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ABSTRACT: In the present study, graphene oxide nanoribbons
(GONR) and reduced graphene oxide nanoribbons (RGONR)
supported polyaniline (PANI) nanocomposites are synthesized via an
in situ chemical polymerization method and investigated for super-
capacitor electrodes. Electrochemical studies performed by cyclic
voltammetry and galvanostatic charge—discharge (GCD) measurements
suggest that both nanocomposites possess enhanced specific capacitance
(CSP as 740 F/g for GONR/PANI and 1180 F/g for RGONR/PANI at 5
mV/s). GONR/PANI and RGONR/PANI nanocomposites show good
rate capability with high C,, upon increasing the current density from 2
to 20 A/g in GCD measurements, approximately 55% decay in Cy, value s
of the nanocomposites is observed compared to pristine PANI (~70%).

The undertaken study signifies enhanced electrical and electrochemical

properties of GONR/RGONR supported PANI nanocomposites due to
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a synergistic effect of GONR/RGONR and PANI. Furthermore, asymmetric devices are fabricated using GONR/RGONR as the
negative electrode, while GONR/PANI and RGONR/PANI are used as the positive electrode, which exhibit significant

enhancement in energy density and device performance.

KEYWORDS: Polyaniline, Graphene oxide nanoribbons, Reduced graphene oxide nanoribbons, Asymmetric supercapacitors,

Nanocomposites, In situ chemical polymerization

B INTRODUCTION

While micropower sources are becoming more and more
important in our daily life due to the miniaturization of
electronics, there has been a considerable interest to develop
supercapacitors. Supercapacitors or ultracapacitors store energy
as charge and possess excellent cycling stability due to fast
charging/discharging rates. On the basis of charge storage
mechanisms, supercapacitors can be classified as electrochemical
double layer capacitors (EDLCs) and redox capacitors (or
pseudocapacitors). EDLCs exhibit low energy density and high
power density, whereas redox capacitors possess high energy
density and low power density.'™ Various carbon materials,
such as carbon black, carbon nanotubes, fullerenes, graphene,
etc. are used for EDLCs where charge is accumulated at the
electrode—electrolyte interface. While for pseudocapacitors,
conducting polymers and metal oxides are used as electrode
materials which undergo reversible redox transitions. These
transitions go deep inside the bulk and contribute through high
pseudocapacitance. Since these transitions involve bulk
contribution, the response time for a pseudocapacitor is large
compared to that of EDLCs. Besides, it is identified that the
combined application of pseudocapacitive and carbonaceous
material in supercapacitors significantly improves electro-
chemical attributes like energy and power density, low response
time, etc. In this context, some asymmetric hybrid super-
capacitors are being developed in which the positive electrodes
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are based on pseudocapacitive materials and different carbon
material serving as the negative electrode.*> By assembling two
different electrode materials in an electrochemical cell, it is
possible to obtain higher working potential which enables the
use of a supercapacitor for several applications requiring high
potentials.

In the family of conducting polymers, polyaniline (PANI) is
a potential candidate for energy storage devices due to its ease
of synthesis, environmental stability, fast redox activity,
electroactivity, and high specific capacitance (CSP).6 However,
the poor electrochemical stability of PANI as a result of
significant volume change due to the shrinkage of polymeric
chains during redox cycling limits its applications to a great
extent. To overcome such a limitation, various nanocomposites
of PANI based on MWCNTs*” and other carbon supports®
have been developed, which not only enhance the stability of
PANI but also maximize its Cy, due to the improved network
conductivity.

Nowadays, graphene has become very popular among the
carbon based materials and is extensively used as electrode
material for supercapacitors both individually as well as in the
form of nanocomposites.” "> These “single atom thick” sheets
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of hexagonally arranged sp> hybridized carbon atoms exhibit
exotic in-plane properties like excellent electronic conductivity,
high charge mobility, thermal stability, mechanical strength,
large specific surface area, and cost-effectiveness as compared to
the MWCNTS."® Reports are available in the literature about
graphene oxide/PANI and reduced graphene oxide/PANI
nanocomposites which possess exciting electrochemical proper-
ties for energy storage devices.">~'? For instance, Wang et al.
have reported fibrillar PANI doped with graphene oxide sheets
having high electrochemical capacitive performance."”® Gomez
et al. have synthesized graphene/PANI nanocomposite electro-
des via the chemical precipitation technique for supercapacitor
application.'* Similarly, Yan et al. fabricated graphene nano-
sheet/PANI nanocomposites using in situ polymerization with
high CSP.15 However, most of these works predominantly
account for graphene oxide nanosheets derived from graphite
flakes, and limited research has been focused on graphene oxide
nanoribbons (GONRs) produced via the unzipping of
MWCNTs.”® GONR offer several advantages over graphene
oxide nanosheets like the presence of a large number of edges
and surface species (functionalities such as COOH, OH, etc.)
which make them attractive moieties for covalent functionaliza-
tion with polymers. The highly active surface area of GONRs
enhances the adsorption of a monomer over the nanoribbon
surface that consequently enhances the pseudocapacitive
contribution to the overall charge storage capacity of
nanocomposites. In contrast, reduced graphene oxides
(RGOs) are known to exhibit better conductivity and charge
storage capacity as compared to graphene oxide due to the
removal of functionalities. However, RGOs are required to be
dispersed before processing as they get stacked, in order to
enhance their performance.

Recently, lacey reduced graphene oxide nanoribbons
(RGONRs) through chemical opening of MWCNT have
been reported by our research group.”’ The work entails the
synthesis of novel RGONR with enhanced edge planes
consequently enhancing the number of dangling bonds and
promoting the dispersion of graphene. In this way, no
additional dispersing agent is needed for processing of
RGONRs and as such, can be used for charge storage easily.
The present research article is focused on synthesis of GONR/
RGONR supported PANI nanocomposites through a similar
strategy using an in situ chemical polymerization method for
supercapacitor electrodes. The energy storage characteristics
are investigated via a comparative study of GONR/PANI
nanocomposite with those of RGONR/PANI by varying the
amount of polymer over the GONR/RGONR. Further,
asymmetric devices are fabricated to enhance the energy
density using GONR/RGONR as a negative electrode while
using GONR/PANI and RGONR/PANI as a positive
electrode. Such an assembly significantly enhanced the overall
working potential of the supercapacitors.

B EXPERIMENTAL SECTION

Materials and Methods. Materials. MWCNTs (diameter 10—20
nm and length ~1 pm) were purchased from Shenzhen Nanotech
Port, Co. Limited, China. All of the chemicals such as aniline,
hydrochloric acid (HCI), and ammonium peroxodisulfate (APS) were
of GR grade and were used as received.

Synthesis of PANI. PANI was synthesized by a chemical
polymerization method reported elsewhere.'® Aniline dissolved in 20
mL of 1 M HCI solution was kept under vigorous stirring at room
temperature. Separately, APS was dissolved in 20 mL of 1 M HCI
solution (molar ratio of aniline/APS kept as 1:4) and cooled down to
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0—4 °C. Subsequently, the APS solution was added dropwise into the
monomer solution and stirred overnight maintaining the temperature
at 0—4 °C. Polymerization started within few minutes with the
formation of green emeraldine salt in the reaction mixture. The
polymerized product was collected by filtration using a cellulose nitrate
membrane (0.45 ym) and washed with copious amounts of water.
Finally, the sample was dried in a vacuum for 24 h.

Synthesis of GONR/PANI Nanocomposites. GONR was obtained
via the unzipping of MWCNTs using an oxidizing mixture (H,SO,/
KMnQ,) as earlier reported by Sahu et al.>' and also depicted in
Figure 1. An in situ chemical polymerization method was used for the
synthesis of GONR/PANI nanocomposites following the same
procedure as that adopted for PANI synthesis with the exception
that GONR was also added along with an aniline monomer in HCI
solution and sonicated for 1 h to make a homogeneous suspension.
Thereafter, a precooled solution of APS (molar ratio of aniline/APS
kept as 1:4) was slowly added into the above solution and stirred
overnight maintaining the temperature at 0—4 °C. The obtained
product was filtered using a cellulose nitrate membrane (0.45 ym) and
dried in vacuum. The weight ratios of GONR/PANI were varied as
80:20, 50:50, and 30:70 to obtain different compositions of GONR/
PANI nanocomposites. These samples were named as GONR/
PANI20, GONR/PANIS0, and GONR/PANI70, respectively.

Synthesis of RGONR/PANI Nanocomposites. The GONR was
reduced to give the RGONR through the chemical activation method
using KOH at high temperature.21 Likewise, the GONR/PANI and
various RGONR/PANI nanocomposites were synthesized with
different weight ratios of aniline using in situ chemical polymerization,
in the presence of a RGONR suspension as follows. In a set of
synthesis, purified aniline was added into a 100 mg suspension of
RGONR and sonicated for ~3 h. The solution was stirred in an ice
bath maintaining temperature 0—4 °C. Under vigorous stirring, a
precooled solution of APS (molar ratio of aniline/APS as 1:4) was
added dropwise into the above solution and stirred overnight,
maintaining the temperature at 0—4 °C. Afterward, the polymerized
product was collected by filtration using a cellulose nitrate membrane
(0.45 pm), washed with water, and dried under vacuum. Like the
GONR/PANI, different compositions of RGONR/PANI nano-
composites were obtained and named as RGONR/PANI20,
RGONR/PANIS0, and RGONR/PANI70.

Electrode Preparation. Typically, S mg of the sample (GONR,
RGONR, PANI, GONR/PANI, and RGONR/PANI) was sonicated
with 5 yL of Nafion binder in isopropyl alcohol for 1/2 h and spray
coated onto the surface of graphite plates (I cm X 1 cm).
Subsequently, the graphite plates were dried in an oven at 80 °C for
24 h. The weight of the active material loaded over graphite as
determined by weighing the graphite plates before and after the
spraying/drying process was 0.65 mg/cm®

Characterization. High resolution transmission electron micros-
copy (HRTEM) of the nanocomposites was performed using a Phillips
Technai T-300 microscope. Ultraviolet—visible (UV—vis) spectra were
recorded in aqueous medium through a UV-160 spectrophotometer.
Raman spectroscopy was done by a Renishaw Invia Reflux Micro
Raman spectrometer. X-ray diffraction (XRD) data were collected
using a D8 DISCOVER high resolution X-ray diffractometer with
copper radiation (K,) of wavelength 1.541 A, between the 20 value
10—40° and a scanning speed of 3°/min. Current—voltage (I-V)
measurements were carried using pellets (diameter 10 mm) of the
material in an indigenous cryostat attached to a Keithley 6517B
electrometer in a two-probe setup. Two contacts were made using
graphite paste (diameter 1.5 mm), and the distance between these
contacts was fixed to 4 mm. All electrochemical measurements were
performed at room temperature in a 1 M H,SO, electrolyte using a
three electrode cell with a Pt sheet as the counter electrode and Ag/
AgCl as the reference electrode. The spray-coated electrodes were
used as the working electrode. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) were carried out
using an electrochemical workstation (CHI 604 D). EIS of the
electrode materials was performed between the frequency of 10 mHz
and 100 kHz at an amplitude of 5 mV. Galvanostatic charge—discharge
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(GCD) characteristics were recorded at different current densities
using Potentiostat Galvanostat EIS Analyzer PARSTAT 4000.
Calculations for specific capacitance (C,,), energy density, and
power density were done as described in our earlier article.”?
GONR/PANISO and RGONR/PANISO are used for all of the
structural as well as electrochemical characterization if the composition
is not mentioned.

B RESULTS AND DISCUSSION

Figure 1 is the schematic representation for the formation of
PANI nanocomposites over the GONR/RGONR support. The

Unzipping of MWCNT

Hole creat&
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4

Aniline Polymerization
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GONR/PANI Nanocomposite
|

Step 2

Figure 1. Schematic Representation of the Formation of GONR/
PANI and RGONR/PANI Nanocomposites.

nanocomposites were fabricated in two steps as follows. First,
the MWCNTSs are unzipped using oxidizing mixture H,SO,/
KMnO, wherein holes of mesopore diameter sizes are formed
in individual ribbons. Our earlier communications clearly
describe that the edge planes contain out-of-plane function-
alities.”! These functionalities destack the individual ribbons,
however, due to irregular edges these remain in the form of an
entangled nanoribbon matrix. In the second step, an in situ
chemical polymerization of aniline is carried out over both
GONRs and RGONRs. The aniline monomer gets adsorbed
over the GONR/RGONR surface and then is oxidized via
oxidant APS to give GONR/PANI and RGONR/PANI
nanocomposites. In the obtained nanocomposites, PANI was
deposited all around the nanoribbons of GONR/RGONR to
give a highly accessible nanostructured electrode material.
Transmission Electron Microscopy. Figure 2a and b
depicts the TEM micrographs of GONR and PANI,
respectively, while the micrographs for different wt (%) ratios
of GONR/PANI nanocomposites are shown in Figure 2c—e.
The TEM micrograph for GONR in Figure 2a shows an
intermediate state of lacey graphene nanoribbon formation, and
it is clearly seen that graphene develops a holey structure and
that the individual holey graphene nanoribbons separate from
the stack of unzipped MWCNTs. Besides facilitating electrolyte
ion migration, the edge planes of these holes carry surface
functional groups which anchor the monomer ions and
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Figure 2. TEM micrographs of (a) GONR, (b) PANI, and (c—e)
GONR/PANI nanocomposites with 20, 50, and 70 wt (%) PANI,
respectively.

subsequently provide a site for polymerization. Figure 2b
represents the TEM micrograph of PANI prepared without the
nanoribbon support. The microstructure reveals the bulky and
irregular morphology of typical polymeric structures. Interest-
ingly, when the nanoribbons were used as a support during
polymer growth, PANI instead of forming a bulky morphology
crystallized in the form of ordered nanofibers. The 20 wt (%)
PANI nanofibers uniformly covered the GONR surface as
evidenced in the TEM micrograph of GONR/PANI in Figure
2c. A remarkable finding of the work is the ordered growth of
PANI fibers at the edge planes of an individual nanoribbon.
Consequent to the anchoring action of the edge plane
functionalities, the nanofibers appear oriented along the axial
direction of the nanoribbon. Since the nanoribbons are
entangled structures (4—S layers of stacked graphene with
holes) and the intergraphene spacing is accessible to the
electrolyte/monomer solution, the growth of PANI fibers
inside the entangled structure appears light. However, the fibers
placed on the top surface of a nanoribbon appeared dark in
contrast as depicted in Figure 2c. This wrapping-up of PANI
over GONR is prominent and reaches a maximum extent in the
case of the GONR/PANI having PANI as 50 wt (%), as shown
in Figure 2d. It is clear from the micrographs that the separated
nanoribbons of graphene oxide in Figure 2a have provided an
anchoring platform to aniline molecules and act as an effective
site/substrate for polymerization and subsequently the
crystallization.

Further increase in PANI loading has deleterious effects on
the morphological characteristics of GONR/PANIL The TEM
micrograph of GONR/PANI with 70 wt (%) PANI loading in
Figure 2e shows that the nanocomposite having 70 wt (%)
PANI exhibits fully disordered microstructure. The 70 wt (%)
loading of PANI completely wrapped the GONR, and it
emerged as a highly agglomerated structure with no visibility of
the ribbon-like arrangement of GONR/PANL The results
signify the upper limit as S0—60 wt (%) of PANI loading on
GONRs as an effective matrix.

In order to investigate the morphological relationship of
PANI with the reduced form of graphene nanoribbon
(RGONR), Figure 3a—d shows the comparative study with
the GONR/PANI nanocomposites. TEM micrographs of
RGONR/PANI nanocomposites having similar weight ratios
of PANI such as 20%, 50%, and 70% were obtained. Likewise,
in the GONR/PANI, the images depict 50—60 wt (%) as
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Figure 3. TEM micrographs of (a) RGONR and its nanocomposite
with (b) 20 wt (%), (c) 50 wt (%), and (d) 70 wt (%) PANL

optimal amount for loading PANI to give an interlinked
RGONR/PANI matrix. An increase in loading of PANI beyond
~50 wt (%) leads to the formation of an agglomerated
structure. To further examine the interaction of GONR/
RGONR with PANI, UV—vis and Raman analysis were carried
out.

Spectroscopic Studies. UV—Visible Spectroscopy. Figure
4a shows the overlaid UV—vis absorption spectra of the
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—PANI —— RGONR/PANI
= — GONR/PANI
g —RGONRPANI| —— GONR/PANI
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Figure 4. (a) Overlaid UV—visible absorption spectra of GONR,
PANI, GONR/PANI, RGONR, and RGONR/PANL (b) Overlaid
Raman spectra of GONR, PANI, GONR/PANI, RGONR, and
RGONR/PANL

GONR, PANI, GONR/PANI, RGONR, and RGONR/PANI
in aqueous dispersions. In GONR, the characteristic absorption
band at 235 nm is attributed to the 7—7* transition of aromatic
C—C bonds and a weak shoulder at ~275 nm due to the n-7*
transition of C=0 bonds of COOH functionalities.”® For
RGONRs, the 7—7* transition of C—C bonds is observed at a
higher wavelength of 272 nm, signifying the reduced state of
GONRs.”®> The PANI sample exhibits a sharp and intense
absorption band at 208 nm with a weak band at ~270 nm both
of which are related to its molecular conjugation.'”** Besides,
the absorptions at 360 and 450 nm correspond to the electronic
transitions from the valence band to the polaron band
characteristic of the doped emeraldine state of PANL,> which
indicates the conducting form of the polymer.

Compared to the optical spectra of GONR and RGONR, the
spectra of PANI nanocomposites with GONR/RGONR not
only reveal the characteristic bands of PANI but with
appreciable change in intensity, reflecting the enhanced
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interaction between GONR/RGONR and PANI. For instance,
in the case of the GONR/PANI nanocomposite, the absorption
bands occur at 232, 333, and 405 nm typical to the GONR and
emeraldine state of PANL>® Moreover, the band related to the
molecular conjugation of PANI exists as sharp intensified peak
at a higher wavelength of 285 nm. This red shift can be
attributed to the increase in conjugation due to enhanced 7—7
interaction between the GONR and PANL>"?® Similarly, for
the RGONR/PANI nanocomposite, the UV absorption bands
appear at 207 and 235 nm typical to PANI and the GONR,
respectively. The broad absorption at ~279 nm occurs in
RGONR/PANI due to the merging of the characteristic band
of reduced GONR and that of conducting PANL> Besides, the
absorption observed at a higher wavelength of 370 nm due to
m—n* transitions of PANI chains reflects strong electrostatic
interactions between RGONR and PANL>®

Raman Spectroscopy. Figure 4b shows the overlaid Raman
spectra of GONR, RGONR, PANI, GONR/PANI, and
RGONR/PANTL. In the Figure, GONR indicates two prominent
peaks at 1348 and 1594 cm ™" which correspond to the D and G
mode, respectively.”” The D mode (or phonon mode) arises
due to the conversion of the sp* hybridized carbon into the sp*
hybridized carbon (owing to structural defects), while the G
mode is related to E,, and is associated with the sp* hybridized
carbon vibrations.19’3§ For pristine PANI, peaks are observed at
517,780, 1160, 1217, 1324, 1491, and 1591 cm™! which can be
attributed to out-of-plane C—N—C torsion, imine deformation,
in-plane C—H bending, in-plane ring deformation, C—N"
stretching, C=N stretching of quinoid, and C—C stretching
of benzenoid, respectively.”>> The Raman spectrum of the
GONR/PANI nanocomposite shows characteristic D and G
bands and the peaks corresponding to PANI at 794, 1176,
1255, 1482, and 1591 cm™,> indicating the formation of the
nanocomposite. However, the spectrum of RGONR/PANI
reveals only few characteristic peaks of PANI at ~1160 and
1220 cm ™" due to in-plane C—H bending and ring deformation,
respectively, while most other bands are suppressed due to the
overlapping of RGONR bands with those of PANIL The
merging of the peaks occurring at the same position results in
such complete overlapping that the characteristic bands for
RGONR and PANI are no longer resolvable.

Another noteworthy feature in the spectral details is the I,/
I; ratio in GONR/PANI and RGONR/PANI nanocomposites
that decreases to nearly 0.8 in contrast to that observed for the
GONR (0.93) and RGONR (1.4), which signifies that the
carbon lattice in the formed nanocomposites contains fewer
defects than those of the GONR or RGONR.> Because of the
removal of functional groups in RGONRs, the graphene
ribbons introduce fewer distortions into the carbon Ilattice.
Moreover, because of the interconnected sp® carbons, 7-
electrons delocalize within the ribbons easily and as such, the
intensity ratio is higher than the GONR.' This further
supports the existence of strong z—7 electronic interactions
between the GONR/RGONR and PANI due to the formation
of ordered structures.**

X-ray Diffraction. Figure Sa—d shows the X-ray diffraction
patterns of GONR and RGONR, PANI, GONR/PANI, and
RGONR/PAN]I, respectively. Marked differences are observed
among the diffraction patterns of these samples. The XRD
pattern of the GONR given in Figure Sa signifies an intense and
sharp crystalline peak centered at 26 = 9.22° due to the oxygen
containing functional groups present in graphene oxide, with
interplanar d-spacing of 0.95 nm. However, for RGONRs the
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Figure 5. XRD graphs obtained for (a) GONR and RGONR, (b)
PANI, (<) GONR/PANI, and (d) RGONR/PANL

diffraction pattern as depicted in Figure Sa, and the same peak
is observed at 25.8° indicating the reduction of GONRs."®
PANI in Figure Sb shows XRD peaks at 20 = 14.46° and 19.7°
along with a sharp intensified peak situated at 25.6°
characteristic to (0 0 1), (0 2 0), and (2 0 0) crystal planes
of the emeraldine salt.>> The XRD graph observed for the
GONR/PANI nanocomposite in Figure Sc is somewhat similar
to that obtained for pure PANI with the presence of an
additional peak of GONR occurring at a lower angle 8.6° and
an interplanar distance of 1.04 nm. It can be inferred that the
small angle shift of the GONR/PANI nanocomposite is due to
the intercalation of PANI on the surface and in-between the
graphene oxide nanoribbons. This embedment of PANI into
the matrix of GONR possibly increased the interplanar d-
spacing.%_39

A striking feature observed for the RGONR/PANI nano-
composite as shown in Figure Sd is the presence of a broad
XRD peak at 20 = 25° due to the merging of crystalline peaks
for RGONR along with PANI, which occur at nearly the same
positions. The existence of this peak signifies good electrostatic
interactions of the RGONR with the PANI molecular chains.

Current-Voltage (I-V) Characteristics. Conductivity meas-
urements were carried out in order to differentiate the
interfacial interactions of PANI with GONR/RGONR support.
It is observed that the conductivity (o) of GONR/PANI and
RGONR/PANI increases with an increase in the wt (%) of
PANIL The conductivity values of PANI and GONR/PANI
nanocomposites and their reduced counterparts with different
ratios are summarized in Table 1.

The conductivity value measured for pristine PANI at the
room temperature is nearly 0.008 S/m. However, with increase
in PANI loading from 20 to 70 wt (%) in the GONR/PANI
nanocomposite, the conductivity increases (from 0.0008 S/m
to 0.030 S/m). The remarkable finding of the research is that
upon increasing the wt (%) of more resistive PANI, the overall
conductivity of the nanocomposite increases. This implies that
the PANI which is otherwise resistive by 2/3 order in
magnitude compared to that of GONR/RGONR behaves like
a good conductor when present over the GONR/RGONR
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Table 1. Conductivity Values of PANI and Different Ratios
of GONR/PANI Nanocomposites along with Their Reduced
Counterparts

ratio of conductivity, gy

sample code (GONR/RGONR):PANI (S/m
GONR 100:0 0.001S
GONR/PANI20 80:20 0.0008
GONR/PANIS0 50:50 0.018
GONR/PANI70 30:70 0.030
PANI 0:100 0.008
RGONR 100:0 10
RGONR/PANI20 80:20 0.018
RGONR/PANISO 50:50 0.026
RGONR/PANI70 30:70 0.039

support. The key reason for resistance in polymeric materials is
their arbitrary molecular chain structures. Such structures do
not facilitate easy electronic transmission, and often, the
electron is shown to follow a complex conduction mechanism
like hopping. Electrons require hopping because the polymer
chain develops defects like breakings or nonconducting
ends.*”* Such defects in the polymeric molecular chain
inhibit the conducting process, and thus the electron has to find
an alternate way to conduct. GONR/RGONR as a conducting
support easily accepts the electron and passes it to the current
collector; thus, electron hopping is not required, and
transmission through the arbitrary molecular chain is
bypassed.* As shown in Table 1, irrespective of the loading
wt (%), conductivity of the GONR/RGONR supported PANI
nanocomposites remains dominated by PANIL The fact is
attributed to the sandwiched structure of PANI fibers between
two GONR or RGONR supports. This structure essentially
allows the conduction between two nanoribbons through PANI
fibers. Therefore, with the increased PANI loading, conductivity
of the nanocomposites increased accordingly. It is understood
that with high wt (%), the packing density of PANI fibers
between two ribbons increased that consequently increased the
number of electrical contacts between the nanoribbons. It is
therefore realized that the GONR/RGONR support offers a
synergism to the nanocomposite. Hence, there occurs a swift
flow of electrons in the nanocomposite through a continued
transport pathway assisted by graphene nanoribbons and the
synergistic effect of GONR/RGONR for PANI that governs
the conductivity of the nanocomposite.

Similarly, upon increasing the PANI wt (%) in RGONR/
PANI, the conductive value of nanocomposites is increased
from 0.018 S/m to 0.039 S/m. Besides, it is noted that
RGONR/PANI nanocomposites exhibit higher conducting
behavior than the corresponding GONR/PANI nanocompo-
sites which can be related to the structural defects present in
GONR/PANI due to sp® hybridization. Conversely, after
reduction carbon becomes sp hybridized in the RGONR/
PANI nanocomposites. Evidently, the interchain interactions
are simply not large enough in GONR/PANI nanocomposites
to direct significant delocalization along the matrix.

Electrochemical Studies. Cyclic Voltammetry. Cyclic
voltammograms and Impedance spectra of pure PANI
electrodes were recorded in 1 M H,SO, using three electrode
cell assembly (Figures S1 and S2, Supporting Information).
Figure 6a shows CV curves of bare GONR and RGONR
electrodes in the potential window —0.2 to 0.8 V. It is observed
that GONR shows a quasi-reversible curve with a pair of redox
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Figure 6. Combined CV’s of (a) GONR and RGONR, (b) GONR/
PANI nanocomposites, and (c) RGONR/PANI nanocomposites at 5
mV/s. Nyquist plots of (d) GONR and RGONR, (e) GONR/PAN],
and (f) RGONR/PANI nanocomposites with different wt (%) of
PANIL

peaks corresponding to the —COOH and —OH function-
alities.** The CV curve of RGONR also shows similar behavior
with a pair of redox peaks due to the oxygen containing
dangling bonds at the edge defect of the matrix.*' It may be
noted that the enlarged voltammetric area observed for the

RGONR is suggestive of its enhanced charge storage capacity
than that of the GONR.

The voltammetric curves of GONR/PANI and RGONR/
PANI nanocomposites in different ratios are presented in
Figure 6b and c, respectively. For GONR/PANI nano-
composites as shown in Figure 6b, two pairs of redox peaks
indicate that their pseudocapacitive behavior is quite different
from the EDLC due to the presence of pseudocapacitive PANI
in the nanocomposites.”” Peaks arising below 0.2 V can be
ascribed to the redox transition of PANI from a semiconducting
state (leucoemeraldine form) to the conducting state (polar-
onic emeraldine form). However, a pair of peaks observed from
0.4—0.6 V arises due to the faradic transformation of
emeraldine (conducting form) to pernigraniline (insulating
form).** The C,p of the fabricated electrodes GONR/PANI20,
GONR/PANIS0, and GONR/PANI70 was calculated by
integrating the area under the CV curve and deduced as
~372 F/g, 740 F/g, and 530 F/g, respectively. The increase in
C,p of these nanocomposites with increase in PANI up to ~S0
wt (%) is due to the interlinked structure of GONR and PANI,
which enhances electrode/electrolyte interface area to facilitate
the accessibility of electrolytic ions. Further increase in wt (%)
of PANI shows decrement in the charge storage capacity as a
result of highly aggregated morphology of the GONR/PANI70
nanocomposite, although its Cy, value is higher than that of
GONR (220 F/g) and PANI (360 F/g) alone due to
synergistic effect.

The area under the CV curves of RGONR/PANI nano-
composites as shown in Figure 6c indicates the C,, of
RGONR/PANI20, RGONR/PANIS50, and RGONR/PANI70
as ~427 F/g, 1180 F/g, and 775 F/g, respectively. Herein, the
increase in Cg, value is observed for RGONR/PANI as
compared to the corresponding GONR/PANI nanocomposites
due to the combined effect of (1) conducting matrix provided
by RGONR, (2) enhanced electrolytic ion accessibility, (3)
efficient contribution of EDLC (from RGONR) and
pseudocapacitance (from PANI), and (4) less stacked graphene
nanoribbons due to the intercalation of PANI during the
growth process and reduction of GONR. Table 2 provides a
brief literature survey of C,, values exhibited by PANI

Table 2. Comparative Literature Survey of C,, Exhibited by Nanocomposites of PANI with GO/RGO Sheets

S.

no. material used method used

1 graphene nanosheets/PANI
of GO and chemical
polymerization

2 graphene/PANI

3 PANI nanowires on graphene oxide

sheets

4 graphene sheets/PANI flakes

chemical polymerization

chemical polymerization

chemical polymerization

S carboxyl functionalized graphene
oxide/PANI nanocomposites

chemical polymerization method

microwave solvothermal reduction

6 electrochemical reduction and electrochemical polymerization
oxidation of graphene/PANI
nanocomposites

7 graphene/PANI hybrid chemical polymerization

8 graphene nanosheet/PANI nanofiber  chemical polymerization
composites

9 graphene wrapped PANI nanospheres  solution based co-assembly

10  GONR/PANI and RGONR/PANI chemical polymerization

nanocomposites
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GO/RGO:PANI C,p values obtained ref
1:1 408 F/g (S mV/s) 46
49:1 257 F/g (0.1 A/g) 47
1:9 555 F/g (02 A/g) 48
1:3 GO based nanocomposites: 336 F/g (0.1 A/g); 49

RGO based nanocomposites: 764 F/g
(0.1 A/g)
50:1 525 F/g (0.3 A/g) 34
640 F/g (0.1 A/g) 50
1:9 1126 F/g (1 mV/s) s1
3:47 1136 F/g (S mV/s) 52
1:10 615 F/g (1 A/g) 53
1:1 740 F/g and 1180 F/g (S mV/s) present
study
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nanocomposites with GO/RGO sheets synthesized using
different techniques. It is examined from the table that the
synthesized nanocomposites of the GONR/RGONR with
PANI have substantially enhanced electrochemical properties
as compared to those of PANI with earlier reported GO/RGO
sheets.

Figure 6d shows the combined Nyquist plot of GONR and
RGONR. It is observed that both the electrodes show a vertical
spike in the high frequency region, indicating pure capacitive
behavior. The 45° slope in the Nyquist plot (Warburg
resistance) is known to arise from the frequency dependence
of ion diffusion/transport in the electrolyte. Herein, the
enhanced Warburg region indicates a larger variation in ion-
diffusion path length, which consecutively increases the
obstruction of ion-movement. Figure 6e and f shows the
Nyquist plot of GONR/RGONR nanocomposites with varying
ratios of PANL The curves show that with the increase in wt
(%) of PANI, deviation occurs from the ideal capacitive
behavior which can be attributed to poor electrical conductivity
arising due to the agglomerated structure. However, the low
frequency region in the curves of GONR/PANISO and
RGONR/PANIS0 nanocomposites is parallel to the y-axis
and signifies enhanced capacitive behavior for them as
compared to the GONR/RGONR or other ratios of their
nanocomposites.

Galvanostatic Charge—Discharge. Figure 7a shows the
GCD curves for symmetric supercapacitor devices of PANI,

¢ b
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Figure 7. Supercapacitor device characteristics using PANI, GONR/
PANI, and RGONR/PANL (a) GCD curve at 2 A/g, (b) rate
capability, (c) Ragone plot, and (d) cycling stability.

GONR/PANI, and RGONR/PANI nanocomposites at 2 A/g
in the potential window —0.2 to 0.8 V. The curves indicate
symmetrical charging and discharging behavior, which appear
to be deviated from linearity due to the pseudocapacitive
contribution of PANIL The IR drop is significantly low in
RGONR/PANI nanocomposites (0.05S ) as compared to
pristine PANI (0.12 Q) and GONR/PANI (0.07 Q).
Furthermore, the total discharge time follows the order as
PANI < GONR/PANI < RGONR/PANI, which is in
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accordance with their charge storage capacity. The results are
consistent with those obtained from CV measurements
discussed earlier.

Figure 7b shows the rate capability of GONR/PANI and
RGONR/PANI nanocomposites in current density ranging
from 2 A/g to 20 A/g. The Cyp of the GONR/PANI
nanocomposite at 2 A/g is 420 F/g and remains ~180 F/g
even at 20 A/g. However, for the RGONR/PANI nano-
composite it reduces from 590 F/g to 280 F/g at the same
current densities. It suggests that both the nanocomposites
exhibit better rate capability characteristics than bare PANI,
which shows decay in Cyp from 250 F/g to 65 F/g. From the
data, it is clear that GONR/PANI and RGONR/PANI
nanocomposites show 42% and 48% retention in C,
respectively, compared to 26% of pure PANIL This confirms
the synergistic effect of the GONR/RGONR support to PANI
in the formed nanocomposites.

The Ragone plot given in Figure 7c reveals significant
enhancement in energy density of GONR/PANI (22 Wh/kg)
and RGONR/PANI nanocomposites (49 Wh/kg) compared to
that of pristine PANI (13 Wh/kg). This increase in energy
density can be attributed to the highly interlinked structure of
nanocomposites which promotes the electrolytic ion accessi-
bility through the electrode surface. These nanocomposites
were further tested for their cycling stability over 2000 cycles at
constant current (2 A/g) charge—discharge. Figure 7d shows
the cycling life of GONR/PANI and RGONR/PANI nano-
composites and PANI It is observed that GONR/PANI
nanocomposites show 85% retention, while RGONR/PANI
nanocomposites exhibited 90% retention in C,, after 2000
cycles. In contrast, the pristine PANI shows only 75% retention
in Cg,. Thus, both the cycling life and rate capability of PANI
are increased by synthesizing its nanocomposites with the
GONR/RGONR matrix. The data obtained also supports the
conductivity measurements done for the nanocomposites.

It is imperative that the single electrode performance is
carried in device functioning as well. Therefore, asymmetric
supercapacitor devices of GONR||GONR/PANI and
RGONR||RGONR/PANI were fabricated with GONR/
RGONR as the negative electrode while using GONR/PANI
(or RGONR/PANI) as a positive electrode. In the undertaken
work, the electrochemical stable potential window of the
electrodes was investigated by CV measurements using three
electrode cell assembly. Figure 8a shows the CV curves of
GONR and GONR/PANI measured in the potential window
of —1.0 to 0.0 V and —0.2 to 0.8 V, respectively, at a scan rate
50 mV/s. The voltammogram recorded for GONR is almost
rectangular, while the GONR/PANI nanocomposite depicts a
slight deviation from the rectangular curve due to the presence
of faradic charge contribution from the pseudocapacitive
component (PANI). Voltammetry further indicated the stable
working potential window for GONR and GONR/PANI
nanocomposites as —1.0 to 0.0 V and —02 to 0.8 V,
respectively. This implies that the lower limit of voltage for
GONR is —1.0 V, while the upper limit of voltage for
nanocomposites is 0.8 V, which demonstrate that the device
fabricated from these two components can accomplish a voltage
from —1.0 to 0.8 V without any polarization resistance.
Apparently, the maximum working potential limit of a
GONR||GONR/PANI device can be tested up to 1.8 V to
achieve better electrochemical performance. Similarly, the
maximum potential limit for a RGONR|[RGONR/PANI
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Figure 8. CV curves of (a) GONR and GONR/PANI, and (b)
RGONR and RGONR/PANI at 50 mV/s, (c) GONR||GONR/PANI
and (d) RGONR||[RGONR/PANI devices at 10 mV/s, (e) combined
GCD curve of an asymmetric device at 2 A/g, and (f) a Ragone plot.

supercapacitor device can be tested up to 1.8 V as shown in
Figure 8b.

Figure 8c and d shows the CVs of asymmetric devices
GONR/PANI and RGONR/PANI nanocomposites in different
potential ranges up to 1.8 V at a scan rate of 10 mV/s. It is clear
from the curves that both of the devices show characteristic
electrochemical behavior up to 1.8 V. Figure 8e and f shows the
corresponding GCD curves of these devices at a current density
of 2 A/g along with the Ragone plots. Significant enhancement
in energy density of both the asymmetric devices is observed
(99.87 Wh/kg and 163 Wh/kg for GONR/PANI and
RGONR/PANI nanocomposites, respectively) in contrast to
their corresponding symmetric devices. These investigations
suggest that both GONR/PANI and RGONR/PANI nano-
composites can be successfully and efficiently used as
electrochemical electrode materials in supercapacitor devices.

The synergistic action of the GONR/RGONR support is
clearly seen in Table 3, which displays the electrochemical
attributes of the supercapacitor like the relaxation time
constant (7) deduced for symmetric supercapacitor devices
and asymmetric supercapacitor devices of the GONR (or
RGONR) and GONR/PANI (or RGONR/PANI), equivalent
series resistance (ESR), and the energy & power density of the
device. The relaxation time constant was calculated by the
following equation:

r=1/f, (1)

where, f, is the frequency in the bode plot for the
supercapacitor device with a phase angle of 45°°* and 7
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Table 3. Relaxation Time Constant and ESR Values
Obtained for PANI, GONR/PANI, RGONR/PANI, and
Their Asymmetric Supercapacitor Devices

energy
density  power
S. relaxation ~ ESR (Wh/ density
no. sample time (s) (Q) kg) (W/kg)
1 PANI 0.068 4.8 13.217 1468.8
2 GONR/PANI 0.056 2.38 23.29 1254.8
3 RGONR/PANI 0.011 3.96 45.55 1107.4
4 GONR||GONR/PANI 0.009 4.8 99.87 1259
S RGONR||[RGONR/PANI 0.001 2.66 166 3292

provides information related to the porous structure inside the
electrode. It is observed from eq 1 that the 7 value of a GONR/
PANI (0.056 s) supercapacitor cell is lower than that for bare
GONR (0.26 s) and PANI (0.068 s) cells. It can be attributed
to the synergistic effect of ordered PANI fiber structure over
the GONR, responsible for the improved electrical conductivity
of the nanocomposite. In case of the RGONR/PANI
nanocomposite, 7 is even lower (0.011 s) as compared to the
RGONR (0.021 s) and PANI (0.068 s). Results suggest that
the application of a relatively better conducting negative
electrode helped in lowering ESR that consequently resulted in
significantly low relaxation time constant and extended
potential range leading to improvement in overall performance
of the supercapacitor devices.

B CONCLUSIONS

In summary, GONR/RGONR supported polyaniline (PANI)
/nanofibers have been synthesized using an in situ chemical
polymerization method and investigated by different techni-
ques, namely, TEM, UV—vis and Raman spectroscopy, XRD,
CV, EIS, and GCD. TEM analysis indicates that 50—60 wt (%)
is the optimal amount for loading PANI on GONR/RGONR
to give an interlinked structure. Spectroscopic details suggest
good 7—7 interactions of GONR/RGONR with PANI, which
is further supported by the XRD data revealing an increase in
interlayer d-spacing between layers of GONR and RGONR
after the intercalation of PANL I—V measurements show that
both GONR/PANI (0.018 S/m) and RGONR/PANI (0.026
S/m) nanocomposites exhibit higher conductive values as
compared to that of PANI alone (0.008 S/m). Electrochemical
studies indicate improved performance of GONR/PANI and
RGONR/PANI nanocomposites with better charge storage
capacity (450 F/g, 770 F/g, and 1180 F/g for PANI, GONR/
PANI], and RGONR/PANI, respectively at S mV/s), rate
capability, and cycling stability compared to those of GONR/
RGONR and PANI alone as a result of the synergistic effect of
GONR and PANI Besides, the RGONR/PANI nanocompo-
sites possess significantly enhanced C, as compared to the
corresponding GONR/PANI nanocomposites due to decreased
structural defects as a result of sp® hybridized carbons in
RGONR, which leads to increased C,, values via its marked
EDLC contribution. Furthermore, the relaxation time observed
for the RGONR/PANI nanocomposite is much lower (0.011 s)
than that of RGONR (0.021 s) and PANI (0.068 s) alone. The
desired advantages of both molecular systems have been
explored by fabricating asymmetric devices, GONR||GONR/
PANI and RGONR||[RGONR/PANI, which have shown
significantly enhanced energy density as compared to that of
the corresponding symmetric supercapacitor devices. The
findings suggest that both GONR/PANI and RGONR/PANI
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nanocomposites can be used as eflicient electrochemical
electrode materials for supercapacitors.

B ASSOCIATED CONTENT
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Electrochemical properties of the PANI electrode were
investigated using cyclic voltammetry and impedance spectros-
copy in a three electrode cell assembly. The Supporting
Information is available free of charge on the ACS Publications
website at DOI: 10.1021/acssuschemeng.5b00184.
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