bonds with neighboring atoms,
and the fourth electron is located on the π–orbital orthogonal to the three σ–orbitals), to
large spheroidal molecules. The C60 molecular structure has the non-planar (pyramidal)
atom arrangement. This affects the π-orbital nature and leads to the presence of frame
stresses and decreases the fullerene thermodynamic stability compared to graphite [52].
It should be noted that the π- and σ-orbital approximation for the C60 molecule is not
strict. However, for large surfaces, the π-like orbitals are oriented close to the normal to the
surface, and σ-like—tangential to the surface.

In the literature, there are extensive data on the nature of the C 1s NEXAFS spectrum
of the C60 fullerene molecule, theoretically calculated in various approximations [34,52–54].
On their basis peaks 1–4 (Figure 1d) can be identified as a result of C 1s electron transitions
to the unoccupied molecular orbitals (MO) of t1u, t1g, hg and t2u symmetry, respectively.
The structures 5–11 above the C 1s ionization threshold are not unambiguously identified
at present. However, the band structure calculations for the fullerite C60 with an fcc lattice
within the density functional theory [55] showed that the π-zones are located in the range
of BE from −6 eV to +7 eV, and the bonding and antibonding σ-states are located lower
and higher on the energy scale, respectively. Thus, sharp peaks 5–8 can be attributed to C
1s electron transitions to the π* MOs, and broad bands 9–11 to those to σ* MOs.

The vertical dashed lines in Figure 1d indicate the positions of the peaks corresponding
to C 1s → π* transitions in the atomic groups C=O (288.9 eV), C−O−C (287.2 eV) and
C−O (286.7 eV) [43]. The Figure 1d clearly shows the absence of such features in the
C 1s NEXAFS spectra of the C60 and HOPG. This indicates that the above O 1s XPS
peaks are related to oxygen and water molecules physically adsorbed on the surfaces of
C60 and HOPG without the formation of an oxygen-carbon chemical bond. Numerous
studies of the adsorption of oxygen compounds on the surfaces of C60 fullerite powder and
films [35,56–60] showed that at temperatures below 470 K water molecules from the air are
physically adsorbed and remain on the surface even under high vacuum conditions. Since
in our experiments, investigation was carried out at room temperature, most likely, there
was a physical adsorption of water molecules. It was shown that when the samples are
heated in a vacuum, some of the water molecules remain on the sample surface up to a
temperature above 570 K, carbon oxides begin to form [35].

The XPS study of fullerite C60 [58,60] showed that the BE of O 1s electrons of water
molecules adsorbed on the fullerite surface is in the 532–534 eV energy range and signifi-
cantly less than that in a free H2O molecule (535.75 eV) [61]. According to works [62–64],
the BE of O 1s electrons of a water molecule, regardless of whether it is adsorbed on a metal,
or metal oxide, lies in the BE range between 533 and 535 eV. The energy position of the O
1s signal of a water molecule adsorbed on the surface of a solid usually shifts down the BE
scale as compared to a free molecule. This shift is usually attributed to surface screening
effects since an inner shell vacancy in a water molecule is more effectively screened by
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electrons on the surface than by those of a free water molecule. For a water molecule bound
on a metal surface, two O 1s XPS peaks are commonly observed [64]. These peaks are
associated with H2O (~532.5 eV) and hydroxyl groups (~531 eV) in the surface water layer,
respectively. The presence of bound hydroxyl groups enhances water binding [61] because
the H2O–OH H-bonding is stronger that the H2O–H2O H-bonding. For example, two O 1s
XPS peaks at BE of 530.8 and 532.4 eV were observed for Cu(110) [61] and can clearly be
resolved at 530.8–532.3 eV for Ru(0001) [65]. Moreover, the formation of a water bilayer was
observed on the surface of metal [66], graphene [67] and fullerite C60 [60] under ultra-high
vacuum conditions. Thus, the comparison of our XPS results with those of other studies
confirms the above interpretation that the low-energy component of the O 1s XPS spectrum
of C60 (532.2 eV) is associated with hydroxyl groups present in a surface water layer.

3.2. HIP-Treated Fullerite C60 Study

At the first stage, the study of the structural transformation of fullerite C60 during
the HIP treatment was carried out by such traditional methods as XRD and Raman spec-
troscopy. The first method allows one to obtain the bulk structural characteristic of the
condensed phase and its distortions in the transformation process as a whole, and the
second characterizes the changes in the system states at the level of an individual molecular
cluster of C60. However, these methods turn out to be of little information when it is
necessary to analyze the C60 molecule transformations and the formation of new stable
carbon clusters. Therefore, the photoelectron and absorption X-ray spectroscopy was also
used to characterize the structural changes in fullerite. The XPS and NEXAFS techniques
make it possible to obtain the data on the nanoscale atomic structure of the sample and
analyze the nearest surroundings and the charge state of an atom that absorbed an X-ray
quantum. In other words, these methods also provide quantitative information on the local
atomic and electronic structure of the sample.

Figure 2 shows the diffraction patterns of the pristine fullerite C60 and four samples of
fullerite C60 HIP-treated at a pressure of 0.1 GPa and temperatures of 920, 1120, 1170 and
1270 K for 3 h in an Ar atmosphere. The stable phase of pure fullerite C60 at atmospheric
pressure and room temperature is the fcc one with the Fm3m spatial symmetry group. In the
pristine C60 XRD pattern, the characteristic features of the fullerite C60 fcc phase the (200)
and (400) diffraction peaks are missing due to C60 molecule rapid rotation at atmospheric
pressure and room temperature. The characteristic features of the X-ray diffraction pattern
of the fullerite C60 fcc phase are the (200) and (400) diffraction peaks missing at atmospheric
pressure and room temperature due to C60 molecule rapid rotation. With increasing
temperature, strong structural changes in diffractograms due to the transition from the fcc
molecular crystal to an amorphous solid-state phase are observed. A series of clear narrow
peaks in the region 2θ = 10–24◦ in the fcc diffraction pattern of the fullerite C60 phase shows
that the starting material is a molecular crystal with a high degree of perfection. On the
diffractograms at a 920 K temperature there is no shift, broadening and splitting of these
diffraction peaks. This suggests that the C60 cluster remains the main structural unit of
the system and, at the same time, there is no change in the distances between fullerene
molecules. However, a noticeable change in the relative intensities of the diffraction lines
and the appearance of weak additional reflexes in the region of large diffraction angles of
40–50◦ are observed, which indicates a distortion of the structure of the initial crystalline
phase structure and the beginning of the process of forming a chemical bond between
C60 molecules.
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Figure 2. XRD patterns of the pristine and HIP-treated at different temperatures fullerite C60. The
vertical lines at the top indicate the HOPG diffraction peaks (002), (100) and (101).

With a further increase in temperature to 1120 K, a slight broadening of the main
diffraction peaks is observed, indicating the formation of covalent C−C bonds and a
change in the distances between the molecules. The appearance of two wide-diffuse lines
located in the 15–30◦ and 40–50◦ regions on diffractograms is the beginning of the C60
cluster destruction. When the temperature rises to 1170 K, the destruction increases, and
at 1270 K the diffraction lines in the angle range of 10–24◦, characteristic of the molecular
cluster, disappear and two wide lines at angles of ~22◦ and ~44◦ are observed. The
obtained data demonstrate that the limit of the cluster C60 thermal stability at a pressure
of 0.1 GPa is ~1000 K and corresponds to the thermal stability limit of the C60 fullerene
molecule at atmospheric pressure [68]. The diffraction patterns of the fullerite sample at a
temperature of 1270 K are qualitatively similar to the ones of the materials formed at the
carbonization final stages and graphitization initial stages of various carbon-containing
compounds [69–73]. Their diffraction patterns are also characterized by the presence of
several wide diffuse lines.

The diffuse band appearance at 41–47◦, corresponding to two-dimensional (10) and
(11) graphene layer reflexes and (100) and (101) HOPG peaks, indicates the presence of a
small amount of graphene layer fragments with various degrees of defectiveness in the
system [69,70]. A wide band in the region of 20–30◦ is characterized by a maximum, the
position of which approximately corresponds to that of the (002) diffraction peak of graphite
and MWCNTs. This indicates that a significant number of these two-dimensional ordered
carbon clusters is a part of crystallites from packages of nanoscale graphene layers [69,70].
However, it should be noted that the absence of three-dimensional (hkl) reflexes on the
diffractograms indicates the absence of a three-dimensional ordering of graphene planes
characteristic of graphite. The estimation of the average sizes of nanoparticles using the
Warren–Scherrer equation [69,74], which relates the average lateral dimensions La and the
height (thickness) Lc of the graphene layers packaging with the width of the corresponding
(10), (11) and (002) diffraction peaks, showed that the average values of the La and Lc
parameters were in the range 2–4 nm.

A similar sequence of changes in the fullerite structure can be traced on the basis of
the temperature dependence of the Raman spectra shown in Figure 3. The C60 Raman
spectra change slightly with an increase in the temperature up to 1120 K. All the above-
mentioned spectra preserve the pristine C60 spectrum main features, even though they
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show a small broadening and a decrease in peak intensities over the entire spectral range
except the 1200–1800 cm−1 region where the wide band formation is observed. However,
at temperatures above 1120 K, the Raman spectra change significantly, especially in the
1100–1700 cm−1 region. In particular, the intensities of the all peaks decrease and a wide
band in the 2600–3200 cm−1 region appears. Moreover, one can see a very low-intensity
peak at 96 cm−1, strong decrease in intensity and red shift of the “pentagonal pinch”
mode from 1468 cm−1 to 1462 cm−1. A new peak appearing in the Raman spectrum
of C60 at 96 cm−1 and the red shift of the Ag(2) “pentagonal pinch” mode indicate the
formation of dimers of the C60 molecule in a fullerite during the HIP treatment. At the
same time, according to the XRD data (Figure 2), the pristine fullerite fcc structure was
partially preserved. The appearance of a low-energy peak (96 cm−1) is caused by a full-
symmetric oscillation of the C60 molecules in the dimer. The frequency of this oscillation
is in good agreement with its theoretically predicted value [75], which is also confirmed
experimentally [76,77]. Moreover, the Ag(2) “pentagonal pinch” mode (1463 cm−1) is
associated with the Ag(2) mode for the C60 dimer [78]. Instead of narrow peaks Hg(6)–
Hg(8) two very broad bands at 1350 cm−1 and 1591 cm−1 appear. The intensity of these
bands grows with the increasing temperature up to 1270 K. As a result, all the pristine C60
features in the Raman shift spectrum disappear, which indicates the complete destruction
of the C60 molecules. The absence of the Ag(2) “pentagonal pinch” mode, as well as the
appearance of the "graphitic" G-band and disorder-induced D-band in the Raman spectrum,
on the one hand, indicates the complete destruction of pentagonal rings, and on the other
hand, the formation of nanoscale structures consisting of hexagonal rings.
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Figure 3 shows that the spectra of the modified fullerite have significantly widened G,
D and 2D bands. A comparison of the Raman spectrum of the fullerite C60 with those of
HOPG and MWCNTs (Figure 3b) shows that the energy position of the D band of C60 is
consistent with its position in the HOPG and MWCNTs spectra, while the position of the G
band (1597 cm−1) undergoes a low energy shift of 11 cm−1 for MWCNTs (1586 cm−1) and
15 cm−1 for HOPG (1582 cm−1). An essential point is the absence of narrow 2D peaks in
the range of 2300–3200 cm−1 in the spectrum of the HIP-treated C60, and only a weakly
modulated very wide band is present. The absence of peaks in the 2300–3200 cm−1 region
of Raman spectra in the three-stage model of classification of the graphite disorderliness
degree during the transition from graphite to amorphous carbon [49] suggests that fullerite
C60 after HIP treatment is an intermediate material between the first (nanocrystalline
graphite) and the second (mainly sp2 or low sp3 amorphous carbon) stages.

The dimensions of this material structural elements can be estimated using an em-
pirical relation between the intensity (area) ratios of the G and D bands and the average
sizes of crystallites or large molecules La [49,79] as I(D)/I(G) = C(λ)/La, where C(λ) is
a constant that depends on the laser radiation wavelength λ and is equal to 4.4 nm for
λ = 488 nm. In our case, La ≈ 2.5 nm, which is quite comparable to the fullerene C60
molecule diameter (~1 nm) and is consistent with the X-ray phase analysis data (~2–4 nm).
It is known that with a certain orientation of two neighboring C60 molecules, when the dou-
ble bonds are parallel to each other, polymerization processes of C60 fullerene molecules
by the [2+2]-cycloaddition reaction are possible [4,5,80,81]. In the work [81], it was shown
that by 23 consecutive turns of bonds, or the so-called generalized Stone–Wales (GSW)
transformations, it is possible to describe the fusion of two fullerene C60 molecules into
a C120 nanocapsule (a short nanotube 2–3 nm long) with the surface consisting mainly
of hexagons.

It should be noted that in the solid state, a fullerene C60 molecule can interact by the
[2+2]-cycloaddition reaction with at least four neighboring molecules. Given the size of
the fullerene molecule, it is possible that two competing transformation processes occur
simultaneously. This can lead to a sharp increase of the GSW transformation activation
energy barrier and to the fusion process termination. Studies on modeling the molecular
transformation of two fullerene C60 molecules into a C120 nanocapsule were carried out in
the work [4]. Authors found that, depending on the initial orientation of the molecules,
C120 nanocapsules of different chirality with diameters in the range of 0.68–0.98 nm can
be formed.

The fusion of fullerene molecules into a cylindrical structure during heating to tem-
peratures above 1370 K in a vacuum was observed experimentally by transmission electron
microscopy [6]. In this study, fullerene molecules located inside single-walled nanotubes
were used. In the works [7,82], high-resolution transmission electron microscopy (HRTEM)
was used to study HIP-treated fullerite C60 at a pressure of 0.15 GPa and temperature of
1300 K in nitrogen [7], and at 0.22 GPa an 1670 K in argon [82]. In these studies, it was
shown that the structure of the fullerite C60 after HIP treatment is a disoriented sequence
of curved fragments with a size of ~1–5 nm. In the work [8], a similar picture of HRTEM
images of randomly oriented graphite-type clusters with sizes of 1.5–3 nm, synthesized
from fullerite C60 at a temperature of 1270 K and a pressure in the range of 1.5–8 GPa
were obtained.

In order to clarify the symmetry and composition of the carbon atom’s nearest envi-
ronment in the HIP-modified fullerite C60 samples, the NEXAFS spectroscopy was used.
Figure 4 shows the C 1s NEXAFS spectra of the pristine and HIP-treated fullerite C60,
obtained after subtracting the contribution to the absorption of the overlying shells and
normalized to the absorption level at the photon energy of 320 eV. The spectrum of C60
HIP-treated at a temperature of 920 K contains all the peaks characteristic of the pristine
fullerite. However, there is a significant decrease in the intensity of the first peak and a
change in the relative intensities of the first three absorption bands, which correspond to
transitions to the unoccupied antibonding π*-orbitals of the C60 molecule. This is in good
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agreement with the XRD and Raman spectroscopy data and demonstrates that fullerene
molecules retain their structure. In the work [83], similar changes in C 1s NEXAFS spectrum
of C60 powder after treatment at a pressure of 1.1–1.2 GPa and a temperature of 580–585 K
were observed and interpreted as the evidence of the formation of covalent C−C bonds
and changes in the distances between C60 molecules.
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With an increase in temperature to 1170 K and further to 1270 K, C 1s NEXAFS
spectrum is dramatically changed, as in the cases of the XRD patterns and Raman spectra.
In particular, all the peaks present in the C 1s NEXAFS spectrum of the pristine C60
disappear, with the exception of the first intense peak, which is transformed into a shoulder
on the low-energy side of the new absorption band at photon energy of 285.4 eV. In addition,
new absorption structures appeared in the spectrum: a broad band at an energy of 291.7 eV,
and two low-intensity bands at 287.2 eV and 288.9 eV, corresponding to C1s→ π* transitions
in the C−O and C=O groups [43]. At a temperature of 1270 K, the absorption structure
characteristic of the C 1s NEXAFS spectrum of the C60 fullerene molecule disappears, thus
indicating the complete destruction of the C60 molecule and the formation of a new material.
The absorption bands of the C 1s NEXAFS spectrum of this new material correlate well
with the ones in the corresponding spectra of HOPG and MWCNTs. This means that the
nearest environment of the carbon atom corresponds to a hexagonal graphene network of a
high degree of perfection. In the case of nanoparticles with a size of 2–5 nm, the occurrence
of such an atomic environment is possible if these particles have closed graphene surfaces.
The formation of such structures during HIP treatment is predicted theoretically from C60
dimers and confirmed experimentally [4,5,20,81]. In our case, the C60 dimer formation is
confirmed by the Raman spectra analysis.

In the NEXAFS spectrum of C60 powder after HIP treatment at 1120 K (Figure 4),
there are two bands associated with carbon-oxygen groups, the intensities of which are
enhanced with the treatment temperature increasing. The reason for the appearance of
these bands is the interaction with molecular water, which was adsorbed on the pristine
C60 powder surface. As discussed earlier in Section 3.1, the formation of carbon oxides [35]
occurs already at 570 K, but the corresponding peaks in the sample C 1s NEXAFS spectrum
of the sample at 920 K are not observed.
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The comparison between the C 1s NEXAFS spectra of pristine HOPG and MWCNTs,
and C60 powder HIP treated at a temperature of 1270 K (Figure 5a) clearly demonstrates
the sequential broadening of the first π* peak during going from the HOPG spectrum to
the MWCNTs one and then to the HIP-treated sample spectrum. The main reason of these
spectral changes is an increase in distortions, which is clearly visible from the changes in
the width and intensity of the D band in the Raman spectra presented in Figure 3. This
band broadening may occur due to the formation of carbon oxides during HIP treatment.
To find this out the C 1s NEXAFS spectral studies of MWCNTs after HIP treatment under
the same conditions were conducted. In this study the atomic oxygen content in the initial
sample was about 4%, the same as one on the surface of the pristine C60 powder.
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Figure 5b shows the C 1s NEXAFS spectrum of the pristine MWCNTs, and HIP-
treated C60 powder and MWCNTs. The treatment was performed in an argon atmosphere
at pressure of 0.1 GPa and temperature of 1270 K for 3 hours. The figure demonstrates the
broadening of the π* and σ* absorption bands and the appearance of the peaks characteristic
of the C−O, C−O−C, O=C−O and C=O functional groups in the HIP-treated MWCNTs C
1s NEXAFS spectrum. This confirms that the broadening of the absorption bands is caused
by the formation of carbon oxides during the C60 HIP treatment. Taking into account
the impossibility of the complete removal of adsorbed water even in a high vacuum, it is
very likely to expect the appearance of the absorption bands associated with the presence
of carbon oxides in the C 1s NEXAFS spectrum of the carbon material subjected to HIP
treatment in inert media.

The high sensitivity of the C 1s NEXAFS spectrum of the new carbon material to the
presence of the C−O, C−O−C, O=C−O and C=O functional groups is due to the high
oscillator strengths of C1s→ π* transitions in such linear atomic groups. Therefore, even
at small oxide concentrations, their presence is manifested in C 1s NEXAFS spectra. To
determine the quantitative atomic concentration of oxygen in the fullerite C60 powder after
HIP treatment at 1270 K, its C 1s XPS spectra were measured. The overview XPS spectrum
of the C60 powder after HIP treatment at 1270 K (Figure 6) contains a C 1s peak at 284.7 eV
(FWHM is 1.4) and a broad O 1s line at 532.7 eV (FWHM is 2.6). The XPS measurements
allow the determination of the relative atomic concentration of oxygen on the HIP-treated
powder C60 surface equal to 4%. The O 1s peak in the XPS spectra indicates the presence of
oxygen-containing compounds on the sample surface (carbon oxides as well as water and
oxygen molecules physically adsorbed from the atmosphere).
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As can be seen from the C 1s core-level PE spectrum (left inset in Figure 6) the main C
1s peak is asymmetric and splits into four components at the BE of 284.7 eV (C–C), 286.5 eV
(C–O), 287.6 eV (C=O) and ~290 eV (O=C–O). The O 1s peak (right inset in Figure 6) is
symmetric and the separation of O 1s signals associated with different oxygen-containing
groups and adsorbed water molecules is not possible. From a comparison of the peak areas
of the C 1s and O 1s XPS spectra of the C60 powder treated with HIP, it was found that the
ratio of the number of oxygen atoms participating in the formation of oxygen-containing
groups and the adsorption of water molecules on the sample surface to the number of
carbon atoms, is about of 3%. The presence of a broad band at a BE of ~290 eV in C 1s
XPS spectrum explains the appearance of a wide shoulder at the low-energy side of the
σ* absorption band in C 1s NEXAFS spectrum of the MWCNTs and HIP-treated fullerite
(Figure 6) as the contribution of C1s→ π* transitions in the O=C−O group [43].

The analysis of the XPS and NEXAFS spectroscopy data suggests that with an increase
in temperature during the HIP treatment, the destruction of the fullerite C60 molecular
structure occurs with the formation of C60 dimers at a temperature of 1170 K, as well
as the fusion of fullerene molecules into nanocapsules with a graphene surface and the
formation of a new material at a temperature of 1270 K. A comparison between the C
1s NEXAFS spectra of this material and MWCNTs allows to assert that the obtained
material is not a disoriented graphite phase, but a set of arbitrary oriented closed graphene
surfaces connected with covalent bond, in which carbon atoms have the high environment
stoichiometry as in graphene.

4. Conclusions

The C60 powder samples subjected to HIP treatment were studied by a complementary
set of methods (XRD, XPS, NEXAFS and Raman spectroscopy). The obtained results were
analyzed using a literature data on electron microscopy [7,8,82] and various theoretical
approaches [4,5,80,81]. The conducted study clearly shows the advantages of combining
different complementary theoretical and experimental methods for the most complete
characterization of such complex samples. A strong bonding of the water molecules
with the C60 powder, MWCNTs and the surface of the HOPG was found. Using the
XPS method, the presence of a residual surface layer of water molecules on all samples
even under ultrahigh vacuum was detected and the concentration of oxygen atoms was
determined as equal to 4–8%. Thus, the presence of adsorbed water on the surface of
fullerite and MWCNTs leads to the formation of carbon oxides during HIP treatment, with
the concentration of carbon atoms bonded with oxygen atoms equals to ~3%.

The analysis of the data obtained by a complementary set of methods showed the
following scenario of the pristine fullerite C60 powder transformation into closed graphene
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shells of 2–5 nm in size, connected by covalent bonds. At the first stage of HIP treatment,
when heated to a temperature of 920 K, fullerite retains its crystalline fcc structure, but the
process of forming bonds between molecules and the formation of C60 dimers begins. This
is expressed in a decrease and change in the relative intensity of the first four bands in the
C 1s NEXAFS spectrum. With an increase in temperature to 1120 K, the process of bond
formation becomes more intense, which is evident from the presence of peaks characteristic
of C60 dimers in the Raman spectra and the preservation of the fcc structure reflexes on the
diffractogram. However, at the same time, the process of merging neighboring molecules
begins, which ends at 1270 K with the transformation of fullerene molecules into capsules
of 2–5 nm in size. These capsules are completely disoriented, which is clearly seen by
the appearance of diffuse bands on diffractograms and Raman spectra, and is confirmed
by HRTEM data [7,8,82]. The mechanism of such capsule formation through the fusion
of C60 fullerene molecules during HIP treatment is predicted theoretically and described
in detail in the work [81], but has no experimental confirmation. To solve this problem,
it is necessary to show the formation of a closed graphene surface during fullerite HIP
treatment. The proof can be the formation of the carbon atom environment after HIP
treatment, similar to one in the case of HOPG or pure MWCNTs.

The best method for solving this problem is NEXAFS spectroscopy. In the modern
publications, there is no data on the study of HIP-treated fullerite C60 by spectroscopy
methods. In the paper, for the first time, systematic studies of HIP-treated fullerite C60 with
a sequential step-by-step increase in temperature were carried out by a complementary
set of methods, including XPS and NEXAFS spectroscopy using synchrotron radiation.
Successive changes in the C60 powder subjected to HIP treatment at temperatures equal to
920, 1120, 1170 and 1270 K clearly demonstrate the formation of a structure in the form of
π* and σ* absorption bands in the C60 powder C 1s NEXAFS spectrum, also presented in
the C 1s NEXAFS spectra of HOPG, MWCNTs and MWCNTs HIP-treated at a temperature
of 1270 K. Nanoparticles of 2–5 nm in size stacked in several graphene-like layers cannot
be characterized by an ideal arrangement of carbon atoms, as in the case of HOPG and
MWCNTs, except for the case when they form a closed surface consisting of hexagons.

Thus, the conducted studies have shown that using HIP treatment of fullerite C60
powder at a temperature of 1270 K and a pressure of 0.1 GPa in an argon atmosphere,
a chemical resistant material with high hardness and elasticity at a density lower than
graphite consisting of closed graphene surfaces with a size of 2–5 nm connected by covalent
bonds can be obtained. This material is promising for various applications and as a basis
for the synthesis of new composite materials.
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