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Abstract. Principle conditions for layer-by-layer synthesis of hanocomposite layers incorporat-
ing graphene and metal oxides or hydroxides are formulated in the review. Practical applications
of such nanocomposites in the electrodes of lithium-ion batteries, supercapacitors, or electro-
chemical sensors, systems of water purification and environmental control, photocatalysts, etc,
are considered. As an example of this method the synthesis of nanocomposite containing
graphene nanosheets and CuO nanorods is described. This material was first synthesized in
our study using Cu[NH,],(OAc), solution and water suspension of graphene. Analysis of the
synthesized thin films by SEM, XRD, and Raman spectroscopy have shown that the size of the
graphene nanosheets in the films is about 2 um and the size of the CuO nanorods is approxi-
mately 10-12 by 150-200 nm. This nanocomposite layers were deposited on the surface of nickel
foam and their electrochemical properties were studied for application in supercapacitor elec-
trode. It was shown that the capacitance of the supercapacitor is 700 F/g, and its value after 500
cycling is reduced by 6% only. Also some recommendations are given concerning potential
applications of these layers in the electrodes of electrocatalysts or electrochemical sensors.

1. INTODUCTION

Itis well known that graphene is an allotropic modi-
fication of carbon, a two-dimensional material with
hexagonal crystal lattice, with unique mechanical,
electrical, optical and other properties and there-
fore an object of great interest of researchers in re-
cent 10 years [1-3]. Among the variety of potential
technological applications of graphene fairly signifi-
cantis its use as a component of nanocomposites.
The importance of the problem of design of such
nanocomposites may be seen from growing num-
ber of publications in this field. Thus, according to
the Scopus database there were only 17 articles on
this topic published in 2008, whereas in 2012 there

were about 600 and in 2015 upwards of 1500 ar-
ticles.

The analysis of literature shows that most at-
tention is currently being paid to the composites of
graphene with metals [4-6], polymers [7,8], and
other carbon materials [9,10]. Also there are works
devoted to composites containing metal-oxide com-
pounds, which are intended for application in en-
ergy storage devices as a material for lithium-ion
batteries and supercapacitors [11-13], in water pu-
rification systems and for removal of pollutants from
the environment [14], in electrochemical sensors
[17], etc. Such nanocomposites are produced mainly
by electrochemical deposition techniques [18], sol-
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Fig. 1. Schematic illustration of oppositely charged GO onto PS microspheres via LbL assembly. Repro-
duced with permission from [24], © Copyright Cambridge University Press (2013).

gel process [19], hydrothermal [20], and microwave
synthesis [21].

2. LAYER-BY-LAYER SYNTHESIS OF
GRAPHENE - METAL-OXIDE
(HYDROXIDE) NANOCOMPOSITES

Among the studies devoted to the synthesis of the
graphene-based nanocomposites a matter of par-
ticular interest is the so called Layer-by-Layer (LbL)
sinthesis based on successive adsorption of pre-
cursors in the solution on a substrate surface, each
successive adsorption cycle requiring subsequent
removal of unreacted excess reagent. As aresult, a
film of the synthesized material is formed, which
thickness grows proportionally to the number of the
treatment cycles at multiple repetition of the ad-
sorption reactions [22,23] (Fig. 1). This method al-
lows to control precisely the thickness and com-
position of nanolayers even on the surface of com-
plex shapes, as well as to synthesize so called
“nanolaminates”, i.e. multilayers composed of lay-
ers with different composition.

Wide range of thin-layer materials was obtained
previously by this method, for example, metal ox-
ides [25,26], fluorides [27,28], sulfides [29,30] of
metals, as well as nanoparticles of noble metals,
such as gold [31], silver [32], etc.

The LbL synthesis of graphene hanocomposites
became possible due to the ability of graphite
nanosheets to form stable suspensions in solutions
caused by their negative charge generated by dis-
sociation of functional hydroxyl, carboxyl and other

groups in structure of nanosheets (Fig. 2). As was
shown by numerous experiments, the magnitude of
zeta potential of graphene nanosheets in an aque-
ous solution depends on the pH of the solution and
is approximately -50 ~ -40 mV at pH 6.0 and -45 ~
-25 mV at pH 4.0 [33]. The value of the specific
density of such charge increases as the surface
area of graphene nanosheets decreases.

Since graphene nanosheets are negatively
charged, the second component for the LbL syn-
thesis must be taken a solution containing posi-
tively charged metal ions, polyelectrolytes or colloi-
dal particles. In such syntheses the adsorption of
reagents on the surface of a substrate is generally
realized by formation of hydrogen bonds and the
electrostatic interaction. A short summary of the
results of these studies and the specification of the
conditions of LbL synthesis are given in Table 1.

Among the variety of suitable reagents, solutions
of polyelectrolytes and solutions of PDDA in par-
ticular, are most often used in the LbL synthesis. In
reference [34] composite (PDDA-graphene/Fe,O,)
was shown to exhibit higher, compared to pure
Fe,0,, electrocatalytic activity with respect to 1,1,
since the graphene sheets hamper aggregation of
the Fe,O, nanoparticles. Notably, the observed ef-
fect demonstrates excellent stability and reproduc-
ibility. Composite (PDDA/GO/PDDA/TIO ), studied
in reference [35] can serve as a material for solar
cells and microelectronic devices because it was
found out that photoelectrons generated by TiO,
nanosheets in this multilayer under solar radiation
are accumulated in reduced graphene oxide (rGO)
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Fig. 2. Amphiphilicity of GO is dependent on pH, sheet size, and degree of reduction as shown schemati-
callyin a, b, and c, respectively. (d) Zeta potential measurements show the charge density (i.e., hydrophi-
licity) of GO increases with higher pH, smaller size (from regular micron-sized GO to nhano-GO with diam-
eter <100 nm) and lower degree of reduction (nano-rGO to nano-GO). Reproduced with permission from
[33], © Copyright IUPAC (2011).

Table 1. Synthesis conditions and application fields of nanocomposites based on graphene and metal
oxides prepared by the LbL technique.

Substrate Reagent for ReagentforLbL Synthesized layer Properties, application Ref.
LbL synthesis synthesis (“-” composition
“+” compo- component)
nent)
ITO PDDA-GR NPs of Fe,O, (PDDA-GR/Fe,0,). H,O, detection [34]
glass PDDA GO, TiO (PDDA/GO/PDDA/  high photocurrentgenera-  [35]
TiO),, tion and good reversibility
PMMA PEI GO, Ti,,,0, (PEITI,,,O,/PEI/ photocatalysis, solar [36]
GO), cells, supercapacitors
and sensors
GO b-PEI Ti-BALDH (b-PEI/TIO,/Au), anode material for LIB [37]
(titanium bis
(@ammonium
lactato)-
dihydroxide),
HAuClI,)
GO b-PEI Ti-BALDH (b-PEI)/Cu-Ti-O), photocatalysis [38]
(titanium
bis(ammonium
lactato)-
dihydroxide),
CuCl,
quartz PEI GO, Ti,,,0, Ti,6,0,/GR functional separation of [39]
charge transport and stor-
age
PMMA PEI GO, TiO, (PEITIO,/PEI/GO), solar cells and light-emit-  [40]

ting diodes
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Co,0,/GR electrocatalysts [42]
MnO,/GR supercapacitor [43]
GO/Mn,O, supercapacitor [44]
(TiO,/GQDs), photovoltaic devices [45]
[GNS/TIO,], supercapacitor [46]
(TiI0,~GO), photocatalytic membrane [47]
(GO-NH,/GO-COO/  biosensors, biomedical [52]
GO-NH,/Fe,O, / devices and tissue engi-
GO-NH,/Fe,0,), neering
(PDDA/PSS-GS/ supercapacitor [53]
PDDA/MNO,),
(PDDA/GO/PDDA/ anode for LIB [54]
PMA)_
PMA=H_PMo_,0,,
(PDDA/rGO/ HCHOgas-sensing [55]
PDDA/Zn0O),
rGO/ZnO water-adsorbent separa- [56]

tion, treatments of oil

spills and industrial efflu-

ent
GO -(Ti,4,0,), tunable hydrophilicityun- [57]
(Ti,s,0,),-GO, der UV irradiation, liquid

transport engineering
(rGO) ~TiO,), self-cleaning optoelec- [58]

tronic devices with long-

term efficiency
(PDDA/GO/PDDA/  channel material [59]
Ti0.8702)n
(PDDA/MnCoNiO,/  pseudocapacitor [60]
PDDA/rGO),

nanosheets and then drift along the rGO nanosheets
thus producing photocurrent. Photocurrent produced
by the synthesized multilayer retains high stability
after a comparatively large number of cycles of ex-
posure to solar radiation, even when it is put in the
natural ambient conditions.

Another polyelectrolyte that is also being used
in the LbL synthesis is PEI since its molecules are
characterized by the relatively high density of posi-
tive charge [36]. In references [36-40], for example,
PEI is used for the synthesis of nanocomposites

based on graphene and titanium (Ill, IV) oxides.
These composites exhibit enhanced electrical con-
ductivity performance due to the synergistic effect
of its components acting together. They are consid-
ered to be promising materials in photocatalysis [36],
in lithium-ion batteries [37], in photovoltaic devices
and solar cells [38,39].

At the same time, there are studies where
graphene nanosheets in a water suspension are
reported to have positive charge formed by implanted
NH,-groups and in this case the synthesis is car-
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ried out using solutions of polyelectrolytes with an-
ionic molecules, for example polystyrene sulfonate
(PSS) [41].

Summarizing this short overview of the domain
of LbL synthesis of multilayers employing polyelec-
trolyte solutions it should be mentioned that in some
cases the presence of polyelectrolyte molecules in
a layer deteriorates its performance. In particular,
these molecules reduce the electrical conductivity
of the layer or block out active centers in the layer.
For this reason, a vital topic from our point of view is
the synthesis of multilayers in which polyelectro-
Iyte solutions are not involved. As the reagents in
this case may be chosen the solutions containing
salts of the metals whose cations can form chemi-
cal bonds with negatively charged graphene
nanosheets or the colloidal particles bearing posi-
tive charge.

A number of works on this subject can be found
in at present the literature [42—47]. A combination
of two techniques, a LbL synthesis and electrophore-
sis, was used to fabricate a nanocomposite film in
Ref. [42]. For this purpose graphene layer was de-
posited by electrophoresis on the surface of ITO
substrate. During this process negatively charged
graphene nanosheets migrate toward the positively
charged ITO substrate thus forming a thin graphene
layer. In the course of further treatment by the solu-
tion containing cobalt ammine complex ion the lat-
ter adsorbs on the negatively charged graphene, the
adsorption being caused by electrostatic attraction.
Next, the adsorbed [Co(NH,)J** ions are oxidized
to CoOOH by way of dipping it into H,O, solution.
The oxidation process is accompanied by forma-
tion of NH,*, water, and CoO(OH) that transforms
into Co,O, after exposure to oxygen of the air. It
was shown that the obtained (Co,O,/graphene)
nanocomposite layer may be used in electrocatalytic
reactions with oxygen as a reactant and as a
photoelectrode in various devices.

(Gr/Mn0Q,), composite material was synthesized
by adsorption of positively charged micelles of man-
ganese oxide on the negatively charged graphene
surface [43]. The micelles acquired their positive
charge as a result of modification of the surface of
the manganese oxide nanoparticles by a surface
active agent (surfactant) in the conditions of
microemulsion synthesis. Cationic CTAB
(hexadecyltrimethylammonium bromide) was taken
as a surfactant. The charge of such micelles de-
pends on the value of pH of the solution. For ex-
ample, their charge becomes positive at pH 10 and
this was exactly the solution chosen for the syn-
thesis in [43].

(GO/Mn,0,), composite was produced employ-
ing ion-ion interaction between nanosheets of man-
ganese oxide and graphene oxide [44] by means of
successive immersions of the substrate in the so-
lutions of graphene oxide and manganese sulfate
MnSO, for 40 and 20 s, respectively. This compos-
ite exhibits high specific capacity (344 F/g) and
energy (93 W h/kg) as well as high stability at 3000-
cycle trials. This is likely to be a result of blocking
by the graphene nanosheets the dissolution of the
Mn_O, nanoparticles in the solution of electrolyte
during the rapid charge-discharge cycles.

Layers composed of graphene and titanium di-
oxide nanofibers were synthesized on FTO substrate
by the authors of [45], their photoelectric properties
were also investigated in this study. It was estab-
lished that the highest values of photocurrent could
be recorded in the range of wavelengths 450-480
nm and above 520 nm. The authors suppose that
photocurrent generated in the composite layer is a
result of a transfer of the radiation-excited electrons
from Gr into the conduction band of TiO, and their
further migration to the surface of FTO substrate.

The authors of [46] in their investigation of spe-
cific capacity of a supercapacitor electrode made
of (graphene/TiO,). nanocomposite multiplayer
made a conclusion that its value increases in the
following order: (graphene),, < (TiO,),, <
(graphene) . +(TiO,), . < (graphene /TiO,),,, the value
corresponding to the last term of this chain being
2.3 times higher than the value corresponding to
the second one. Furthermore, this last composition
retains excellent, about 98%, stability after 1500
charge-discharge cycles.

An interesting feature of the research reported
in [47] is that the authors took as a substrate a
polysulfonic membrane modified by a composite
based on graphene oxide and titanium dioxide. At
the first step of the synthesis TiO, nanoparticles
were adsorbed of surface of the membrane with the
formation of Ti-O bonds between Ti** and sulfo
groups and/or the formation of hydrogen bonds be-
tween hydroxyl groups of TiO, and sulfo groups. After
this the membrane was treated in the suspension
of graphene oxide, which formed a layer on its sur-
face due to bonding of carboxyl groups and the ac-
tive centers of titanium oxide. Examination of this
membrane indicated that the synthesized layer en-
hanced water flow through the membrane as a re-
sult of photocatalytic promotion of its hydrophilic-
ity. In addition, 60-80% increase of photodegradation
rate of methylene blue under UV illumination was
observed and 3-4-fold increase under visible light.
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Considering the studies related to the synthesis
of nanocomposites of graphene and metal hydrox-
ides some investigations may be pointed out de-
voted to the synthesis of composites based on lay-
ered double hydroxides (LDH) [48-51] (Table 2).
These compounds are perspective materials for elec-
trodes of supercapacitors and photovoltaic devices.

Minimal thickness of the (CoAl LDH/GO)_
nanocomposite layer obtained in [48] was 4 nm,
corresponding approximately to one monolayer of
LDH and one monolayer of GO. Specific electrical
capacity of such layer increased proportionally to
the number of bilayers and at the rate of 5 mV/s its
values were 19, 38, 55, and 70 F/m? for the films
consisting of 10, 20, 30, and 40 bilayers, respec-
tively. After reduction of GO to rGO by its treatment
at 200 °C in hydrogen atmosphere the capacity per
unit area reached 23, 51, 67, and 70 F/m? for the
films of 10, 20, 30, and 40 bilayers, respectively,
and the specific capacity increased from 900 F/g
up to 1200 F/g.

In reference [49] the authors concluded that for-
mation of the composite layer in their study was
promoted by a pre-treatment of graphene with nitric
and sulfuric acids. As a result the graphene surface
was functionalized by the chemical groups which
were active centers for precipitation of Co?* and AP+
ions attracted by the graphene nanosheets via elec-
trostatic and Van der Waals forces. The synthe-
sized samples demonstrated high specific capac-
ity equal to 974.1 F/g at the scan rate 10 mV/s.

For the synthesis of (Co-Al-NO,LDH/ PVA/GO/
PVA), nanocomposite [50] reactions of adsorption
of polyvinyl alcohol (PVA) with graphene oxide and
LDH were used stimulated by hydroxy-, epoxy-, and
carboxy-groups on the GO surface and by hydroxyl
groups on the LDH surface, while for the synthesis
of (graphene/TSCuPc/ MgAI LDH) nanocomposite
[51] were used adsorption reactions of TSCuPc
(3,4',4",4"-copper(ll) phthalocyanine-tetrasulfonic
acid tetrasodium salt) with the graphene surface via
non-covalent -r interaction and with LDH via elec-
trostatic interaction.

The purpose of the present study was to exam-
ine the conditions of the LbL synthesis of the films
composed of graphene and copper oxide. The first
attempt of this synthesis was made in [61]. It has
been previously shown that such nanocomposites
are promising for use as anode material for lithium-
ion batteries [62] and photocatalysts [63].

3. EXPERIMENTAL

Graphene suspension in water was obtained by elec-
trochemical exfoliation of graphite EC-12 in
(NH,),SO, 1 M solution [64]. A solution of
Cu[NH,],(OAc), was prepared by dissolving dry ana-
lytical grade salts Cu(OAc),5H,0 (C =0.01 M) and
NH,OAc (C = 0.1 M) in deionized water. The pH of
the solution was 9.5 and adjusted by addition of
NH,OH solution. All reagents were obtained from
Vekton LLC. As a substrates were used a polished

Table 2. Synthesis conditions and application fields of nanocomposites based on graphene and layered
double hydroxides of metals prepared by the LbL technique.

Substrate Reagent for ReagentforLbL Synthesized layer Properties, application Ref.
LbL synthesis synthesis (“-” composition
“+” compo- component)
nent)
ITO, PET Co-AILDH-NS GO (Co-Al LDH-NS/ flexible electrode for [48]
GO),040 supercapacitor
ITO PDDA, mixture GNs, NH,OH (GNs)/cobaltalumi- electric double-layer (EDL  [49]
of 0.1 M CoCl (pH=12) num (CoAl) layered capacitance, pseudoca-
6H,0 and 0.1 double hydroxide pacitance
M AICI,-6H,0 (LDH)
solutions
quartz glass PVA GO, Co-Al-NO, (LDH/PVA/GO/ controllable electrode [50]
slides LDH PVA), and switches, magnetic-
electric sensors
ITO PDADMAC, GR G/LDH visible-light-driven-photo-  [51]
LDH voltaic material
PDADMAC, G/TSCuPc G/TSCuPc/LDH

LDH
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Fig. 3. SEM images of the nanocomposite layer on
the silicon surface.

single crystalline silicon wafers with orientation
<100> and resistance of 30—40 Ohm and nickel foam
(NF) plates (110 PPI). Before the synthesis all sub-
strates underwent preliminary preparation by the
techniques described in [65]. One cycle of the LbL
synthesis was formed by sequential treatment of
the substrate in Cu[NH,] (OAc), solution, distilled
water, graphene suspension, and again distilled

water. The above sequence of the treatments was
repeated from 30 to 60 times on a special “home
made” automated setup.

Raman spectra were obtained on a SINTERRA
Raman microscope. Vibrational modes were excited
by a laser with A = 532 nm. The electron micros-
copy images of the synthesized samples were ob-
tained via a Zeiss Auriga Laser scanning electron
microscope at an accelerating voltage of 1 keV. XRD
was applied on a Rigaku MiniFlex Il diffractometer
using the CuK -line as a source of monochromatic
X-ray radiation.

Electrochemical characterization of the films was
made by cyclic voltammetry and galvanostatic
charge-discharge methods. Electrochemical mea-
surements were made by Elins P-30I potentiostat
in a three-electrode cell with a platinum plate as
counter electrode and Ag/AgCl reference electrode
with 1M KOH solution as an electrolyte. Cyclic
voltammogramms were recorded at with a potential
sweep range between 0 and 0.8 V. Specific capaci-
tance (C) of a nickel foam electrode with LDH layer
was determined according to [30] as C = I/(AV/At)
x m (where | is a galvanostatic current, AV is the
potential window, At is the discharge time of a cycle
and m is the mass of the electroactive material in
the film electrode).

4. RESULTS AND DISCUSSION

As it follows from the results of SEM analysis of the
synthesized layers (Fig. 3) in the bulk of the
nanocomposite one may distinguish nanosheets up
to 2 um in size and nanorods 10-12 nm in diameter
and 150-200 nm long. Analysis by Raman spec-

1348
1597

500 |

400 |
2 300 -
W
=t
©
E

200 |

27032940
3213
100 -
1 s 1 s 1 1 s 1 L l L 1
0 500 1000 1500 2000 2500 3000 3500

-1

cm

Fig. 4. Raman spectrum on the nanocomposite layer on the silicon surface.
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electrode, covered by graphene-CuO film, recorded
at different current densities.

troscopy (Fig. 4) makes possible identification of
graphene layers in the films using 1348 and 1597
cm? peaks, while EDX spectroscopy and XRD
method (not shown on figures) indicate the pres-
ence of CuO oxide with monoclinic crystalline struc-
ture.

Using these results the nanosheets could be
attributed to graphene and nanorods — to copper
oxide.

To interpret the observed processes of formation
of the nanocomposite layer it may be supposed that
when the silicon substrate is immersed in the solu-
tion of Cu[NH,],(OAc), a layer of adsorbed ammine
complexes of copper is formed on its surface. Dur-
ing subsequent rinsing of the substrate in water
ammonium molecules are replaced by water mol-
ecules and hydroxyl groups. This substitution pro-

cess leads to formation of hydrate-hydroxyl com-
plexes of copper and as a result of self-assembly
these complexes form the nanorods of hydrated
copper oxide with monoclinic crystalline structure.
On the next stage of the synthesis procedure, when
the substrate is dipped into the graphene suspen-
sion these nanorods become the centers of adsorp-
tion of the graphene nanosheets due to the reac-
tions of interaction with the carboxyl groups of
graphene and as a result a nanolayer of the com-
posite forms.

To evaluate the potential applications in
supercapacitors, Graphene-CuO layers has been
used to make electrodes and characterization cy-
clic voltammograms and galvanostatic charge/dis-
charge methods. As demonstrated in Fig. 5, two
redox processes takes place in the layer, including
Cu? — Cu?" transformation at 560-600 mV and
Cu? — Cu** transformation at 100-200 mV. Charge-
discharge curves of nickel foam/Gr-CuO electrode
at different polarizing currents (Fig. 6) allow one to
determine it capacitance. For instance, specific
capacitance of a sample, formed by 50 LbL cycles,
is 700 F/gat current density 1 A/g. Prolonged cy-
cling for 500 charge-discharge cycles demonstrates
6% capacitance fade relative to the initial values.

Electrodes based on layers obtained by LbL
method, possess a higher specific capacity. These
results can be explained by the formation of very
fine nanocrystals (with 10-12 nm size) with high the
specific capacity.

We believe that the layers of such morphology,
composition and thickness may find application as
a material for electrodes of supercapacitors and elec-
trochemical sensors or electrocatalysts.

5. CONCLUSION

Summarizing the above discussion it should be
noted that nowadays a new methods of the synthe-
sis of graphene-based nanocomposites have
emerged in the preparative chemistry, this methods
are making use of the possibility to choose aque-
ous suspensions of graphene as one of the reagents.
These suspensions may be used for preparation of
nanocomposites both in the mixture mode, using
such methods as sol-gel, co-precipitation, etc., and
in the LbL synthesis in the course of successive
and multiple treatment of the substrate by a num-
ber of reagents, which forms by interaction a layer
of poorly soluble compound on the surface. The
analysis of literature have shown that LbL synthe-
sis with water suspensions of graphene usually
employing in fabrication of nanocomposites contain-
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ing metal-oxygen compounds and these compounds
are of great interest for development of new
photoelectrocatalysts, membranes, electrodes in
electrochemical sensors, chemical power sources.

In particular, it was first demonstrated in the
present study that multiple successive treatment of
the silicon substrate with the solution of
Cu[NH,],(OAc), and aqueous graphene suspension
results in the formation of a layer on its surface con-
sisting of graphene nanosheets and copper oxide
nanorods measured 10-12 nm in diameter and up
to 200 nm in length. The study by cyclic voltammetry
and galvanostatic charge-discharge techniques
showed that the capacitance of the supercapacitor
with such electrode is 700 F/g, and after 500 cy-
cling it is reduced only by 6%. In our opinion the
layers of this nanocomposite also may find applica-
tion as constituents of electrodes of electrochemi-
cal sensors or electrocatalysts.
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