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ABSTRACT

Chemical and electrochemical functionalization of graphene oxide by
o-phenylenediamine with its subsequent polymerization was conducted. Elec-
trochemical functionalization was carried out by anodic oxidation of
o-phenylenediamine on the graphene oxide-covered gold electrode, while
chemical functionalization was made by incubation of graphene oxide-covered
electrode in the monomer solutions of different pHs. Cyclic voltammetry with
the simultaneous mass changes monitored by EQCM was used for the testing of
the resulting electrodes. The results demonstrate that formation of poly
(o-phenylenediamine) takes place not only by electrochemical oxidation of
monomer but also as a result of the spontaneous heterogeneous redox reaction
between oxygen functionalities on graphene oxide and o-phenylenediamine.
Resulting composite of graphene oxide/poly(o-phenylenediamine) showed
relatively stable response and increased currents over the wide potential range
in comparison with the same polymer formed at bare gold electrode giving rise
to the significant pseudocapacitance of this material. The electroactivity of the
composite was preserved in neutral medium, and hydration was identified as a
rate-limiting process.
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field-effect transistors [8, 9]. Careful selection of
functional molecules enables modification and pre-

Introduction

Chemical functionalization by covalent or physical
attachments of molecules is a versatile method for the
preparation of advanced materials and composites
with tailored surfaces and improved properties for
specific applications including capacitors [1, 2], sen-
sorics [3, 4], batteries [5, 6], flexible electronics [7, 8],
touch screens, light-emitting diodes, solar cells or
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cise control of the electrochemical properties of the
base material.

Graphene, 2D sp” hybridized carbon sheet, became
very popular recently as emerging material possess-
ing remarkable mechanical [10, 11], electrical [12, 13]
and thermal [14, 15], optical [16, 17] properties
opening up many potential applications in diverse
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fields of science and technology. Low internal resis-
tance [18] and high charge storage ability [19]
attracted a huge interest for the applications of gra-
phene-based materials in the preparation of the
electrodes in supercapacitors [20, 21]. However, its
widespread application is hampered by the difficul-
ties of obtaining pure defect-free graphene sheets,
their low processability and tendency of graphene to
agglomerate.

Among many direct methods of the graphene
synthesis such as epitaxial growth [22, 23] or chemi-
cal vapour deposition [24], chemical oxidation and
exfoliation of graphite [25-27] with subsequent
chemical [26, 28-30] or electrochemical reduction
[31-33] of resulting graphene oxide (GO) stand out
due to low price and possibility to produce large
amounts of product [34-36]. Chemically obtained
graphene is termed reduced graphene oxide (rGO)
since residual oxygen functional groups still persist
in the final product in higher or lesser extent [37-39].

Various oxygen functional groups present in rGO
and GO disrupt extended n conjugation in graphene
which gives unfavourable electronic effect [39-42].
The conductivity of such materials is significantly
decreased compared to the pure defect-free gra-
phene, and it is not desirable in many applications
including energy storage. On the other hand, oxygen
groups such as carbonyl, hydroxyl and carboxyl
provide anchor sites for the chemical derivatization
of graphene with various functional molecules
enabling chemists to accurately control the properties
of new materials by covalent or physical attachment
of suitable molecules [43—46].

Conducting polymers received a lot of attention
due to their interesting properties with many poten-
tial applications [47-53]. They usually have good
charge storage ability, facile redox reactions and high
surface area making them promising candidates for
the design of active electrode materials for batteries
and supercapacitors [5, 54, 55]. However, their
widespread use is now limited by their unfavourable
characteristics including poor chemical stability
especially at high anodic potentials, dimensional
instability due to heavy traffic of counter-ions and
solvent molecules across the interface during charg-
ing/discharging reactions and sloping discharge
profile [56]. To meet these challenges, many attempts
have been made to design composite electrode
materials consisting of conducting polymer with
either dimensionally stable material with large
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surface area such as graphene or other types of
pseudocapacitive materials such as transition metal
oxides [6, 57-61].

In this work, we focused on the preparation of
poly(o-phenylenediamine)/graphene oxide (PoPDA /
GO) composite electrodes and on the investigation of
their properties especially in the context of their
application in supercapacitors. There are a couple of
different approaches for the preparation of such
electrodes. First, aromatic amine-based polymers can
be formed either by their in situ polymerization in the
presence of graphene or GO [62-65] or by anodic
oxidation of 0-PDA on the GO- or rGO-modified
electrodes [62, 63]. Depending on the porosity of
underlying GO, the produced electrode would rather
have bilayer characteristics.

Another approach is to use various oxygen func-
tionalities of GO for the chemical attachment of
0-PDA monomer via its aromatic amine and its sub-
sequent polymerization. Aromatic amines readily
react with oxygen functional groups of GO produc-
ing various functional species [66-68]. 0-PDA mono-
mer is particularly of interest for performing these
reactions since if one amine group is used for the
formation of amide bonds with GO, the remaining
amine could preserve extended m aromatic conjuga-
tion which is an important requisite for its oxidation
followed by the polymerization. However, due to the
surface confinement of this process, the resulting
chain lengths are expected to be shorter compared to
the PoPDA obtained by the direct anodic oxidation of
monomers in solution.

Finally, there is a possibility that redox active
groups at the surface of GO participate directly in the
redox reaction with 0-PDA resulting in rGO and
PoPDA deposited on the electrode [67, 69, 70]. This
route would be favourable from the supercapacitor
application standpoint since both rGO providing
high surface double layer charge and PoPDA con-
tributing with its pseudocapacitive charge would be
formed in situ in a simple one-step process [63].

There have been several attempts in the literature
to synthesize GO/PoPDA composite material aimed
for different applications [4, 71-73]. Lu et al. [71]
reported about the preparation and supercapacitor
performance of N-doped graphene using 0-PDA as
the double-N precursor. They obtained good elec-
trochemical behaviour of the resulting material with
high specific capacitance and cycling stability.
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Experimental
Materials

The graphene oxide (GO—4 mg mL™") water dis-
persion was prepared from natural graphite powders
by a Hoffman’s method as described elsewhere
[33, 74]. 0-PDA (Alfa Aesar), methanol (Gram-mol),
ethanol (Gram-mol), sulphuric acid (Lach-Ner), per-
chloric acid (Fisher Chemical) and sodium sulphate
(Lach-Ner) were of analytical grade and were used
without further purification.

Electrode preparations

GO-PoPDA was prepared on the quartz crystal gold
electrode (RenLux Crystal Co., Ltd, China) in order to
be simultaneously investigated by cyclic voltamme-
try and electrochemical quartz crystal microbalance
(EQCM).

The gold EQCM electrodes were first washed with
ethanol, acetone and bi-distilled water and after that
electrochemically cycled in 0.1 mol dm > HCIO, in
potential range from — 0.3 to 1.3V (vs. SCE) at
100 mV s~ until a stable CV scan was achieved. An
aqueous/ethanol (1:5 v/v) dispersion of pristine GO
sheets (0.7 mg mL™") was prepared by sonication for
15 min. A 500 pL of obtained dispersion was spin
coated on an Au EQCM electrode that was allowed to
dry at room temperature and open air to form an
Au/GO electrode. Mass of the GO applied on the
electrode was calculated from the quartz oscillation
frequency change according to the Sauerbrey equa-
tion. The currents obtained for all GO electrodes
investigated in this work are expressed as specific
currents, I,/A g~ ', in regard to GO mass.

The incubation of 0-PDA on the GO was carried out
by immersion of Au/GO electrodes in water/
methanol (9:1 v/v) (GO-PoPDA-w) or 1 mol dm™
H,50, solution (GO-PoPDA-s) both containing
0.1 mol dm™> of 0-PDA monomer at room tempera-
ture (25 °C). After 24 h of incubation period, elec-
trodes were vigorously rinsed with water and
methanol and immersed for 2 h in methanol to dis-
solve loosely bounded monomer or possibly existing
low molecular mass products. After incubation,
electrodes were tested by cyclic voltammetry from
— 0.2t0 0.6 V during 2 cycles and from — 0.2 to 0.8 V
during 100 cycles in 1 mol dm > H,SO,.
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Measurements

The electrochemical deposition of polymer layers
either on Au (PoPDA) or Au/GO (GO-PoPDA-ec1)
electrode was performed by cyclic voltammetry from
0.1 mol dm~2 0-PDA in 1 mol dm~> H,SO, aqueous
solutions at 20 °C during 100 consecutive cycles in
potential range from — 0.2 to 0.8 Vatv =50 mV s
Also, an experiment with Au/GO, (GO-PoPDA-ec2)
electrode was performed during 200 consecutive
cycles in potential range from — 0.2 to 03V at
v =50 mV s~'. The usual three-electrode setup was
used with EQCM Au disc (A = 1.22 cm?) as a work-
ing electrode, saturated calomel electrode (SCE) as
reference and Pt sheet as a counter electrode. All
potentials in this paper are reported versus saturated
calomel electrode (SCE), and experiments were car-
ried out using potentiostat (EG&G Princeton Applied
Research, model 263A).

For the EQCM measurements, the frequency of the
quartz crystal coated with gold was monitored by a
Stanford Research System QCM 200 quartz crystal
microbalance connected to the potentiostat. The fun-
damental frequency was 5 MHz, and the integral
sensitivity was 4.85 x 1077 Hz cm® g~ '. The area of
the working electrode was 1.22 cm” , and piezoelec-
trically active area was 0.427 cm®.

FTIR-ATR spectra of prepared electrodes were
recorded using a Fourier Transform-Infrared Atten-
uated Total Reflection PerkinElmer UATR Two
spectrometer in the range 6504000 cm ™.

The UV-Vis spectra were recorded on AvaSpec-
ULS2048L using UV source Model D 1000 CE, Ana-
lytical Instrument Systems Inc., USA. The samples for
UV-Vis were prepared by coating of GO on a quartz
slides. In order to obtain layers of GO-PoPDA-w and
GO-PoPDA-s, GO/quartz layers were treated in a
same way as reported for EQCM Au disc electrode.

SEM microphotographs of samples prepared on
EQCM Au disc electrodes were taken by JEOL JSM
7000F at accelerating voltage of 5 kV.

Results and discussion

Mechanism of the anodic oxidation of o-PDA at
metallic electrodes is well established and docu-
mented in the number of papers [75-79]. As shown in
a set of cyclic voltammograms given in Fig. la,
0-PDA oxidation at gold electrode commences at
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Figure 1 Cyclic (a) 4- (b) 044
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potentials of about 0.5 V resulting in the sharp cur-
rent rise. The oxidation potential of 0-PDA is lower
than the oxidation potential of aniline due to the
strong positive resonance effect second amine group
exerts on the aromatic ring. The oxidation current
slowly decreases with the number of cycles forming
one well-defined irreversible current peak at 0.612 V.
The current peak height continues to decrease with
the number of cycles indicating the inhibiting prop-
erties of deposited PoPDA. The rate of PoPDA for-
mation is slower than the rate of analogous
polyaniline formation probably because an autocat-
alytic growth is much stronger in the case of
polyaniline. POPDA redox transformations take place
in the potential range from — 0.2 to 0.2 V and can be
ascribed to either phenazine-like or polyaniline-like
structures of the deposited polymer [4, 75, 79]. The
coexistence of the two structures is also possible since
at least two distinct current waves can be discerned
in both cathodic and anodic potential excursions,
although the two peaks are better separated and
defined in cathodic regions.

When the anodic formation of PoPDA was
attempted at GO-covered gold electrode, quite a
different behaviour was observed on cyclic voltam-
mograms with several distinct features (Fig. 1b).
Although a negligible 0-PDA oxidation current was
observed at high anodic potentials, the formation of
the PoPDA layer follows almost linear relationship
with the number of cycles. In addition to the redox
transformations of PoPDA which take place in the
same potential range as those of the polymer layer
deposited on the gold electrode, the most striking
feature of the recorded cyclic voltammograms is that
polymer redox transformations are not limited only
to the potentials between — 0.2 and 0.2 V but almost
constant oxidation/reduction current is observed
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throughout the whole investigated potential range.
This means that the POPDA redox sites are energeti-
cally distributed giving rise to the considerable
pseudocapacitance of this material. Also, one close to
reversible current peak pair appeared at potentials of
about 0.7 V and the other at potential 0.45 V. The
peaks remained after the electrode was transferred to
the monomer-free solution indicating that they arise
from the oxidation/reduction of the species firmly
attached to the electrode. Since the potentials of the
current peaks are much higher than those of the
polymer itself, most probably they are the result of
dimeric or oligomeric species of 0-PDA.

The lack of 0-PDA monomer oxidation current at
high anodic potentials at Au/GO electrode indicates
that the formation of PoPDA layer at or within GO
might be a spontaneous reaction. Taking into account
various redox states of oxygen functional groups at
the surface of GO, the heterogeneous redox reaction
between GO and o0-PDA might occur. As a conse-
quence, the formation of rGO and various forms of
PoPDA might be expected. To test this hypothesis,
the cyclic voltammetry experiment from Fig. 1b was
carried out to the final potential of 0.3 V only and the
results are presented in Fig. 2. The significant current
increase was registered with the number of cycles
especially in the potential range of PoPDA redox
transformation below 0 V indicating spontaneous
formation of the polymer on GO surface without
initial monomer oxidation.

Additional tests were performed by immersing
freshly prepared GO electrodes in the monomer
solution and incubated overnight as described in the
experimental section. Figure 3 shows first recorded
cyclic voltammograms of two incubated electrodes,
one incubated in the monomer solution of sulphuric
acid (GO-PoPDA-s) and another in the water/
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Figure 2 Cyclic voltammograms of GO-modified Au EQCM
electrode (GO-PoPDA-ec2) during 200 consecutive cycles in
0.1 mol dm™> 0-PDA in 1 mol dm™> H,SO, in potential range up
to 0.3 V where monomer electrochemical oxidation was avoided,
v=50mVs '
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Figure 3 Cyclic voltammograms of different layers recorded in
1 mol dm™3 H,SO4, v =50 mVs~!, after incubation period in
water/methanol (GO-PoPDA-w) or sulphuric acid solution (GO-
PoPDA-s).

methanol solution (GO-PoPDA-w) in comparison
with the background current at GO base electrode.
Obtained current profiles on cyclic voltammograms
demonstrate PoPDA formation which means the
layer of PoPDA was formed by chemical interaction
of 0-PDA and GO. Therefore, apart from PoPDA,
reduced form of graphene (rGO) is also present at the
surface of electrode. The current increase within the
potential range of investigation partially should be
assigned also to capacitive currents of rGO.

It looks like that POPDA formation is favoured in
neutral medium since much higher currents were
registered (Fig. 3). Also, it seems that the nature of
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deposited polymer differs. On repetitive cycling
involving anodic potentials higher than monomer
oxidation potentials, the polymer formed from neu-
tral solutions gradually dissolves or decomposes and
the oxidation/reduction currents especially those
below 0V decrease (Fig. 4b), while the polymer
obtained from sulphuric acid solution is not only
stable at prolonged cycling but the current increases
indicating additional polymer formation (Fig. 4a)
although the measurements were conducted in
monomer-free solution. The influence of the incuba-
tion medium on the quantity of deposited polymer
might be caused by the pH dependence of the 0-PDA
oxidation potential due to the involvement of protons
in the redox reaction. Chemical interaction between
GO and 0-PDA and the spontaneous PoPDA forma-
tion is thermodynamically favoured in neutral med-
ium, and the reaction proceeds to the completion
more readily than in acidic solution where a signifi-
cant amount of unreacted monomer or dimeric spe-
cies remained entrapped in the film and available for
further electrochemical oxidation.

To confirm the existence of the spontaneous redox
reaction between 0-PDA and GO, FTIR spectra of the
incubated electrodes were taken and compared to the
spectra of the same electrodes after their cycling
through the 100 consecutive cyclic voltammetry
cycles.

The FTIR spectra of GO, GO-PoPDA-s and GO-
PoPDA-w are shown in Fig. 5. The influence of pH on
oxidation of 0-PDA leads to formation of different
polymer structures consisting of phenazine units or
linear polymers containing free amine groups [80].

FTIR spectrum corresponding to GO shows broad
absorption band in the 3600-2500 cm™' region
assigned to —OH stretching mode of mostly water
incorporated within GO structure, but also to alkoxy
groups present within the graphene structure. Char-
acteristic absorption band for GO at 1734 cm™' is
assigned to carbonyl group originating from car-
boxyl, aldehydes or ketones. The band at 1631 cm ™"
is assigned to asymmetric C=C stretching and -OH
bending modes of water physisorbed on the GO [81].
Additional band ascribed to -OH deformation was
registered at 1410 cm™'. The absorption bands at
1259 cm™! and 1047 cm™' are commonly assigned to
epoxy and alkoxy C-O stretching vibrations, respec-
tively. After modification of GO with 0-PDA, some of
the GO bands decreased indicating removal of dif-
ferent oxygen groups [82], while another bands
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Figure 4 Cyclic (a) 8- (b)
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Figure S Comparison of FTIR spectra of GO, freshly incubated GO-PoPDA-w and GO-PoPDA-s electrodes and GO-PoPDA-w and GO-

PoPDA-s electrodes polarized during 100 cycles.

appeared in spectrum after modification with o-PDA.
The strongest peak observed in GO spectrum at
1631 cm™! disappeared almost completely after
incubation process and shifted towards lower wave
numbers, to the value of 1620 cm™'. This signifies
higher symmetry of C=C bond in incubated samples
indicating that during incubation process, oxygen
groups responsible for asymmetric vibrations were
removed [83]. Probably, process is connected with
sp” restoration on epoxy functional groups by NH,-
group of aromatic amine which is in accordance with
the literature [37]. Very weak intensity registered for
bands at 1532, 1565, 750 and 840 cm ™' suggests the
existence of low fraction of phenazine-like structure
or linear-polyaniline-like structure in the film [80].
The intense band at 1532 cm™' and shoulder at
1565 cm™! confirm the presence of benzenoid or
quinoid structures [80, 84]. The bands at 750 and
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840 cm™! are characteristic for out of plane C-H
deformation, and it shows different coupling of the
aromatic ring suggesting the presence of linear and
branched structure. 1,4-coupling (polyaniline-like
structure) results in 840 cm™' band, and 1,3-coupling
(phenazine structure) results in 750 cm™' band. By
comparing these two bands, it is evident that
750 cm ™' band was more pronounced in as-prepared
GO-PoPDA-w sample in comparison with GO-
PoPDA-w recorded after 100 cycles. It suggests that
larger amount of the phenazine structures is present
within as-prepared GO-PoPDA-w sample which is in
correlation with electrochemical measurements. The
intensity of these two bands was unchanged for GO-
PoPDA-s before and after 100 cycles indicating
stable structure with no significant change in spec-
trum. This is supported by cyclic voltammograms
that show similar shape before and after 100 cycles.
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Figure 6 SEM image of

a GO, b GO-PoPDA-w as-
prepared, ¢ GO-PoPDA-w
after 100 cycle of polarization,
d GO-PoPDA-s as-prepared,
e GO-PoPDA-s after 100 cycle
of polarization.

Lo

50kV  X4,000

The band at 1042 cm ™' corresponds to GO structure,
and therefore, by comparing the intensity of
750/840 cm ™' bands and 1042 cm ™' band, it is pos-
sible to conclude about the amount of conducting
polymer within GO structure. The obtained ratio
indicates that the higher amount of conducting
polymer is present within the as-prepared GO-
PoPDA-w compared to GO-PoPDA-w after 100
cycles. Contrary to this result, the as-prepared GO-
PoPDA-s contained smaller quantity of conductive
polymer. The similar observation was evident from
cyclic voltammograms (Fig. 4).

The morphology of the obtained layers was
investigated with SEM, and obtained micrographs
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are shown in Fig. 6. The surface of incubated GO-
PoPDA-w is covered by a large number of uniform
needles (Fig. 6b). Needle formations in the case of
0-PDA have already been observed by other authors
[85-87]. They were ascribed to low molecular mass
products containing 2-7 phenazine monomer units
[86]. Kar et al. [87] have also obtained low molecular
mass products in the medium of higher pH values,
while polymer formation ensued at pHs 1-2. After
electrode cycling (Fig. 6¢), the change in needle-like
structures is evident. On the other hand, GO-PoPDA-
s layer does not show any distinct feature different
from GO (Fig. 6d, e). Since current response in the
cyclic voltammograms indicates the presence of
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Figure 7 UV-Vis spectra of GO-covered quartz slides with
subsequent incubations in sulphuric acid (red curve) and water/
methanol (blue curve) monomer solution.

conducting polymer, it follows that polymer forma-
tion takes place between the GO layers and not on the
outside surface of GO. This phenomenon could be
related to higher solubility of ortho-phenylenedi-
amine monomers or oligomers in acid medium.
UV-Vis spectroscopy was used to probe the elec-
tronic transitions in the investigated layers. The spec-
tra of GO, GO-PoPDA-w and GO-PoPDA-s electrodes
are shown in Fig. 7. Two characteristic absorption
peaks were obtained for GO, the absorption maximum
at 250 nm and characteristic shoulder around 300 nm.
Short wavelength absorption corresponds to n—m*
transition in delocalized graphene structure, while
300 nm wavelength absorption corresponds to n-n*
transition characteristic for oxygen functionalities, and
it proves the presence of oxygen within the graphene
oxide structure. After modification of GO surface, the
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absorption maximum attributed to n—n* transition is
red-shifted from 250 to 270 nm indicating lower
energy transition that is characteristic of reduced GO.
It is also evident that for modified GO the character-
istic shoulder at 300 nm has disappeared due to the
decreased number of oxygen functionalities. For
modified layers, additional absorption maximum was
observed at 450 nm due to excitonic transition in qui-
noid-imine for GO-PoPDA-w and at 500 nm for GO-
PoPDA-s due to polaronic transitions of sulphuric acid
doped polymer.

Mass changes of PoPDA film at gold electrode
taken during oxidation/reduction reaction are given
in Fig. 8a, simultaneously with the corresponding
cyclic voltammogram. The obtained mass changes
were in accordance with those of PoPDA films
already described in the literature [78, 79]. As
demonstrated by Inzelt et al. [78], at the beginning of
potential excursion, mass increase takes place which
is followed by a continuous mass decrease during the
rest of anodic cycle. In the range of potentials where
mass increase was observed, probably some negative
counter-ion influx takes place, while at later stages
deprotonation of the film follows with concomitant
solvent expulsion. In the reverse scan, a significant
hysteresis was observed which can be explained by
kinetically hindered swelling/deswelling together
with the accompanying structural changes [78].
Indeed, although the overall mass change is negligi-
ble at the potentials higher than 0.3 V where no oxi-
dation current appears, the amu values calculated
from mass-charge plot (Fig. 8b) reveal that the film
continues to lose weight (— 68.3). The amu values
calculated from the linear segments of the mass-

(b) oA
. N /
0.0 -
g 2o
g -0.2
g 3
-0.3
-0.4 4
-0.5

T T T 1

0 2 4 6 8 10
Q/mC

Figure 8 a Cyclic voltammogram and mass changes of PoOPDA film at gold electrode taken during oxidation/reduction reaction and

b corresponding mass-charge plot.
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Figure 9 a Cyclic voltammogram of GO-PoPDA-s with corresponding EQCM mass change and b corresponding mass-charge plot after
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charge curves are given at the corresponding poten- 0.20- —91%tand 100" cycle H,S0,
tial ranges at cyclic voltammograms (Fig. 8a). ——101%-105™ cycle Na,SO,
Continuous mass decrease throughout the whole
anodic potential excursion as well as mass gain in the
reverse cathodic cycle was registered for the PoPDA
formed on the GO support and investigated in sul-
phuric acid electrolyte (Fig. 9a). In Fig. 9b, corre-
sponding mass-charge plot was displayed revealing
the hysteresis similarly to the hysteresis of PoPDA 0,054
film formed at gold electrode (Fig. 8a). By transfer-
ring the electrode to neutral Na,SO, electrolyte, -0.10
electroactivity of the film was preserved but the mass 02 00 02 04 06 08
change hysteresis disappeared (Fig. 10a, b). Obvi-
OUSIYI higher degree of reverSibﬂity was obtained in Figure 11 Corresponding EQCM mass change for GO-PoPDA-s
neutral medium. in 1 mol dm™> H,S0, (black line) and 0.5 mol dm~> Na,SO,
The facilitated hydration of the GO-PoPDA-s film  (red line), v = 50 mVs ™"
in neutral solutions is even more obvious by moni-
toring mass changes during several consecutive cyc- the increase is much more pronounced in neutral
lic voltammetry cycles in 0.5M Na,SO, (Fig. 11). = media. The hydration process might be responsible
With each cycle, overall mass of the film increases but ~ for better reversibility of redox reaction.
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Conclusions

It is possible to prepare graphene oxide/poly(o-
phenylenediamine)  composite = material =~ with
increased pseudocapacitive properties over the wide
potential range compared to pure poly(o-phenylene-
diamine). The composite can be formed either by
electrochemical oxidation of o-phenylenediamine on
graphene oxide-covered electrode or by spontaneous
heterogeneous redox reaction between graphene
oxide and monomer resulting in the reduced gra-
phene oxide and poly(o-phenylenediamine). The
response of the composite material is stable, and the
experiments demonstrated the great potentials for its
utilization in supercapacitors.
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