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Abstract

A high-performance reduced graphene oxide—polyaniline (RGO-PANI) electrode material was prepared through commer-
cially viable, facile one-pot synthesis, applying famed diazotization chemistry and grafting strategy. In this work, 4-nitroani-
line was utilized as a grafting substrate to bind reduced graphene oxide and polyaniline covalently to a highly stable and
efficient supercapacitor electrode material. The chemical composition and structural analysis of covalently functionalized
RGO-PANI nanocomposites were characterized by X-ray diffraction, field-emission scanning electron microscopy, Raman
spectroscopy, UV—visible spectroscopy, and Fourier-transform infrared spectroscopy. The electrochemical behavior of the
nanocomposites was analyzed through cyclic voltammetry, galvanostatic charge and discharge, and electrochemical imped-
ance spectroscopy. The prepared nanocomposite shows a high specific capacitance of 490 F g~! in 1 M Na,SO, with out-
standing cyclic stability (10,000 cycles). The applied covalent functionalization through grafting strategy was the principal
factor for both high specific capacitance and excellent cyclic stability.
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Introduction

The utilization of fossil fuels in various machinery-based
applications and its requirements has led to a worldwide
energy crisis in recent decades. Additionally, humans face
severe pollution problems due to unlimited consumption of
fossil fuels and their harmful effluents, which is deleteri-
ous to both living organisms and the environment (Behera
and Dash 2017). Nature and environment must be pro-
tected from carbon dioxide, carbon monoxide, and various
greenhouse gases originating from fossil fuels. In other
words, solar, wind, and tidal sources are the best alter-
native renewable energy resources for generating energy,
reducing the utilization of non-renewable sources like
coal, crude oil, and natural gas (hydrocarbons). Though
energy conversion from natural resources is seasonal
and limited, their good factors are no doubt preferable to
radioactive nuclear power plants (Takahashi et al. 2017).
Energy storage and conversion have been developing
research fields in this century, and have become pivotal
since the Fukushima disaster in Japan (Yamamura et al.
2017). Thus, clean energy generation and storage have
become important needs in modern society. Supercapaci-
tors are the electrochemical energy storage devices that
have the potential to store and rapidly and safely deliver
electric energy, with long life cycles. Recently, develop-
ing high-energy supercapacitors without sacrificing their
inherent properties, including high power density, long
cyclic stability, and unique charge storability, have become
an important aim, due to their crucial role in energy stor-
age and conversion, as compared to batteries and fuel cells
(Wang et al. 2012a; Zhong et al. 2015). The enhancement
of energy density in supercapacitors depends on either
increasing cell voltage by optimizing electrolytes, or spe-
cific capacitance by electrode materials in supercapacitors
(Zhang et al. 2011). In recent years, most research has
focused on developing a variety of nanomaterials to build
high-energy density supercapacitors, instead of exploring
electrolytes (Arico et al. 2005; Dong et al. 2016; Gonzélez
etal. 2016; Guo et al. 2017; Wang et al. 2012a). However,
trending hybrid (or) asymmetric supercapacitors have
satisfied all expected performances, including the energy
and power density, launching a new electronic era. Among
nanomaterials, carbon-based electrode materials have been
investigated for supercapacitor applications (Wang et al.
2012b). Owing to their groundbreaking properties of high
electronic conductivity, thermal conductivity, high charge
carrier mobility, transparency, and mechanical strength,
graphene nanocomposites have recently attracted world-
wide attention (Borenstein et al. 2017; Chen et al. 2016,
2017b; Salunkhe et al. 2016; Yu et al. 2016). Many gra-
phene- and graphene-oxide-based composites (Eng et al.
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2016; Ma et al. 2016; Sumboja et al. 2013; Sun et al.
2014; Palanisamy et al. 2012, 2017a, b) along with metal
chalcogenides (Xia et al. 2016), bimetallic complexes
(Li et al. 2017), metal oxides (Yuan et al. 2014), metal
sulfides (Xia et al. 2014), metal organic frameworks
(Salunkhe et al. 2014), perovskites (Arjun et al. 2017),
and conducting polymers (Basnayaka and Ram 2017) have
been utilized as electrode materials in supercapacitors and
sensing probes in electrochemical biosensors. The con-
ducting polymer—graphene-based composites have been
deeply exploited in supercapacitors. Remarkably, poly-
aniline is a well-known conducting polymer, widely used
among polypyrrole, polyacetylene, poly(3,4-ethylene
dioxythiophene), and polythiophene because of its high
conductivity, simple preparation protocol, reliability, and
inexpensive monomer (Baker et al. 2017). Polyaniline-
grafted reduced graphene oxide was efficiently achieved
first time by Kumar (2012) via acyl chemistry through the
grafting of amine-protected 4-aminophenol on reduced
graphene oxide, followed by oxidative polymerization.
Then, Kumar et al. (2013) described the covalent func-
tionalization of the graphene—polyaniline composite by
utilizing 4-aminobenzoic acid as a grafting substrate to
bind the graphene—polyaniline in their prolonged method.
Furthermore, the same grafting strategy was adopted by
Gao et al. (2014), for graphene—polyaniline, successfully
changing the grafting agent P-phenylenediamine instead
of 4-aminobenzoic acid. The above literature reveals the
paramount importance of grafting of RGO-PANI. Apart
from that, both the RGO and PANI materials are carbona-
ceous and degradable, without affecting the environment.
From a clean energy perceptive, carbonaceous materials
are preferable compared to bimetallic complexes, metal
oxides, and metal sulfides. Even though various reports are
available on graphene—polyaniline covalent functionaliza-
tion, there is no literature regarding the simple prepara-
tion of RGO-PANI. It has inspired us to launch research
on RGO-PANL. In a one-pot synthesis, we can synthesize
the products in kilograms scale with less effort. From the
manufacturing point of view, through a one-pot synthesis,
we can scale up the designed products from kilograms to
tons without changing the initial apparatus setups, with
reduced human effort, electricity, and time.

In this study, the preparation contains three individual
reactions, namely diazotization, reduction, and polymeriza-
tion. All have performed sequentially in acetic media with
different reaction temperatures. We have accomplished
each reaction individually; every step product was isolated
and washed with copious amounts of water and dried in an
oven at 50 °C for 12 h, and then utilized as a second-step
precursor material, and vice versa, to obtain the final com-
posite. Thus, the process was tedious and time-consuming.
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Eventually, the similarity of the all three reaction’s acetic
condition triggered us to optimize this process as a simple
one-pot synthesis. As a result, two parallel reactions were
carried out under the same conditions, one for sample char-
acterization in each tandem step (diazotization, reduction,
and polymerization), and another for straightforward one-pot
synthesis. Finally, we successfully achieved the high-per-
formance RGO-PANI nanomaterials in a one-pot synthesis.
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Fig.1 UV-visible spectral data of the grafting and reduction of
4-nitro aniline on graphene oxide
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Experimental details
Materials

Graphite (<20 um), hydrogen peroxide (30%), sodium nitrite
(assay 99.9%), and ammonium persulfate (>98%) were pur-
chased from Sigma-Aldrich. Potassium permanganate (assay
99%), sodium nitrate (assay 99%), and hydrochloric acid
(36-38%) were obtained from J.T. Baker. 4-Nitroaniline
(assay >98%), tin (II) chloride dihydrate (assay 98%), and
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Fig.3 XRD data of the GO, RGO, and RGO-PANI composites
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Fig.2 a FTIR data of the grafted and reduced 4-nitro aniline on graphene oxide; b FTIR spectra of the GO, RGO, and RGO-PANI nanocompos-
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Fig.4 Raman data of the GO, RGO, and RGO-PANI composites

aniline (assay > 99.5%) were obtained from Alfa Aesar. The
active carbon 99.95% (2—-12 um) was purchased from Sigma-
Aldrich. All the other reagents were of analytical purity and

used without further purification. Deionized water was used
throughout the experiments.

Synthesis

The required amount of graphene oxide (GO) precursor
material was prepared by well-known modified Hummer’s
methods (Chen et al. 2013; Dreyer et al. 2010; Marcano et al.
2010). Simple one-pot synthesis successfully synthesized
the covalently functionalized RGO-PANI nanocomposite.
Briefly, the well-sonicated dispersion of 500 mg of GO in
distilled water was taken in a round-bottom flask fitted with
a mechanical stirrer (300 RPM) kept under the constant tem-
perature of 05 °C. The solution of 4-nitroaniline (1 mol)
dissolved in ethanol was charged to the round-bottom flask
(RBF) with continuous stirring, and then hydrochloric acid
35% solution (2.5 mol) was added. After that, a solution of
NaNO, (1.2 mol) in water was carefully added dropwise
to the reaction mass for diazotization. After three hours of
stirring, the reaction temperature was manually allowed to
reach room temperature by removing an ice bath. Then, the
reaction mass was brought to 80 °C and maintained through
a hot oil bath. At 80 °C, a SnCl,.2H,0 (10 mol) solution was

Fig.5 FESEM images of GO, RGO, and RGO-PANI composites
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Fig.6 TEM images of RGO-PANI composite in different magnification

added, with that temperature maintained up to four hours for
efficient reduction. After that, the hot oil bath was replaced
with a water bath to bring the reaction mass to room tem-
perature (<25 °C) for aniline polymerization. Then, we
added the aniline monomer 10:1 wt% with respect to GO, to
complete the polymerization in the presence of ammonium
peroxydisulfate with hydrochloric acid (pH <2). Finally, the
reaction mass was filtered through Whatman filter paper fit-
ted with a Buchner funnel under vacuum. The wet solid was
washed thoroughly with distilled water, followed by acetone,
until the washings were colorless. Finally, the wet solid was
collected and dried in an oven at 50 °C for 12 h.

0.2 pm
e

Characterization

The X-ray diffraction (XRD) patterns of the obtained sam-
ples were measured using an X-ray diffractometer (PANa-
Iytical X’Pert PRO) with Cu radiation (1=0.15418 nm)
in the 26 range of 5°-90°. The surface morphology was
examined by field-emission scanning electron microscopy
(FESEM) (300 kV JOEL H-9500) and transmission elec-
tron microscopy (TEM) (JOEL 3010). The surface areas of
the as-prepared composites were determined using a BET
(Micromeritics ASAP 2020).
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Fig.7 TEM images of RGO-PANI composite in higher resolution

Electrochemical measurements

The electrochemical measurements were carried out at room
temperature using a CHI 614c electrochemical workstation
in two-electrode systems. The galvanostatic charge and dis-
charge were performed using Jiechan 5640 multichannel elec-
trochemical workstations. The working electrode was made
by mixing with RGO-PANI nanocomposite (90 wt%), acety-
lene black (5 wt%), and polyvinylidene difluoride (PVDF)
(5 wt%) in NMP to form a homogeneous slurry. Then, the
slurry was coated with a pre-cleaned nickel plate substrate
(area 1 cm?) and dried at 60 °C for 4 h in a vacuum oven.
The supercapacitor fabrication was effectively achieved by
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assembling the above-mentioned RGO-PANI nanocompos-
ites-coated plate as an anode and active carbon plate as a
cathode, separated by polypropylene polymer separator in
1 M Na,SO, gel electrolyte (Unnikrishnan et al. 2016). The
cyclic voltammetry (CV) curves were performed in a poten-
tial ranging from — 1.0 to 1.0 V at different scan rates from
1 to 100 mV s~!. The galvanostatic charge and discharge
measurements were performed using the same potential
range (— 1 to +1) at 0.01 A for stability studies. The electro-
chemical impedance spectroscopy (EIS) tests were carried
out with an AC voltage of five mV in the frequency range
of 0.01-10° Hz.
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Results and discussion
Characterization of the grafted GO and RGO samples

The grafting of 4-nitroaniline (4NA) on GO was confirmed
through both UV and FTIR spectra. The pristine GO and
4NA are showing a distinct absorption band in UV at 231
and 371 nm, respectively (Bertinelli et al. 1977; Konios et al.
2014). In 4NA, the UV shoulder band raised at 340 nm was
attributed to the n—z* transition of highly electron-withdraw-
ing NO, group. Meanwhile, the grafted nitro-GO composite
did not possess strong shoulder band in UV spectra shown
in (Fig. 1); also, the red shift indicated the successful graft-
ing on the surface of the GO functional groups. After that,
effective nitro group reduction was performed with acidic
stannous chloride at 80 °C, and the sample was monitored
in UV spectra, showing the complete disappearance of nitro
shoulder band at 371 nm, which confirmed the conversion
of nitro to the amino functional group in the grafted phenyl
ring. Furthermore, each composite was used to record the
FTIR spectra with the specific range of 400-2000 cm™' to
confirm the reduction process through inherent strong nitro
group stretching frequencies of 1560 and 1347 cm™! (Yadav
et al. 2007). In Fig. 2a, the stretching frequencies of the
strong nitro group in the nitro composite, which means 4NA
grafted GO was diminished entirely after the reduction. It
reveals that the process of both grafting and reduction had
proceeded successfully. Also, another notable factor in this
stannous chloride reduction is that the use of SnCl, not only
reduced the nitro group in the grafted phenyl ring, but also
reduced the free oxygen functionalities presented in the both
basal and edge planes of GO, resulting in the free amino-
phenyl-grafted reduced graphene oxide nanocomposite.

Characterization of the RGO-PANI nanocomposites

Figure 2b depicts the FTIR spectra of the as-prepared final
one-pot RGO-PANI nanocomposite, from which we con-
cluded the covalent functionalization of PANI through a
polymerization reaction. The first stretching frequency of
N =Q=N arising at 1104 cm™! reveals the successful cova-
lent functionalization of RGO-PANI (Kumar 2012). Further-
more, we have characterized the crystalline nature and order
of the prepared nanocomposites through XRD measurements
(Fig. 3). From the XRD data, the sharp diffraction peak at
12° in GO caused by 002 planes shifted at 25° in RGO due
to the stacked Sp>~ layers of partially removed oxygen func-
tionalities which contained reduced arrays of graphene oxide
(Feng et al. 2013; Palanisamy et al. 2013; Velusamy et al.
2017). However, the as-prepared PANI-RGO nanocompos-
ites having the same XRD planes along with various 26
diffraction peaks at 15°, 21°, 25° indicated the amorphous

nature of the composites, as well as the nanometric prop-
erties of the RGO-PANI composite. The Raman peaks at
1360 and 1580 cm™', discretely called D-band and G-band,
are shown in Fig. 4. It is well established that the Raman
D-band and G-band arise due to the structural disorder of
oxygenated Sp’ carbon and E,, phonon of Sp-hybridized
carbon—carbon double bond (Kudin et al. 2008; Matthews
etal. 1999). The Iy/I; ratio of GO, RGO, and RGO-PANI is
0.9584, 1.2022, and 0.9957, respectively. From Ip/I ratio, it
is clear that the disorderliness of pure RGO is reduced after
the covalent functionalization of PANI.

Surface morphology and porosity

The surface morphology of the as-prepared RGO-PANI
nanocomposites and pristine GO is shown in Fig. 5. The
portrayed FESEM images of the pristine GO exhibited a
sheet-like morphology with shrinkage, and the RGO-
PANI nanocomposites show nanorods-like surface mor-
phology. The covalent functionalization of PANI on RGO
sheets through simple sol-gel approach does not interfere
in its nanometric structure at the core level. The displayed
nanorod-like morphology is self-assembly of PANI on the
supportive RGO nanosheets. The oriented assembly of this
nanostructure enhances the conductivity of the PANI as
well as RGO (Krukiewicz and Katunin 2016; Mokhtar et al.
2017). In Fig. 6, high-resolution TEM images of RGO-PANI
are shown in 1, 0.2 um, 100, and 50 nm. It was evident that
the PANI nanorods are uniformly oriented on the atomic
thick RGO nanosheets. The grain boundaries shown in the
TEM pictures also proved their functionalization. Further-
more, the specific textural properties of the RGO-PANI
nanocomposite were elucidated with the help of TEM in
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Fig.8 BET data of the GO, RGO, and RGO-PANI composites
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Fig.9 a CV of the RGO-PANI composite electrodes at various scan
rates (1-100 mV) in 1 M Na,SO, solution; b GCD of the RGO-PANI
composite at different current density at constant potential range of

different magnification. Figure 7 depicts the PANI nanorods
accumulated on the nanosheets of the curved RGO. The lat-
tice space of the RGO and PANI was measured in 5-nm
scale in which the lattice of RGO 0.245 nm is smaller than
the PANI 0.272 nm. The porosity and the surface area of
the RGO-PANI nanocomposites were monitored by the
Brunauer—-Emmett—Teller method, displayed in Fig. 8, in
which, the as-prepared nanocomposites show the best sur-
face area among the pristine PANI and RGO. The surface
area of the RGO-PANI, PANI, and RGO was 35.75, 19.20,
and 7.79 m’g~!. The BET surface area of the RGO-PANI
composite is higher than that of both pristine RGO and
PANI because the curved surface of the RGO nanosheets
is covalently functionalized with nanorod-like PANI. The
surface of RGO tightly bound with PANI and wrapped over
the nanosheets, which synergistically, increases the pores on
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the composite material and leads to the increased porosity
and surface area of the composite.

Electrochemical properties of the samples

The electrochemical properties of the as-prepared covalently
functionalized RGO-PANI nanocomposite were investigated
through cyclic voltammetry (CV) with fabricated superca-
pacitor package in the two-electrode system, as depicted in
Fig. 9a. The potential varied linearly from —1.0to +1.0 V
with different scan rates starting from 1 mV to 100 mV,
while the CV curves of active redox peak, increasing with
the scan rate, clearly indicates the stable electrochemical
activity of the RGO-PANI nanocomposites. However, the
quasi-rectangular-shaped CV curves demonstrate the domi-
nant double-layer (electrostatic) capacitance of carbonaceous



One-pot synthesis of covalently functionalized reduced graphene oxide—polyaniline...

2033

Table 1 Comparison table of

Electrode materials Cell Specific capacitance Cyclic stability References

perform.a;nce for PANI-RGO voltage

composites )
RGO-Fe;0,-PANI 1 283.4Fg! 5000 Mondal et al. (2017)
RGO-PANI 1 4.50 mF cm™2 2000 Chen et al. (2017a)
RGO-PANI 1.2 409 F g~! 5000 Mousavi et al. (2017)
3D RGO-PANI 0.8 763 F g~! 2000 Hong et al. (2017)
3D RGO-CNT-PANI 0.8 741 Fg™! 5000 Xiong et al. (2017)
RGO-PANI-Vulcan carbon 1 347F g! 2000 Hwang et al. (2016)
RGO-PANI-Graphene 1 595 F g! 1000 Tayel et al. (2016)
3D RGO-PANI hollow spheres 0.8 529F g} 1000 Dai et al. (2016)
RGO-PANI foam 0.8 285F ¢! 1000 Sun et al. (2015)
RGO foam-PANI 0.8 790 F g~! 5000 Yu et al. (2014)
PANI-grafted RGO 1 250 F ¢! NA Kumar (2012)
Dialdehyde starch RGO-PANI 1 499 F g7! 1000 Wu et al. (2014)
PANI grafted-RGO 2 490F g7! 10,000 This work

material, as compared to the available redox-active PANI
counterparts present in the RGO-PANI nanocomposites.
That indicates the PANI has held the conductivity region
in synergistic RGO-PANI nanocomposites. The specific
capacitance of the as-prepared RGO-PANI nanocomposite
is calculated with Eq. (1):

| 2

From the above equation, the integral (V) dV is the active
electrochemical area from CV, m is a total mass of two-elec-
trode (positive and negative) material, v is the scan rate, and
AV is the potential (V). The lowest 1 mV/s scan rate electro-
chemical active area was taken to calculate the single-electrode
specific capacitance. Various reports of carbon—polyaniline-
based supercapacitor electrode materials were matched with
our study, and the compared results are shown in Table 1.
The prepared covalently functionalized RGO-PANI shows
the highest specific capacitance of 490 F g~!. As a result, the
as-prepared supercapacitor was investigated with the galvano-
static charge and discharge measurement with various current
densities at a constant potential (2 V). Different current densi-
ties, starting from 5 to 25 mA, were carried out to evaluate the
specific storage capability of the device in both IR drop and
discharge rate, with the results portrayed in Fig. 9b. Finally,
the constant potential 2 V and current density 10 mA were
chosen to evaluate the cyclic stability. The initial capacitance
(calculated from GCD by At) of the first cycle was retained
up to 10,000 cycles, as shown in Fig. 9c. The electrochemi-
cal impedance spectra (EIS) were assigned to investigate
the impedance of the as-prepared RGO-PANI material, as

depicted in Fig. 9d. Compared to bare RGO, the covalently
functionalized RGO-PANI shows low impedance in EIS. The
impedance of pristine RGO and RGO-PANI was 29.12 and
26.36 Q, respectively. The low internal resistance of the func-
tionalized RGO-PANI leads to excellent cycle stability and
high power density.

Conclusions

We have developed and demonstrated a promising approach to
preparing covalently functionalized RGO-PANI nanocompos-
ites in simple one-pot synthesis with inexpensive commercially
available precursors. The proposed strategy through diazotiza-
tion reaction is a hopeful paradigm for grafting. The RGO-
PANI nanocomposite delivered a high specific capacitance of
490 F g7 at 1 mV s™! with excellent cyclic stability. Finally,
the prepared nanocomposites have outstanding structural sta-
bility, due to the robust covalent bonding between RGO and
PANI. The covalent functionalization nullified the structural
instability and degradation of PANI during the charge—dis-
charge cycles. To the best of our knowledge, the proposed
one-pot covalent functionalization of RGO-PANI adopting
diazotization grafting strategy has not been reported in any
scientific literature. This new approach may open the gates of
high-performance nanomaterials in energy storage regimes.
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