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ABSTRACT: We report unique additive-free bifunctional electrodes, composed of graphene oxide (GO), reduced GO (rGO),
polyaniline (PANI), and poly(vinyl alcohol) (PVA) on carbon cloths, which were fabricated using an easy and innovative in situ
aniline polymerization strategy under mild conditions. The resulting electrodes were tested for energy storage and energy conversion
reactions, and they exhibited competitive bifunctional supercapacitor and pH-universal oxygen reduction reaction (ORR) properties.
Surprisingly, GO/PANI/PVA electrodes delivered a significant specific capacitance of 450 F·g−1 at a current density of 25 A·g−1, an
ultrahigh cycling stability of 93% after 10 000 cycles of charge−discharge at 10 A·g−1, and an outstanding ORR onset potential value
of 0.93 V vs reversible hydrogen electrode (RHE) in basic media. Additionally, the nanocomposite showed remarkable stability in
acid media for the electroreduction of oxygen, maintaining 98% of the initial current applied after 25 000 s. The impressive
performance of GO/PANI/PVA electrodes was attributed to their excellent electron-transfer (ET) properties, improved
conductivity, and the highly stable behavior of PANI-functionalized GO layers.
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■ INTRODUCTION

The development of high-performance electrochemical tech-
nologies for energy storage and conversion is a top priority in
modern society. The global environmental and energy crisis
has triggered the design and fabrication of highly stable and
efficient nanomaterials for supercapacitors (SCs) and water-
splitting applications.1 In this regard, the fabrication of
ultrathin, wearable, and flexible SCs has greatly impacted the
energy storage market due to their unbeatable properties, such
as high power density, ultrahigh cycling stability, and very fast
charge−discharge processes. The SC market is expected to
reach U.S. $2.18 billion by 2022, mostly for consumption and
automotive applications. To meet this huge demand, several
strategies have been adopted to synthesize innovative materials
with enhanced supercapacitive properties, including a myriad
of different types of nanocarbons,2,3 transition-metal dichalco-
genide-based nanocomposites,4 conductive polymers,5 metal
oxide−hydroxide nanoparticles,6 and even metal−organic

frameworks (MOFs).7−9 In parallel, the development of
high-performance water-splitting electrocatalysts to replace
Pt-based materials as sustainable and clean energy conversion
technologies has let to an impressive growth in recent years.10

Special interest has been paid to develop oxygen reduction
reaction (ORR) metal-free electrocatalysts, such as N-doped
nanocarbons, as potential candidates for fuel cell cathode
electrodes.11,12

The design of versatile bifunctional materials with increased
supercapacitive behavior and remarkable ORR activities is an
important goal in materials science. Among the most suitable
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nanostructured materials, graphene oxide (GO)-based nano-
composites offer a wide portfolio of tunable physical and
chemical properties and have been recently used to fabricate
highly efficient bifunctional nanomaterials for energy storage
and conversion applications in aqueous media.13,14 The
incorporation of conductive polymers such as polyaniline
(PANI) onto GO nanoplatforms to form three-dimensional
(3D) interconnected network architectures has given rise to
unique multifunctional electrodes, which facilitate faster ion
diffusion and charge-transfer processes at the double layer, as
well as an increase in the number of electrocatalytic active sites
through the N atoms.15 To create these nanostructured
materials, several methodologies have been proposed, such as
electrochemical polymerization,16,17 electrophoretic deposition
processes, and electrodeposition methods. However, the role
of the nanoscale interactions at the interface between PANI
and GO, together with the influence of the electrolyte on the
performance of the resulting nanocomposites, has been barely
investigated.18 The very strong interactions between PANI and
GO can directly influence the electrochemical properties of the
GO/PANI nanohybrids. Also, the addition of poly(vinyl
alcohol) (PVA) to the GO nanoplatforms could improve the
electrolyte−nanocomposite interactions in aqueous media,
facilitating the ion migration processes.
The development of bifunctional materials for energy

storage and energy conversion applications has been scarcely
reported up to now. In this work, additive-free GO and
reduced GO (rGO)/PANI/PVA nanocomposites were pre-
pared as bifunctional supercapacitors and pH-universal ORR
electrodes using an innovative bottom-up in situ aniline
polymerization strategy. Our approach uses 100% of the active
material to manufacture the electrodes, avoiding the typical
drawbacks commonly observed for those applications that add
30% of additives (carbon black and poly(vinylidene difluoride)
(PVDF)),2−7 which significantly decrease the electrochemical
performance. The electrostatic interactions at GO/PANI
interfaces controlled both the PANI distribution pattern and
the electrical conductivity of the resulting nanohybrids, while
PVA increased the ion accessibility. Consequently, the
electrochemical performances of the nanocomposites for
energy storage and energy conversion applications were mainly
tuned by the GO/PANI and rGO/PANI interfacial inter-
actions.

■ MATERIALS AND METHODS
Synthesis of Materials. The starting material was graphite

(Sigma-Aldrich, 99.99%). A series of analytical-grade reagents
(sulfuric acid, 95.0−98.0%; sodium nitrate, ≥99.0%; potassium
permanganate, ≥99.0%; hydrogen peroxide solution, 30 wt % in
H2O; ethyl alcohol; aniline, ≥99.5%; sodium persulfate, ≥98%;
hydrazine anhydrous, 98%; and poly(vinyl alcohol), Mw 85 000−
124 000, 99+% hydrolyzed) were used as received from Sigma-Aldrich
without further purification. Graphene oxide (GO) was synthesized
from graphite as described below:19 1 g of graphite sample was
oxidized using 51 mL of concentrated H2SO4, 1 g of NaNO3, and 300
mL of H2O2. The resulting GO in suspension was filtered, washed
several times with deionized water, and dried.
Afterward, the formation of the composite was initiated by the

addition of GO into a poly(vinyl alcohol) (PVA) dispersion (2.5 g·
L−1) and sonicated for 1 h. Then, 35 μL of aniline in 1 mL of 1 M
H2SO4 was added into 50 mL of GO/PVA dispersion and sonicated
for 1 h more. Subsequently, 142.84 mg of (NH4)2S2O8 in 1 mL of 1
M H2SO4 was added into the dispersion with continuous stirring.
After approximately 5 min, the mixture exhibited a green color,
indicating polyaniline (PANI) formation. This mixture was separated

into two equal parts: the first part (GO/PANI/PVA) was centrifuged,
washed with deionized water, and dried at room temperature; the
second part was reduced using hydrazine and then centrifuged,
washed, and dried under the same conditions as described above
(rGO/PANI/PVA).

Structural Characterization. Graphite, GO, GO/PANI/PVA,
and rGO/PANI/PVA were characterized via Thermo Scientific DXR
Raman spectroscopy to study their vibrational properties. During the
measurements, a 10× objective (N/A 0.25) and solid-state laser at
532 nm (5 W) as excitation source were used (2 s of exposure time
and 20 scans for each recorded spectrum). The X-ray diffraction
(XRD) patterns of powders of graphite, GO, GO/PANI/PVA, and
rGO/PANI/PVA were recorded on a D8 Advance (Bruker) X-ray
diffractometer in the 50−70°/2θ angular range using Cu Kα radiation
(40 kV, 20 mA).

The thermogravimetric curves were recorded under a dried
nitrogen flow, using a high-resolution TGA Q5000 IR apparatus
(from TA Instruments) operated at a heating rate of 10 °C·min−1.
The X-ray photoelectron spectroscopy (XPS) analyses were
performed at room temperature using a K-Alpha+ spectrometer
from Thermo Scientific Co. equipped with a monochromatic Al Kα
X-ray source. The XPS regions were recorded at 20 eV pass energy
with a step size of 0.1 eV. Curve fitting was performed with a
Lorentzian−Gaussian (Voigt) peak shape and the Shirley method to
remove the spectral background. The instrument work function was
calibrated to give a binding energy (BE) of 83.96 eV for the Au 4f7/2
line for metallic gold, and the spectrometer dispersion was adjusted to
give a BE of 932.62 eV for the Cu 2p3/2 line of metallic copper.
Spectra were charge-corrected with the mainline of the carbon 1s
spectrum (adventitious carbon) set to 284.8 eV. Spectra were
analyzed using the Casa XPS software (version 2.3.14). The
morphology of the composites was characterized using a JEOL
HRTEM ARM 200 F operated at 200 keV. The elemental
composition was determined by EDX Oxford Aztec. The samples
were placed on copper grids.

Electrode Manufacturing. The working electrodes for energy
storage characterization were manufactured using a carbon cloth 1 cm
wide × 2 cm long (FuelCellStore). Subsequently, the pieces of carbon
fabric were activated using 0.1 M H2SO4 in an ultrasonic bath for 30
min to impart some degree of hydrophilicity to the cloth. The
mixtures of GO/PANI/PVA and rGO/PANI/PVA were dispersed (1
mg·mL−1) and deposited on the carbon cloth dropwise, allowing it to
dry at room temperature before adding the next drop. For this
procedure, a graduated micropipette was used to add a total mixture
volume of 9 μL to a piece of carbon cloth, ensuring that all of the
mixture was deposited on an approximate area of 1 cm2. The rest of
the carbon cloth was masked using a Kapton tape to demarcate the
deposition area. After adding nine drops (1 μL each), the area (1
cm2) was completely covered. Two additional electrodes were
manufactured: one by adding the dispersion of GO in PVA and
forming GO/PVA nanoplatforms, and another using the GO/PVA
dispersion after a reduction process with hydrazine (rGO/PVA
nanoplatforms) (see Figure S1, Supporting Information). Three
electrodes of each type were prepared to establish reproducibility.

Electrochemical Measurements. The materials supported on
the carbon cloth were employed as working electrodes, and a Ag/
AgCl (0.1 M, KCl) electrode and a graphite rod were used as
reference and counter electrodes, respectively. A 1 M H2SO4 solution
was employed as electrolyte after deoxygenation under an Ar flow.
Cyclic voltammetry (CV) was used to determine the capacitance
potential range of the electrodes and to estimate the diffusion-
controlled and nondiffusion-controlled currents measured for the
materials. CV and linear sweep voltammetry were used for
electrocatalysis measurements using an oxygen gas (O2) flow.
Electrochemical impedance spectroscopy (EIS) was employed to
measure the film resistances and capacitances in the potential range
established by CV, as previously described.20 In brief, the working
electrode is polarized at its uppermost potential, and this is
maintained until a stable current is reached. Then, an EIS spectrum
is recorded in the frequency range from 100 kHz to 10 mHz with a
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sinusoidal ac perturbation of ±10 mV. After this, the electrode
potential is shifted (ν = 0.16 mV·s−1) toward the next measuring
potential. The measurement is continued until the whole potential
range is scanned in a forward and backward direction. Galvanostatic
charge−discharge (GCD) curves were employed to determine the
specific capacitance of the electrodes and to characterize the film
stability under long-term cycling. A Metrohm Autolab Multichannel
Potentiostat/Galvanostat Instrument (M204) was employed for this
purpose.

■ RESULTS AND DISCUSSION
Structural Characterization. Raman spectroscopy, XRD,

thermogravimetric analysis (TGA), transmission electron
microscopy (TEM), and XPS were used to evaluate the
qualitative structural features of the as-synthesized nano-
composites. Figure 1A shows the Raman spectra of the GO/
PANI/PVA (red) and rGO/PANI/PVA (blue) materials
compared with an experimental model (black). The exper-
imental model was constructed by adding the experimental
Raman spectra of the GO, PANI, and PVA substances, whose
intensities were normalized and multiplied by their respective
fractions in the mixtures (0.7, 0.2, and 0.1) (see Figure S2,
Supporting Information). As expected, both materials showed
similar Raman features. In this regard, taking into account the
aniline polymerization mechanism, the covalent functionaliza-
tion of PANI onto the GO/PVA nanoplatform did not occur
or occurred with a very low yield.21,22 The polymer formed
should be distributed around the GO−PVA nanoplatforms.
For this reason, it is expected that the composites (GO/PANI/
PVA and rGO/PANI/PVA) will exhibit Raman signals
corresponding to GO, rGO, PANI, and PVA vibrational
properties, which are affected by the electrostatic interactions
among the individual components.
The Raman spectrum of GO (Figure 1A) shows intense D

(1369 cm−1) and G bands (1576 cm−1); furthermore, at the
high wavenumber region, the 2D waves can be observed
(2400−3250 cm−1).23 The D band presence is due to defects

in the carbon’s crystalline curved structure, and its higher
intensity is as a result of a high structural disorder, which is
caused essentially by the presence of oxygen functional groups
on the GO and rGO surfaces.23 The G band corresponds to
the in-plane optical mode of vibration for two adjacent sp2

carbon atoms on an ideal hexagonal ring of graphite.24 The
combined tones for the peaks located at 2670 cm−1 (2D) and
2925 cm−1 (D + G) constitute the 2D region. This 2D region
reflects two-photon processes involving phonons with opposite
wave vectors.24 However, the strengthening of the intensity of
the D + G band region is probably due to the contribution of a
band with a maximum at 2917 cm−1. This band is attributed to
valence C−H vibrations in the PVA spectrum.25 It is
interesting to note that the ID/IG ratio in the rGO/PANI/
PVA spectrum is lower than the ID/IG ratio in the GO/PANI/
PVA spectrum, indicating the loss of oxygenated functional
groups during the reduction step.21,26

Raman results also show a large group of signals derived
from the PANI. In the low wavenumber region (Figure 1A)
with mid-intensity, a 525 cm−1 band (amine in-plane
deformation) and two bands at 748 and 775 cm−1, respectively,
are associated with imine deformation (C−H bending).27

There are very strong intense bands at 1161 cm−1 (C−H
bending in emeraldine form), 1213 cm−1 (C−N stretching in
emeraldine form (amines)), 1488 cm−1 (CN stretching in
emeraldine base (imines)), which are observed between the G
and D bands of the GO, and at 1584 cm−1 (C−C stretching in
benzene-type ring and CC stretching in quinone-type ring)
overlapped with the D band of GO.27,28 Additionally,
practically all of the main Raman bands of GO/PANI/PVA
and rGO/PANI/PVA materials are shifted to lower values
compared with the bands in the model spectrum, which is a
consequence of strong noncovalent interactions between the
individual components of the nanohybrids.29,30

Figure 1B shows the thermogravimetric curves of PVA,
PANI, GO, and the mixtures GO/PANI/PVA and rGOPANI/

Figure 1. Raman spectra of an experimentally constructed model (black) compared with GO/PANI/PVA (red) and rGO/PANI/PVA (blue) (A);
thermogravimetric curves of PVA (light blue), PANI (green), GO (gray), GO/PANI/PVA (red), and rGO/PANI/PVA (blue) (B); and X-ray
diffraction patterns of graphite (black), GO (gray), GO/PANI/PVA (red), and rGO/PANI/PVA (blue). (C) XRD pattern of GO, rGO, and the
resulting nanocomposites.
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PVA. Most of the structures (PANI, PVA, GO/PANI/PVA,
and rGO/PANI/PVA) exhibit a low mass loss (<10%) and
GO (20%) of around 100 °C, due to water deintercalation and
evaporation.31,32 PVA shows its typical five-step degradation
curve after water loss: one phase transition at 206−224 °C.
The largest mass loss (∼60%) occurs between 120 and 340 °C
due to the dehydration of vicinal hydroxyl groups with
elimination of water and defunctionalization reactions, and two
final overlapped processes that correspond to chain decom-
position reactions at around 335 °C.32 GO continues to lose
mass until 300 °C due to the decomposition of the oxygen
functional groups and at around 300 °C PANI decomposition
begins. Compared with the GO curve, GO/PANI/PVA and
rGO/PANI/PVA begin their decomposition at a similar
temperature but show better thermal stability, which could
be attributed to the decomposition of the PANI component.
However, GO/PANI/PVA is slightly more stable than rGO/
PANI/PVA, probably due to a stronger electrostatic
interaction between the functional groups of the GO and
PANI components.
Figure 1C shows the diffraction patterns obtained in the

range of 2θ from 5 to 70° for the powder samples of graphite,
GO, GO/PANI/PVA, and rGO/PANI/PVA. All of these
patterns exhibit a first diffraction peak that indicates the
distance between graphene (graphite) and graphene oxide

(GO, GO/PANI/PVA, and rGO/PANI/PVA) layers. The
shortest distance is exhibited by graphite 2θ = 26.7°, which is
correlated to an interlayer spacing of 0.33 nm, denoting a
typical strong graphite π−π interaction. GO shows a larger
interlayer spacing than graphite (0.73 nm and 2θ = 12.1°),
which confirms the exfoliation of GO due to the attachment of
oxygenated groups and the presence of layers of water in the
inner space of the material.33 Likewise, GO/PANI/PVA
exhibits a larger interlayer spacing than GO (0.84 nm and
2θ = 10.4°); this increment in the interlayer spacing is
observed due to the intercalation of PANI between GO sheets.
On the other hand, rGO/PANI/PVA displays its first
diffraction peak at 11.9°, which corresponds to an interlayer
distance of 0.74 nm, slightly longer than that for GO,
presumably caused by the deintercalation of PANI from GO
sheets induced by the reduction process of GO. The second
peak in GO/PANI/PVA (24.7°) and rGO/PANI/PVA
(25.2°) patterns indicates the formation of PANI, and the
third peak in GO/PANI/PVA (42.7°) and rGO/PANI/PVA
(42.8°) patterns, as well as the second peak in GO (44.1°) and
graphite (55.4°) patterns, indicates a short-range order in
stacked graphene oxide and graphene layers.34

According to Zou et al.,18 it is important to assess the
interactions and reactions between GO and PANI in
graphene/PANI composites because they have a significant

Figure 2. Atomic content in percent of carbon, oxygen, nitrogen, and sulfur of the GO, GO/PANI/PVA, and rGO/PANI/PVA materials derived
from XPS data (A). High-resolution N 1s XPS spectra of GO/PANI/PVA and rGO/PANI/PVA (B) and high-resolution C 1s XPS spectra of GO,
GO/PANI/PVA, and rGO/PANI/PVA (C).

ACS Applied Energy Materials www.acsaem.org Article

https://dx.doi.org/10.1021/acsaem.0c00361
ACS Appl. Energy Mater. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acsaem.0c00361?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00361?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00361?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00361?fig=fig2&ref=pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c00361?ref=pdf


influence on the final electrochemical performance. In this
sense, the interpretation of the X-ray photoelectron spectra
(XPS) of GO, GO/PANI/PVA, and rGO/PANI/PVA can
provide a lot of valuable structural insights (Figure 2). Figure
2A shows the total content of the main element (C, O, N, and
S) components in GO, GO/PANI/PVA, and rGO/PANI/
PVA, estimated by XPS (see Figure S3, Supporting
Information). The approximately constant content of sulfur
and the appearance of S 2p peaks in each composite (see
Figure S3, Supporting Information) may derive from H2SO4,
used during all synthesis procedures. Figure 2A shows the
increased content of N together with the decreased content of
O, which can be attributed to both the addition of PANI to
GO/PANI/PVA and rGO/PANI/PVA and the reductive
process of GO/PANI/PVA to rGO/PANI/PVA, respectively.
Figure 2B shows the nitrogen 1s XPS of GO/PANI/PVA

and rGO/PANI/PVA composites that can be deconvoluted
into four signals. The first and the second signals correspond to
quinonoid imine (RN−R, R-arom) and benzenoid amine
(C−N−R, R = C, H) environments, centered at ∼398 and
∼399.5 eV, respectively. The third (∼400.9 eV) and fourth
(∼402.2 eV) signals can be attributed to positively charged
nitrogens: oxidized amine (C−N+) and protonated imine
(CN+), respectively.18,35,36 All of these signals correspond to
PANI and allow the determination of the polymer oxidation
state and doping level, which are very important factors
affecting PANI properties, mainly, its electrical conductivity.37

The oxidation state can be determined by the quinonoid
imine/benzenoid amine ratio (Q/B) and the doping level by
the positively charged nitrogen/total nitrogen ratio (N+/NT).

18

It is possible to demonstrate from the N 1s XPS that GO/
PANI/PVA (Q/B = 0.09, N+/NT = 36.8) has a more oxidized
PANI and doped level than rGO/PANI/PVA (Q/B = 0.37,
N+/NT = 26.2), which means that the PANI in rGO/PANI/
PVA must have a lower conductivity.18 The doping level
influences the strength of the electrostatic interaction between
GO, rGO, and PANI, being stronger for GO/PANI/PVA, due

to the higher surface charge density in the PANI polymeric
network.
The deconvolution of C 1s peaks of GO (Figure 2C) results

in four main components: nonoxygenated (C−C, CC, C−
H) at ∼284.6 eV, C−O bonds (∼286.6 eV), carbonyl (∼287.9
eV), and the carboxylate component (O−CO) at ∼289.0
eV. Although the high-resolution C 1s spectra of GO/PANI/
PVA and rGO/PANI/PVA also exhibit three similar signals
corresponding to the nonoxygenated (C−C, CC, C−H),
carbonyl (CO), and carboxylate (O−CO) components,
the other component (C−O bonds) is slightly modified due to
the overlapping of C−N and CN contributions (Figure
2C).38 The high-resolution spectra of O 1s (see Figure S3C,
Supporting Information) for GO, GO/PANI/PVA, and rGO/
PANI/PVA always show the same three signals, corresponding
to C−OH (∼533.4 eV), CO (∼532.3 eV), and COOH
(∼531.2 eV).39

The morphological and compositional characterization of
the composites was performed by TEM (see Figure 3). GO is
observed as wrapped graphene oxide sheets with some dark
regions originated by the stacking of several layers (see Figure
3A). Energy-dispersive spectrometry (EDS) analysis at three
different points of the sample confirms the presence of a huge
number of oxygenated groups, which is characteristic of this
material. Meanwhile, GO/PVA/PANI seems to be composed
of several stacked layers since a dark image of the material is
obtained (see Figure 3B). EDS analysis shows an overall
increment in nitrogen content in this composite in comparison
with that of GO. These nitrogen species come from PANI
incorporated in the material, evidencing that this polymer is
homogeneously distributed over the GO sheets. Then, GO/
PVA/PANI is composed of layers of GO−PVA nanoplatforms
covered with PANI, stabilized on GO surfaces via π−π
stacking.40 It is worth pointing out that GO/PVA/PANI also
contains a large number of oxygenated groups, proving that
functional groups from GO are maintained after composite
formation. Actually, oxygen-containing functional groups are

Figure 3. Transmission electron microscopy (TEM) images and elemental composition analysis derived from EDS analysis, taken in GO (A), GO/
PANI/PVA (B), and rGO/PANI/PVA (C) materials. Schematic representation of the synthesis process followed and the possible final structure of
composites (D), according to the data obtained from the structural characterization.
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active sites for polymerization.41 Surprisingly, rGO/PVA/
PANI is composed of GO layers, with some agglomerates
observed as darker regions. EDS analysis indicates that darker
regions are originated by the presence of PANI since the N
content is increased. The oxygen content in this composite is
also lower than in GO and GO/PVA/PANI, which is due to
the partial reduction of GO in this composite. However, the
oxygen content is considerably higher in the dark regions,
indicating the presence of PVA or the preservation of remnant
oxygen functional groups.
Energy Storage Properties. The energy storage properties

of the composites were studied in a 1 M H2SO4 solution using
electrochemical techniques. The capacitive potential range was
selected from cyclic voltammetry. Each composite exhibits a
slightly different window depending on its composition. GO/
PANI/PVA and rGO/PANI/PVA show reversible redox
reactions in a potential window characteristic for PANI-
based materials;42−45 see Figure 4A,B. Both composites show a
box-like electrochemical fingerprint with the contribution of
the emeraldine/pernigraniline redox process, detected as
current peaks close to 0.2 V. However, the measured currents
for GO/PANI/PVA are considerably higher than those for
rGO/PANI/PVA.46 Figure S1 shows a comparison of CV of
GO/PVA and rGO/PVA composites with GO/PANI/PVA
and rGO/PANI/PVA. The presence of PANI in the
nanoplatforms is the source of the high capacitances measured.
Moreover, the dramatic increment of capacitance when PANI

is coupled with GO/PVA, in comparison with that obtained
for rGO/PVA, evidence for a synergistic interaction between
these materials promoted by a strong PANI−GO interaction
through oxygenated functional groups. Figure 4A,B also shows
the contribution of diffusion-controlled (iDC) and non-
diffusion-controlled (iNDC) processes to the measured current
(iexp), estimated by using equation itotal = iDC + iNDC = Aν0.5 +
Bν,47,48 where ν represents the scan rate, and A and B are the
proportionality coefficients for diffusion-controlled and non-
diffusion-controlled processes, respectively. The measured
currents for both composites are mainly from nondiffusion-
controlled processes, superficial or fast redox processes, and
double-layer charging−discharging. This result makes GO/
PANI/PVA and rGO/PANI/PVA suitable materials for
supercapacitors. Similar results have been reported for
PANI−GO-based composites.49,50

Typical Nyquist diagrams obtained for GO, GO/PANI/
PVA, and rGO/PANI/PVA are shown in Figure 4C. A
semicircle is observed in the high-frequency regime (inset
figure), commonly associated with the resistance and
capacitance of film components. An almost linear increment
of the imaginary impedance is registered in the middle- and
low-frequency regimes, associated with charge storing
processes in the film (capacitance). The magnitude of the
impedances depends on film composition and measuring
potentials, but, in general, lower impedances are measured for
GO/PANI/PVA film. Real (C′) and imaginary (C″)

Figure 4. Cyclic voltammetry characterization (ν = 250 mV·s−1) of (A) GO/PANI/PVA and (B) rGO/PANI/PVA electrodes. Typical (C)
Nyquist and (D) real (C″) and imaginary (C′) capacitance plots measured (E = 0.2 V) for GO/PANI/PVA, rGO/PANI/PVA, and GO electrodes.
Impact of measuring potential on the (E) specific capacitance and (F) film resistance for GO/PANI/PVA, rGO/PANI/PVA, and GO electrodes,
derived from the best fit of the equivalent circuit (inset in (C)). All of these results were obtained in a deoxygenated 1 M H2SO4 solution.
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capacitances for the films, as a function of measuring
frequency, are shown in Figure 4D. The composites exhibit
considerably larger C′ values at low frequencies than GO,
because of the contribution of PANI and the structural
modification of the composites. However, when GO is present
in the composite, higher capacitance values (up to 1.5 times
larger) are obtained. This improvement is associated with the
arrangement of GO sheets and PANI layers achieved by the
π−π stacking, the more effective interaction promoted by the
presence of oxygenated functional groups, and the improved
electronic conductivity expected for PANI in this composite.
Time constant values can be obtained at the frequency at
which the maximum C″ is registered. This value is larger for
composites than for GO, due to the increment in
capacitance.51 Nevertheless, between both composites, there
is only a slight difference in this parameter. This behavior
might be related to the better electronic transport through this
composite, allowing a similar time response with improved
capacitance. The time constant values are almost the same
through the whole potential window for GO/PANI/PVA and
rGO/PANI/PVA (see Figure S4, Supporting Information),
confirming that the redox processes of PANI exhibit fast
kinetics.
Film capacitance (Figure 4E) and resistance (Figure 4F) for

electrodes made of GO, GO/PANI/PVA, and rGO/PANI/
PVA were derived by fitting experimental EIS spectra to the
equivalent electric circuit inserted in Figure 4C. Variation of
film capacitance with potential resembles the CV curves for the
materials (see Figure 4A,B), confirming that large energies are
stored when oxygenated functional groups of graphene in the
composite are preserved in the composite. The main
differences in the composites’ capacitances are around the
potential at which the PANI redox process is expected.
Therefore, the larger currents measured for GO/PANI/PVA
might be caused by a more homogeneous distribution of PANI
on GO sheets, favored by the presence of oxygenated groups
and the efficient interaction between PANI and GO/PVA

nanoplatforms. Moreover, the film resistance for GO/PANI/
PVA is up to 2.6 times lower than the film resistance for rGO/
PANI/PVA, thus promoting charge transport and redox
processes related to charge storage. This result is in line with
the Q/B and N+/NT ratios derived from the XPS results. The
improved behavior of GO/PANI/PVA is related to the
stronger GO−PANI interaction favored by oxygen-containing
functional groups and the π−π stacking between PANI and
GO/PVA nanoplatforms.
Galvanostatic charge−discharge curves for GO/PANI/PVA

and rGO/PANI/PVA, measured at different currents, are
shown in Figure 5A,B, respectively. In both cases, an almost
triangular shape is obtained, with a deviation from linearity due
to the fast redox processes taking place in the PANI.
Capacitances derived from the charge passed during the
discharge are plotted in Figure 5C against the current
employed for the measurement. The capacitance for both
composites is considerably larger than that for the bare GO, as
previously observed by EIS (Figure 4E). GO/PANI/PVA
(486, 455, 435, 430, 405, and 450 F·g−1 at 0.5, 1, 2.5, 5, 10, and
25 A·g−1, respectively) exhibits larger capacitance values than
rGO/PANI/PVA (382, 344, 322, 310, 297, and 408 F·g−1 at
0.5, 1, 2.5, 5, 10, and 25 A·g−1, respectively) in the whole
current range employed for the measurements, as expected
from the previous characterization. However, the capacitance
for rGO/PANI/PVA increased considerably at high current,
reaching values very close to those registered for GO/PANI/
PVA. This behavior might be related to the fact that at these
large currents the charge stored is mainly due to electrical
double-layer charging, and the contribution from PANI is
negligible. Composite capacitances are on the same order of
magnitude, or even larger than the currently reported
capacitances for PANI−GO-based composites.41,46,49,50,52

Finally, the GO/PANI/PVA electrode was long-term-cycled
at a current of 10 A·g−1 to evaluate the stability of this material
(Figure 5D). The capacitance remained almost constant
during the first 2500 cycles, showing a slight capacitance

Figure 5. Galvanostatic charge−discharge curves measured in a deoxygenated 1 M H2SO4 solution at different currents, for GO/PANI/PVA (A)
and rGO/PANI/PVA (B) electrodes. Impact of the imposed current over the specific capacitance of GO/PANI/PVA, rGO/PANI/PVA, and GO
electrodes (C). Capacitance retention recorded for GO/PANI/PVA electrode at a current of 10 A·g−1 (D).
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decrease up to the 10 000th cycle, at which 93% of the original
capacitance was retained.
Electrocatalytic Properties. The ORR activity of the GO-

based nanocomposites was explored by cyclic voltammetry at
different pH values for comparison. As shown in Figure S5
(Supporting Information), there are no electrochemical
responses for the samples at different pH values in O2-free
NaOH solutions, while very well-defined oxygen reduction
peaks appear under O2-saturated conditions, indicating that the
two nanocomposites efficiently enable the pH-universal oxygen
reduction processes at the GO/PANI electrochemical
interfaces. The synergistic interactions between the N-rich
PANI polymeric networks and the highly conductive GO
nanoplatforms provide both remarkable electron-transporting
properties and a high number of active sites for oxygen
adsorption to the resulting nanocomposites. Noticeably,
positive shifts in the potential values of the oxygen reduction
peaks were observed for GO/PANI/PVA compared with those
for rGO/PANI/PVA at each pH, indicating an improvement
of the electrocatalytic activity in the GO/PANI interfaces.
The ORR polarization curves of GO/PANI/PVA and rGO/

PANI/PVA were evaluated at different pH values and
compared with the results for commercial Pt/C (40 wt %)
(Figure 6A−C). Remarkably, GO/PANI/PVA hybrids out-
performed the electrocatalytic properties of rGO/PANI/PVA.
Using unreduced GO materials, the onset potential was
increased from 0.67 to 0.77 V, 0.75 to 0.77 V, and 0.84 to 0.93

V (vs reversible hydrogen electrode (RHE)) in acid, neutral,
and basic environments, respectively. The N atoms from PANI
may be acting like nitrogen-containing active sites in the
carbon nanostructured networks.53,54 It is worth to mention
that, in basic solutions, the onset potential of the GO/PANI/
PVA nanocatalyst is very close to that of the Pt/C reference
and comparable to those of the state-of-the-art GO/PANI
catalysts reported in the literature.15,53,55 Additionally, the
mass activity (Figure 6D−F), which represents a reliable
measure of the electrocatalytic yield, is significantly boosted in
the GO/PANI/PVA surfaces for each pH value, in agreement
with the CV trends. However, unlike the reduced GO surfaces,
the specific interactions between a large number of functional
groups (carboxyl, ethoxy, etc.) of the GO nanosheets and
aniline monomers gave rise to highly uniform and stable PANI
layers (see Figure 3). The highly homogeneously distributed
PANI layers could greatly enhance both the electron transfer
(ET) through the nanocomposites and the number of ORR
active sites of the GO/PANI/PVA 3D-layered structures. In
this regard, XPS and EIS results demonstrated that both the
electron conductivity and the ionic mass transfer are
significantly improved for the GO/PANI interfaces, which
become suitable electrochemical platforms for the efficient
electrochemical reduction of oxygen. Bearing in mind these
ideas, it is conceivable that the electrocatalytic behavior of the
(r)GO/PANI interfaces is significantly affected by the GO−
PANI interfacial interactions. Undoubtedly, a large number of

Figure 6. ORR polarization curves of the C-cloth, rGO/PANI/PVA, GO/PANI/PVA, and Pt/C (40%) in O2-saturated solutions of (A) 0.5 M
H2SO4, (B) phosphate buffer solution (pH = 7), and (C) 0.5 M NaOH. respectively. Scan rate: 5 mV·s−1. The corresponding mass activity values
of C-cloth, rGO/PANI/PVA, and GO/PANI/PVA in (D) acid, (E) neutral, and (F) basic pH values, respectively. Chronoamperometric curves at
−0.35 V vs RHE of GO/PANI/PVA nanocomposites at (G) 0.5 M H2SO4, (H) PBS pH = 7, and (I) 0.5 NaOH.
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available functional groups at the GO surfaces, which can
interact via van der Waals forces with the N atoms of the
aniline moieties, facilitate the assembly of a well-distributed
PANI layer with desirable electronic properties for ORRs.
The chronoamperometric measurements of GO/PANI/PVA

were carried out to get insights into its long-term stability
properties (Figure 6G−I). The nanocomposite showed
remarkable stability in acid media, maintaining 98% of the
initial current applied after 25 000 s, surpassing all of the
carbon-based metal-free ORR electrocatalysts.9 It could be
mainly attributed to the outstanding stability of the PANI films
toward the electrochemical reduction of oxygen films at −0.35
V vs RHE.
Remarkably, although PANI was used to fabricate high-

performance N-doped carbon catalysts using heat treatment
methods, the electrocatalysts constructed from conductive
polymers without heat treatment have usually delivered very
low ORR activities.54,56 To the best of our knowledge, the
GO/PANI/PVA constitutes the first example of a nonmetallic
ORR electrocatalyst with outstanding catalytic properties
based on PANI networks built under mild conditions. The
excellent electron-transfer (ET) properties, improved con-
ductivity, and highly stable behavior of PANI-functionalized
GO layers enable the effective electronic wiring between the
electrode and the adsorbed oxygen species and favor the
accessibility of oxygen molecules onto the electrocatalytically
active sites, which can in turn improve their catalytic and long-
term stability properties.

■ CONCLUSIONS

Two nanostructured PANI-based composites were successfully
prepared using a simple and innovative in situ aniline
polymerization method and a subsequent reductive step.
Noticeably, GO/PANI/PVA nanocomposites showed im-
proved conductivity properties, as well as rather uniformly
distributed PANI networks, which have been directly
associated with the unique synergistic interactions at the
PANI/GO interfaces between the N-rich polymeric structure
and the functional groups at the GO surfaces. Therefore, the
electrochemical performance of the GO/PANI/PVA nano-
hybrids surpassed by far the activity of the rGO/PANI/PVA.
The composites showed improved specific capacitances of 450
F·g−1 at a current density of 25 A·g−1 and an ultrahigh cycling
stability of ca. 93% after 10 000 cycles of charge−discharge at
10 A·g−1. Likewise, an outstanding ORR onset potential value
of 0.93 V vs RHE in basic media and excellent long-term
stability properties in acid and basic environments were
obtained for the GO/PANI electrochemical interfaces. The
synthesized GO/PANI/PVA electrodes supported on carbon
cloths are promising candidates for the development of flexible
and wearable supercapacitor devices, as well as efficient metal-
free pH-universal ORR fuel cell cathode materials.
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