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ABSTRACT
Electrochemical water splitting is a unique approach for producing renewable energy in hydro-
gen fuel, though it is limited due to the sluggish kinetics of oxygen evolution reaction (OER).
To enhance the efficacy of hydrogen production, it is a need to regulate oxygen evolution
reaction. An efficient strategy is to construct a competent electrocatalyst with an immense
open, active site, highly stable, porous structure, and large surface area. This study employs
an inexpensive, facile, and eco-friendly single-step route to fabricate reduced graphene oxide
(rGO) layers wrapped in polyaniline (PANI) sheets to achieve the controlled blades morphol-
ogy. All the synthesized materials are characterized by X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), BET to examine their struc-
tural,morphological, and textural properties. Interestingly,whenall the synthesizedmaterials are
employed for electrochemical measurements, rGO/PANI nanocomposite exhibits exceptional
performancewitha lowoverpotential of 221mV toachievea currentdensityof 10mA/cm2, lower
Tafel slopeof 37mV/dec, andalsohigh stability of 20 h.Overall, thiswork could leadup to the fab-
rication of innovative blade structured nanocomposite as an efficient electrocatalyst and make
it applicable for multiple applications.
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Highlights

• rGO/PANI nanocomposite was synthesized with
enhanced surface area.

• Remarkable electrocatalytic activity for the compos-
ite was perceived for oxygen evolution reaction with
a low Tafel slope (37mV/dec).

• rGO/PANI nanocomposite surrounds higher oxygen
sites that enhance the catalytic activity than the pure
rGO and PANI.

• rGO decorated PANI (rGO/PANI) exhibiting higher
stability of 20 h recorded via chronoamperometry i–t
curve.

1. Introduction

The non-stop rising energy concerns, imminent macro-
climate changes, considerable fears of fossil fuel reduc-
tion, and environmental alarms of greenhouse gases
haveencouraged the intellectual community todevelop
a novel renewable actual weighbridge energy claim
[1,2]. The decline in fossil fuels has a crucial effect on
the economy of the domain. Due to this, there may be
the foremost rise in fuel prices and inflation [3]. So, there
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is a need to develop highly effective, durable, and low-
cost electrocatalysts to produce energy. Many sources
of energy production exist like fuel cells, hydropower,
solar cells, atomic power plants, and windmills. Fuel
cells are costly; hydropower is available only in hill areas;
solar cells are effective but only in the regions where
sunlight is available, while windmills are more effec-
tive in coastal areas [2,4–8]. Hydrogen gas is declared
an alternative fuel under the Energy Policy Act of 1992
because it is a promising way to meet both energy and
environmental crises in the post-fossil period. Hydro-
gen gas is superabundant around us in the form of
H2O, hydrocarbons, and other organic matters, but
the challenge is to extract H2 gas from these sources
with good efficiency. Steam reforming, electrochemi-
cal water splitting, acidic hydrolysis of metal hydrides,
and combining high-temperature steam with natural
gas are used to extract hydrogen [9]. But electrochemi-
cal water splitting is a less time-taking way to generate
uncontaminated hydrogen on a large scale. The elec-
trochemistry involved in electrochemical water split-
ting is relatively easy as it comprises two essential
reactions: cathodic two-electron hydrogen evolution
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reaction (HER) and anodic four-electron oxygen evo-
lution reaction (OER) in acidic and alkaline medium,
respectively [1,2].

Cathodic HER involves

2[H + ] + 2[e−] → H2 (1)

and

2 H2O + 2[e−] → H2 + 2[OH−] (2)

whereas anodic OER involves

2H2O → O2 + 4[H + ] + 4[e−] (3)

and

4[OH−] → O2 + 2H2O + 4[e−] (4)

OER is the fundamental reaction in electrochemi-
cal water splitting and concerns the evolution reac-
tion of O2 molecules on the catalyst’s surface through
four-electron transfer steps [3–5]. It can be processed
in an alkaline (1.0M KOH) and acidic environment
(0.5M H2SO4). Still, OER can only be catalyzed in acidic
mediumwith the lowest overpotential values by oxides
or alloys of Ir and Ru, which are highly expensive and
depleted metals [6,7]. In contrast, OER is sluggish and
provides poor efficiency in an alkaline medium (pH
14) because it cannot come up with plenty of protons
immediately to the cathode [8,9]. Anodic half-cell reac-
tion of water electrolysis involves many intermediate
steps; therefore, its mechanism cannot be determined
easily using the Tafel slope. For OER, there are five
possible mechanisms in an alkaline medium; among
them, oxide and electrochemical oxidemechanisms are
mostly accepted; besides this, Krasil’shchikov mecha-
nism [10], Yeager’s mechanism, and Bockris mechanism
[11] are also involved. Some main steps of undoubted
electronic oxide and oxide pathways are given below
[12,13].

(1) Electrochemical Oxide Pathway:

C + OH−(aq) → C–OH + e− (5)

C–OH + OH− → C–O + H2O + [e−] (6)

2C–O → 2C + O2 (7)

(2) Oxide Pathway:

C + [OH−] → C–OH + [e−] (8)

2C–OH → C–O + C + H2O (9)

2C–O → 2C + O2 (10)

Here, active site C goes through a cycle of oxidation
and reduction reactions duringOER inbothmedia (alka-
line and acidic) with the evolution of O2 molecules, and
functional sites are restored for another sequence [3]. To
face all these steps, a metal must contain a variable and

stable oxidation state to provide excellent electrocat-
alytic activity forOER; that iswhy theoxides andhydrox-
ides of Ni, Co, Fe, and Mn work better in alkaline media,
and Ir and Ru show exceptional catalytic activity in the
acidic environment [5]. But themajor drawback of these
metals is that they cannot be used on a widespread
industrial scale because of their exorbitant price, insuffi-
ciency, rare availability, low functionality, lowdurability,
and fewer industrial applications [6,7]. It is highly insti-
gated to progress cost-effective, earth-abundant, and
efficient electrocatalyst to substitute noble metals for
OER at low overpotential.

To breed energy from low-priced and eco-friendly
sources is the leading objective of researchers these
days. Many conducting polymers have been synthe-
sized, but some are bad conductors or semiconductors
[8]. Among them, polyaniline (PANI) is one of the best
polymers having the best amalgamation of excellent
and controlled conductivity and environmental stabil-
ity with reduced expense. Among the family of conju-
gated polymers, it is one of the best materials, which
is moisture and air resistant in its doped form, either
in conducting or in insulating form. PANI is regarded
as the most striking conducting polymer due to its
superior geographies like high environmental stability,
reduced expense, ease in synthesis, enhanced electri-
cal conductivity, andmagnetic redox properties related
to the chain nitrogen [9–11]. It has numerous poten-
tial uses, such as sensors, separation membranes, bat-
teries, and antistatic coatings. PANI can also be used
in several application zones like displays, energy stor-
age, and organic light-emitting diodes. Using polyani-
line with diverse materials is promising to fabricate the
electrically conductive transparent thin films and coat-
ings. To enhance the electrochemical properties of the
PANI, it is combined with other oxides like N2-doped
carbon/Co3O4 hybrid [6], PANI@Co-FeLDHs [9], Mn/Co
bimetallic phosphate/PANI nanowires [12], PANI/rGO
[13], polyaniline/CoOOHnanosheets [7], novel 13X Zeo-
lite/PANI [10], and CoFe2O4/PANI [14]. Among the two-
dimensional materials, reduced Graphene oxide is the
first and most utilized material with an enormous spe-
cific surface area, a high electrical conductivity, high
surface area, chemical inertness, large capacitance val-
ues, good cycling stability, and high electron mobility
at room temperature, because it is present in the form
of a 2D layer of sp2-hybridized carbon atoms organized
in a hexagonal lattice. The adjacent graphene layers
are structured with overlapping of Pz orbitals [5–9].
These properties put together graphene very striking
applications in the field of sensors, fuel cells, super-
capacitors, batteries, and field-effect transistors. Oxy-
gen functionalities (epoxide, hydroxyl, carbonyl, and
carboxylic groups) are present in graphene oxide due
to which it can quickly disperse in water, different
matrixes, andorganic solvents. Inspired from the above-
reported studies, in the present work, we fabricate
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the rGO/PANI nanocomposite for OER because the
graphene derivatives are very effective fillers in polymer
nanocompositesmaterials gratitude to their dispersibil-
ity in polymer matrices, ideal material properties and
good surface area which lead to many other applica-
tions. These properties make them more encouraging
candidates as electrocatalysts. The as-synthesized elec-
trocatalyst utilizes an inexpensive source of precursors
and exhibits efficient electrochemical activity in alkaline
media. The purposed material attains an overpotential
of 221mVat a current density of 10mA/cm2 and a lower
Tafel slope value of 37mV/dec for OER in 1.0M KOH
solution. To the best of our study, the present work
reported enhanced surface area and unique wrapped
morphology for OER in 1M KOH solution for the first
time.

2. Experimental section

2.1. Chemicals

Graphite powder (99.99%, Sigma Aldrich), sodium
nitrate (NaNO3, 90.0%, Sigma Aldrich), sulphuric acid
(H2SO4, 98%,Merck), potassiumpermanganate (KMnO4,
80%–99.99% Pubchem), hydrogen peroxide (H2O2,
50%, Merck), acetone (99.8%, Normapur), hydrochlo-
ric acid (HCl, Analar, 31.50%), aniline hydrochloride
(C6H8ClN, 99%, Merck), ammonium peroxy disulphate
((NH4)2S2O8, 98%, Merck), ethanol (C2H5OH, 99.8%,
Analar), nitric acid (HNO3, 65%, Merck), and nickel foam
(NF) are the chemicals used. Deionized water (DI) was
used for all the experiments. All the chemicals and
reagents were used as such without any further treat-
ment while NF was treated before use.

2.2. Synthesis of pristine reduced graphene oxide
(rGO)

The fabrication of GO was adopted via modified Hum-
mer’s route [5]; 2.0 g graphite powder and 2.0 g of
sodium nitrate were mixed in 90mL of sulphuric acid
and kept in an ice bath at 0–5°C under constant vig-
orous stirring on the magnetic hotplate for 4 h. After
4 h of constant stirring, 12.0 g of potassium perman-
ganate was added very slowly to the mixture under the
same conditions. Then, the mixture was diluted with
110mL DI water and again allowed to stir for 2 h at
above-mentioned temperature. After that, the resultant
mixture was stirred for 2 h at 35 °C without an ice bath.
After 2 h stirring, the obtained mixture was then kept
in a reflux system for 10min at 98°C, and after 10min,
the temperature could change up to 30°C resulting in
brown-coloured mixture. Finally, the obtained precip-
itates were treated with 40mL H2O2 to get a bright
yellow-coloured mixture and again stirred for 1 h. Ulti-
mately, the resulting product was washed several times

with 10%HCl solution under centrifugation. Afterwash-
ing with 10% HCl, the mixture was also washed with
deionized water 2–3 times. Finally, a gel-like material
with neutral pH was obtained and then dried at 60 °C
overnight.

2.3. Synthesis of rGO/PANI nanocomposite

For the synthesis of rGO/PANI nanocomposite, the
already-prepared rGO (0.5mg/mL) was added in 0.2M
aniline hydrochloride (C6H8ClN) in 50ml DI water,
stirred for 10 mins, and then 30ml 0f 0.2M solution
of ammonium peroxy disulphate was added with the
help of burette under continuous stirring. During the
addition of ammoniumperoxy disulphate, the colour of
the mixture becomes blue–green indicating the com-
pletion of the reaction. After the formation of precip-
itates, the mixture was allowed to stir continuously
for 1 h. Finally, the obtained precipitates were washed
with ultrapure water and acetone repeatedly. Then,
the resultant product was dried at 60°C in an oven
for 6 h. For comparison purposes, pristine PANI was
also fabricated via the same route as discussed for
nanocomposite.

2.4. Physical characterization

To study the phase, crystal nature and grain size
of rGO, PANI, and rGO/PANI nanocomposite, pow-
der X-ray diffraction technique was conducted using
Bruker diffractometer (D8-advance) with a Ni-filter
and Cu, Kα radiations source. SEM micrographs were
observed through a JSM-5,910 scanning electronmicro-
scope with a voltage acceleration of 40 kV. Composi-
tional investigation was accomplished with an energy-
dispersive spectrometer coupled with SEM (JSM-5910).
The Brunauer–Emmett–Teller (BET) surface area was
carried out using NOVA2200e. The Fourier transform
infrared (FT-IR) was acquired on a Nicolet 170SXFTIR
spectrometer in the range of (400–4000 cm−1) to con-
firm the structure of the synthesized materials.

2.5. Electrode and catalyst ink preparation

The standard three electrodes setup such as counter
electrode (Pt wire), Ag/AgCl as reference electrode, and
the catalyst deposited NF as a working electrode were
employed on computer-controlled PGSTAT (AUTO LAB-
204). For this purpose, the NF was cut into 1 cm× 1 cm
small pieces. These small NF fragments were then soni-
cated for 10min in acetone, hydrochloric acid (HCl 2M),
ultrapure water, and ethanol, respectively. The treated
NF pieces were kept in the oven at 60 °C until get dried.
For the electrochemical study, the prepared materials
were first ground to obtain a fine powder and then dis-
persed in 100μL ultrapure water, and the suspension
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was ultrasonically treated for 40min until a homoge-
neous catalyst ink was formed. The prepared catalytic
ink (10μL) was applied to the already cleaned and
dried NF through the drop castemethod. The NF pieces
loaded with electrocatalyst were then dried at room
temperature, and the packed mass of the catalysts was
0.4mg/cm2. The resultantNFwas thenused for theeval-
uation of the OER. All the electrochemical tests were
performed in 1.0M KOH solution (pH ∼ 13.6).

2.6. Electrochemical test

Electrochemical performances were investigated using
computer-controlled AUTO LAB potentiostat (PGSTAT-
204). The electrochemical cell was cleaned before start-
ing the electrochemical parameters, taking ratio 1:3 of
H2SO4 and HNO3. After cleaningwith acids, the cell was
boiled in distilled water, and then, it is washed several
times separately with ultrapure water and acetone and
dried at 80 °C. The Pt wire was washed with ultrapure
water and immersed for 10min in 25% HNO3 solution.
A comprehensive analysis such as cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), lin-
ear Sweep voltammetry (LSV), and chronoamperome-
try (CA) was then performed using the three-electrode
setup, and all the measurements were carried out at
room temperature. Before performing the analysis, all
the gases were removed from the solution by purg-
ing argon gas for 30min, and the experimental setup is
represented in Scheme 1.

The recorded potential resulted vs. Ag/AgCl, and
then, the obtained potential was calibrated to a
reversible hydrogen electrode (RHE) using following
Equation (11) [6];

ERHE = EAg/AgCl + 0.0592 ∗ pH + 0.197 (11)

Tafel slope explains the catalytic behaviour and has
a significant influence on the kinetics of the electro-
chemical reaction. In this case, the efficiency and the
kinetics of the obtained materials were evaluated by
plotting the graph between overpotential and log j. The
equation for this purpose is as follows [7]:

η = a + (2.303R∗T/αnF) × log j (12)

In this equation, η is an overpotential, a represents
the charge transfer coefficient, n is the number of elec-
trons involved in the reaction mechanism, F is the Fara-
day constant, and j is the current density.

Electrochemical active surface area is also an impor-
tant factor to evaluate the catalytic potential of the
materials that is under evaluation. For ECSA measure-
ments cyclic voltammograms were performed at dif-
ferent scan rates (5, 10, 15, 20, 25, 30, and 35mVs−1)
in non-faradic regions within the potential window of
0–0.1 V.

One of the important parameters for the determina-
tion of the resistance and the conductance of an elec-
trocatalyst is electrochemical impedance spectroscopy
(EIS). This factor also perceives an approximation of the
transfer resistance (Rct) and solution resistance (Rs) on
the electrocatalyst–electrolyte interface. Such studies
were carriedout at theMetrohmAutolab-basedelectro-
chemical workstation on applied potential of 0.5 V with
the frequency range of 1× 105−0.1 Hz, and the ampli-
tudeof the signalwas about 0.01 vrms.Rct andvalueofRs
were monitored using different methods with the help
of Randles circuit.

To be a suitable catalyst, it should be able to main-
tain its activity for an extended period. The high cat-
alytic activity and enhanced stability make it a poten-
tial material for OER. Therefore, it is a promising mate-
rial for the replacement of catalysts based on noble

Scheme 1. Schematic illustration for deposition of ink on the substrate and experimental setup.
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metals. Chronoamperometry also provides information
for evaluating the stability of the material via plotting
graphs between times vs. current density. The material
has been analysed at a potential of 0.8 V to about 20 h.

3. Results and discussion

3.1. Structural analysis

Powder X-rays diffraction analysis was conducted to
study the crystalline, amorphous nature, and lattice
studies for the synthesized rGO, PANI, and rGO/PANI
nanocomposite. For X-ray diffractogram, Philips X-ray
diffractometer, Cu Kα-radiation with the wavelength
1.54060Å were used. The pattern was documented
within the range of 2θ from 20 to 80 degrees with
a scan rate of 10°/min. XRD patterns of the synthe-
sized rGO, PANI, and rGO/PANI nanocomposite were
shown in Figure 1(a). The rGO displays the diffraction
peak with the hkl planes (002) at 26° as shown in
Figure 1(a). This pattern confirms the graphitic structure
and shows good agreement with the already reported
results [8]. For PANI, the peak Figure 1(a) appeared
at a diffraction angle (27°) with an hkl value (11−3)
representing the suitable intensity of the crystal plane
assigning the repeating unit in the polymer chain as
reported previously [9]. The peaks present in rGO /PANI
nanocompositewere similar to the rGO and PANI result-
ing in more intense than the peaks in both individ-
uals (rGO, PANI), confirming the crystalline nature of
the nanocomposite. It was further noticed that PANI
does not impact the crystal structure of the rGO, as
shown in Figure 1(a) but indicates that the presence
of rGO in PANI supports the growth of crystalline
chains in the polymer, which facilitates the carrier trans-
port as confirmed from electrochemical impedance
spectroscopy.

To further investigate, the microstructures and dif-
ferences in the interaction between rGO and PANI
were characterized by Fourier-transform infrared spec-
troscopy, as shown in Figure 1(b). They were recorded
in the range of 500–4000 cm−1. In the case of the rGO
FT-IR spectrum, a clear peakwas observed at 1630 cm−1

confirming the carboxyl group, and the peak assigned
at 1050 cm−1 was due to C–O stretching vibrations
[8], while in the case of PANI, the bands of 1562 and
1479 cm−1 are accurately attributed to the C = N and
C = C stretching vibration of the quinonoid and ben-
zenoid rings, respectively. The bands present in the
1298 and 1242 cm−1 were attributed to C–N stretch-
ing vibration of the secondary aromatic amines [12].
The strongest zone at 1130 cm−1 was assigned to the
C–H vibrations in the plane, and the one at 804 cm−1

was allocated to the C–H vibrations out of the plane
[9]. On the other hand, in rGO/PANI nanocomposite all
the peaks as in both individuals were present with small
shifting in peaks due to the electrostatic attraction of

rGO and PANI confirming the successful synthesis of the
nanocomposite.

3.2. Morphological analysis

The SEM micrographs confirm the morphology of the
pure rGO, PANI, and rGO/PANI nanocomposite, respec-
tively, as shown in Figure 1(c–f). The creased-like struc-
ture in rGO indicates the presence of porous layers
Figure 1(c). On the other hand, PANI showed ran-
dom sheets due to the strong interaction between
the adjacent polymer chains Figure 1(d). In contrast,
the rGO/PANI composite confirms blades like curly and
folded layers because rGO porous layers were wrapped
in PANI sheets to form the compact morphology as
shown in Figure 1(e,f), making a competent electrocat-
alyst with boosted OER performance.

3.3. Compositional and textural analysis

Energy-dispersive X-ray spectroscopy (EDS) was emp-
loyed for the examination of the chemical compositions
of all the fabricated products. The EDX spectra of rGO,
PANI, and rGO/PANI nanocomposite were presented
in Figure 2(a–c). The elemental analysis demonstrates
that the resultant synthesized products (rGO, PANI, and
rGO/PANI) constitute the main elements like C and O
uniformly distributed with %age ratio and mol% were
presented in TablesS1–S3, respectively. The findings
from the fabricated products represent that no other
impurities were present, confirming the successful syn-
thesis of the resultant materials. The pore size and the
surface area of theprepared catalyst are important char-
acteristics to confirm the catalysts’ efficiency. The nitro-
gen sorption isotherm of the rGO/PANI nanocomposite
was displayed in Figure 2(d). The BET results indicate
that this material owns mesoporous nature and BET
surface area of the rGO/PANI nanocomposite was cal-
culated to be 53.3m2/g and, respectively. It was clear
from the SEM micrographs that the material’s surface
contains small pores indicating spaces between the rGO
interconnected with PANI. This type of structure pro-
vides high surface area and facilitates the transfer of
mass (O2 and electrolyte).

3.4. Electrochemical measurements

The electrocatalytic OER performance of rGO, PANI, and
rGO/PANI nanocomposite was analysed by different
techniques like CV, LSV, EIS, and chronoamperometry.
The OER potential and Tafel slope of all the fabricated
products have been investigated via cyclic voltamme-
try and linear sweep voltammetry (LSV) curves, which
were recorded in 1.0M KOH solution using a three-
electrode cell, and the comparison with the bare nickel
foam was also examined under the same conditions
against standard potential (RHE) as shown in Figure
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Figure 1. (a) XRD pattern, (b) FTIR spectra of all synthesized material, (c–d) SEM micrographs of rGO and PANI, (e–f) low and high
magnification of rGO/PANI nanocomposite blades.

3(a,b). Among all rGO/PANI requires lower overpoten-
tial (221mV) to achievea currentdensityof 10mAcm−2,
whichwas remarkably lower than that of the bare nickel
foam, rGo, PANI, resulting in significantly increased
OER activity (Table 2). The overpotential comparison

of different compositions was presented in Figure 3(d).
This improved efficiency depends upon the synergetic
effect of rGO and PANI in rGO/PANI nanocomposite,
which effectively enhances the charge transfer profi-
ciency as confirmed from the conduction mechanism,
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improvedmorphology, porous and large surface area of
the nanocomposite. OER electrocatalysts have recently
been reported, and their comparison was summarized
in (Table 1). In addition, Tafel plots were also calculated
corresponding to CV and LSV curves in order to study
the OER kinetics mechanism using Equation (13) [7];

η = b log
j

j◦
(13)

Here b represents the value of Tafel slope, j symbol-
izes the current density and jo indicates the constant
(exchange current density) [8,9]. The calculated Tafel
slope of the rGO/PANI was 37mVdec−1, which was sig-
nificantly lower than that of the bare nickel foam, rGo
and PANI approving better electrochemical kinetics of
the OER as displayed in Figure 3(c). This low value of
the nanocomposite was mainly due to the conductive
nature of PANI which facilitates the charge transfer effi-
ciency and also improved the surface area of the rGO
layers.

Additionally, to explore the mechanism, electro-
chemical impedance spectroscopy (EIS) was performed

to confirm the surface charge employed in the 1.0M
KOH electrolyte, as shown in Figure 4(a). Accord-
ing to the Nyquist plots and the equivalent, Randle
circuit obtained from the EIS Spectrum Analyzer pro-
gram, Rct (charge transfer resistance) and the equiva-
lent resistance of the intermediates at the electrode/
electrolyte interface in the low-frequency region were
attained as shown in Figure 4(b). As confirmed from
Table 2, the charge transfer resistance of rGO/APANI
nanocomposite was considerably lower than its indi-
viduals. This was due to the adsorbed intermedi-
ates’ stability compared with those of as-synthesized
rGO, and PANI, therefore, intermediate form causing
increased charge transfer OER kinetics. Figure 4(a) also
reveals that the rGO/PANI nanocomposite displays a
smaller semicircle radius than the other related cata-
lysts. This type of behaviour was due to the increased
active sites on the catalyst’s surface that led to the
facile transfer of electrons and OH-ions (charge carrier
species). Also, lower Tafel plot value and charge trans-
fer resistancemake the electrocatalyst more favourable
towards OER. The reason for the improved performance

Figure 2. (a–c) EDS analysis of synthesized rGO, PANI and rGO/PANI nanocomposite, (d) BET analysis of rGO/ PANI nanocomposite.
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Figure 3. (a) Cyclic voltammogram, (b) linear sweep voltammogram, and (c) Tafel slope comparison among pure rGO, PANI, and
rGO/PANI nanocomposite, and (d) comparison of overpotential with different compositions (rGO, PANI and rGO/PANI) and bare
Nickel NF

Table 1. A comparative study with other already reported results.

Sr. Tafel slope Overpotential Current density
No. Material (mV/dec) (mV) (mA cm−2) References

1 Mn1-xNixCo2O4/rGO 78 250 10 [10]
2 Co2-xNixP2O7-C/RGO 51 283 10 [11]
3 Fe-2-Ni3S2/rGO 63 247 20 [12]
4 Zn1-xMnxCo2O4/rGO 80.6 320 10 [13]
5 NiFe2O4/rGO 63 302 10 [14]
6 PANI@Co-Fe LDHs 67.85 261 10 [15]
7 13X/PANI-15 168 322 20 [16]
8 NiO/MnO2@PANI 124 345 10 [17]
9 FeCoLDH/PANI 45 285 10 [18]
10 Mn-Co phosphate/PAN 36 254 10 [19]
11 rGO/PANI 37 221 10 Present study

was considered due to the conductive nature of
the PANI and the increased surface area of rGO
layers.

In addition, to further confirm the efficiency of the
electrocatalyst, electrochemical double-layer capaci-
tance (Cdl) of all the synthesized sampleswas calculated
by CV scans employed on the test samples recorded
in the non-faradaic region within the potential window

(0–1.0 V) at various scan rates (5, 10, 15, 20, 25 and
30mV/s) as shown in Figure 4(c–f). The double-layer
capacitance shows the proportional relation to the elec-
trochemical active surface areas (ECSA). The calculated
Cdl values of rGo, PANI, and rGO/PANI nanocomposite
were 0.005, 0.17, and 0.20mF, respectively, indicating
that the rGO/PANI has a greater ECSA than all its coun-
terpart due to the availability of more open active sites
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on the surface of the catalyst forOER. Apart ECSA rough-
ness factor is another essential parameter for the evalu-
ation of catalytic surface. The OER performance shows
direct relation with the roughness factor that means
the higher the roughness factor greater will be the OER
performance. The Rf value can be calculated by the

following equation:

Roughness factor (Rf)

= ECSA
surface area of the electrode (geometrical)

(14)

Figure 4. (a) EIS, (b) comparative studies of Rct and Rs of bare nickel foam, rGO, PANI, and rGO/PANI. (c–h) CV curves at different scan
rate (5, 10, 15, 20, 25, and 30mV/s) and Cdl plots of rGO, PANI, and rGO/PANI nanocomposite, respectively.
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Table 2. Comparative study of various parameters like overpotential, onset potential, Tafel slope, ECSA, roughness factor of the
synthesized electrocatalysts.

Onset Tafel Roughness Charge transfer Solution
Catalysts potential (V) η (mV) slope (mV/dec) ECSA (cm2) factor (Rf ) resistance (Rct,�) resistance (RS,�)

Bare NF 1.61 345 166 - - 21.55 1.48
rGO/NF 1.46 304 138 0.125 0.25 14.9 1.46
PANI/NF 1.47 251 105 0.425 0.85 1.33 1.50
rGO/PANI/NF 1.36 221 37 0.5 1 0.48 2.04

Figure 5. (a) Chronoamperometry (i–t) curve, (b) conduction mechanism of the designed rGO/PANI nanocomposite.

The calculated values of ECSA and roughness factor
were summarized in Table 2. From Table 2, it is con-
cluded that the ECSA and roughness factor values of
rGO/PANI nanocomposite are higher than the compar-
ative catalysts, hence presenting better OER activity.

The important process is the estimation of electro-
chemical stability and was performed via chronoam-
perometry in 1M KOH solution resulting that there
is no prominent drop in current density occurring in
chronoamperometry (i–t) curve as shown in Figure 5(a).
This remarkable structural stability of rGO/APANI was
caused by strong electrostatic interactions between
both counterparts and creates a charge transfer com-
plex, in which the rGO porous layers serves as an elec-
tron acceptor, and aniline monomers as the electron
donor because rGO records many active regions for
the nucleation of the aniline monomer and the preven-
tion of the aggregation of PANI nanoparticles due to
its porous nature with a large surface area and higher
conductivity. This type of behaviourmust be favourable
to increase the area of the water vapour molecules as
well as for the improvement of the energy transfer in
the nanocomposite supporting the oxygen evolution
reaction. Figure 5(b) illustrates the stability mechanism
for the construction of the rGO/PANI nanocomposite.
The broad layered structure of rGO and polyaniline
(PANI) displays the more electrostatic forces of interac-
tions due to charged species and also due to hydro-
gen bonding between phenolic OH and PANI radical
(N-H), resulting in that these forces hold the matrix of
polyaniline and rGO layers together, and also, this com-
plex structured nanocomposite was further stabilized
by theH-bonds formation as directed downward Figure
5(b) causing the electron transfer easily. The stability of
the nanocomposite was also due to the Pi–Pi stacking

between the aromatic rings of polyaniline,and the Pi-
bonds of rGO further stabilize the complex structure.

4. Conclusion

In summary, PANI, rGO, and rGO/PANI nanocompos-
ite were prepared by a single-step route. Our study
shows that rGO/PANI nanocomposite structure plays
an important role in enhancing OER performance due
to the synergistic effect and interconnected porous
structure. When employed for OER measurements, the
synthesized rGO/PANI nanocomposite endorsing lower
overpotential of 221mV, Tafel slope 37mV/dec at a cur-
rent density of 10mAcm−2 in 1M KOH electrolyte solu-
tion. The rGO/PANI nanocomposite has good stability
for 20 h. The enhanced stability and the conductivity
of the electrocatalyst were due to the interconnected
porous structure of the nanocomposite.
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