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the composite materials for high-performance supercapacitors.

INTRODUCTION

Supercapacitors can store a hundred times electrical charge
compared to standard capacitors and therefore supercapacitors
can be a suitable replacement for electrochemical cells for many
industrial and commercial applications. The supercapacitors
can function at a very low temperature; a circumstance that
may impede many sorts of electrochemical cells to function.
Itis assumed that as the efficiency and energy density of super
capacitors increases, the use of advanced energy storage and
recovery solutions will become far more widely utilized in
the coming years. Although graphene based polyaniline super-
capacitors can be a lasting solution in the future, improved
technology must be needed to make this reality [1]. Amongst
the family of conducting polymers and organic semiconductors,
polyaniline (PANi) is a conducting polymer having many
alluring processing properties. Due to its rich chemistry, PANi
is one of the foremost studied conducting polymers of the last
50 years [2-4]. Polyaniline has three distinct oxidation states
with different colours and exhibit acid/base doping response,
which makes it particularly attractive. The different charges
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of the various oxidation states also make PANi more favourable
for applications like electrochemical supercapacitors (ESCs).
Hetero-atom doped graphene materials or other manufacturing
and compromising structural 2D carbides are also the promising
uses for micro-supercapacitors [5,6].

Carbon-based material with incorporated or accumulated
pseudocapacitive active materials like metal oxides and condu-
cting polymers are used to make composite electrodes [7,8],
where carbon based material and implemented pseudo capaci-
tance material provide the capacitor with a particular amount of
static double-layer capacitance and a better amount of Faradaic
pseudo capacitance. In the recent electrode materials, carbon
nanotube is one of the great concerns. As CNTs provide the
backbone for an identical allocation of metal oxide or elect-
rically conducting polymers, the electrodes which make from
CNTs achieve higher capacitances than either pure carbon or
pure metal oxide or polymer based electrodes [9].

A simple, reproducible process to make graphene films
from direct electrochemical reduction of GO is delineated. This
process accommodates the thickness and size of the graphene
film to be pre-determined by thickness and the size of precursor
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GO film accumulated on to a gold-coated polyethylene tereph-
thalate electrode. The electrochemically reduced graphene
oxide created by this process displayed to be a superb material
for energy storage.The specific capacitance noticed for the
supercapacitor was 128 F/g, which is on the brink of those of
graphene and other carbon materials stated in the literature
[10]. A modified Hummers method was used to prepare GO
sample and then electrochemical reductions were performed,
using applied potentials of -1t0 1.6 V,-1.5to OV and -1 to 1
V. A specific capacitance of 246 F/g was attained at an applied
potential of -1 to 1 V for 4000 s [11]. Making graphene sheets,
a high voltage of 15 V was applied to disrupt graphite rods
electrochemically. As a result, uncontrollable oxidation and
structural defects led to be found due to this high potential.
Also electrochemical reduction of PANi/GO layer-by-layer
(LBL) film is reported with a good specific capacitance at high
current density [12]. However, electrochemical reduction of
PANi/GO films at different potentials variation with splendid
specific capacitance is not reported yet. Polyaniline is cond-
uctive polymer, it can help the mobility of electron on the
PANi/GO thin film during electrochemical reduction of GO.
In this work, polyaniline/graphene oxide thin film was reduced
electrochemically with different potential windows, scan rate
and number of cycles which was acquired using LBL assembly
method. The resultant electrodes displayed various specific
capacitances following pre-reduction with different conditions.
The optimum conditions were explored for supercapacitor appli-
cation and a high splendid specific capacitance was attained
like the film was reduced with applied potential of -0.87 to
-0.5 V. This unique performance of the electrochemically
reduced optimized electrode (PAN/ERGO) is the first time
reported in best to our knowledge. Also, pure PANi was tested to
evaluate the effect on different potential during electrochemical
reduction. The influence of the electrochemical reduction was
investigated by Raman spectroscopy and X-ray photoelectron
spectroscopy for high capacitance performance.

EXPERIMENTAL

The method of graphene oxide (GO) synthesis, formulation
of PANi solution and instrumental methods were stated earlier
[12-15]. Raman scattering spectra were performed at room
temperature on a Raman spectrometer (LabRAM HR, Horiba
Jobin Yvon SAS using a 532.8 nm laser). X-ray photoelectron
spectroscopy spectra were obtained via a Thermo Scientific
KS XPS system (Thermo-Fisher scientific, UK) with a mono-
chromatic AlKo source. All the electrochemical measurements
were carried out at ambient conditions in 1 M H,SO, solution
using a CHI760C electrochemical work station (CH Instruments
Inc., USA), including cyclic voltammograms (CVs), galvano-
static charge-discharge plots (CD) and electrochemical impe-
dance spectroscopy (EIS). The cyclic voltammetric measure-
ments were carried out in an aqueous electrolyte solution (1
M H,SO.,) at several scan rates using Ivium Stat Technologies
system, which includes indium tin oxide (ITO) with an as-
prepared PANi/ERGO multilayer film as working electrodes.
The Ag/AgCl and Pt wire were employed as the reference and
counter electrodes, respectively. The CVs and charge/discharge

process were utilized to determine the volumetric capacitance
of the electrodes based on 0.125 cm” active area and the thick-
ness of the multilayer film composed of 30 Pani/ERGO bilayer,
which was determined by optical ellipsometry. No binder or
conductive additives were applied. The electrode capacitance
was calculated from the CV curves by dividing the current by
the voltage scan rate, C = I/(dV/dt) and from charge/discharge
curves by using following equation, C =1 x At/AV, where, C =
capacitance; I = applied current, t = time and V = potential
difference [16,17]. The EIS spectra were fitted with a Randles
equivalent circuit model using Z-view software.

RESULTS AND DISCUSSION

Electrochemical reduction of PANi/GO multilayer
films: Xia et al. [18] explained the quick reduction of hydroxyl
and epoxyl on GO sheets by utilizing pulse voltammetries and
cyclic voltammograms measurements, at an applied potential
of -1.5 to 0 V compared with -1.3 to O V. The proper selection
of applied potentials in the e-reduction of GO to ERGO films
affected significantly a specific capacitance from 128 F/g at
constant potential reduction (-1.2 V) to 246 F/g at an applied
potential of -1.0 to 1.0 V for 4000 s [19]. Thus, the electro-
chemical reduction (e-reduction) of GO in PANi/GO multilayer
films self-assembled on ITO electrode was assessed in 1 M
H,SO, using CVs with different applied potential ranges; -1.3
t0-0.87V,-0.87t0-0.5V and-1.3t0 1.2V (vs. Ag/AgCl) ata
scan rate of 50 mV/s as diplayed in Fig. 1. It was observed
that the highest capacitance was achieved for PANi/ERGO
films obtained at the potential range of -0.87 to -0.5 V among
others, as demonstrated in Fig. la. It is noteworthy that the
highest capacitance for ERGO films obtained using the
potential range of -1 to +1 V [19]. However, it is observed that
an electrolyte (1 M H,SO,) started to decompose at -0.87 V, while
in case of the reduction potential window (-0.87 to -0.5 V), at
least 40 cycles were required to complete irreversible reduction
(Fig. Ic). Approximately, it was examined the irreversible
reduction upto 40 cycles to complete the PANi/ERGO film
electrodes. One more observation was recorded that after
addition of 1 M H,SO, to the cell, immediate reduction should
be completed, otherwise electrochemical reduction would be
prohibited even 30 min after no reduction was occured. It is
also found that the scan rate has significant influence on the
capacitance of the PANi/ERGO multilayer films. The best result
of the reduced electrode was achieved at a scan rate of 50 mV/s
(Fig. 2). The e-reduction of the PANi/GO multilayer film utili-
zing the acidic electrolyte supported the formation of the most
favourable doping state in the PANi layers, as confirmed by
Raman and XPS analysis.

Raman analysis of multilayer films: Raman spectra were
applied to characterize the structural change during the electro-
chemical reduction of GO under various applied potentials.
The significant structural changes during the electrochemical
process when GO was changed to ERGO were also identified
in the Raman spectra (Fig. 3). The Raman spectra of GO includes
an observable G peak at 1606 cm™, resembling the first-order
scattering of the E,, mode [12,20]. It has the D peaks at 1190
and 1354 cm™ and other hand, which are at 1181 and 1354
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Fig. 1. Cyclic voltammograms obtained during the e-reduction cycles of PANi/GO thin films on ITO electrode, carried out in 1 M H,SO,with

scanning the potential from -1.3 to 1.2V, -0.87 to -0.5 V and -0.87 to -1.3 V (a), before and after e-reduction at -0.87 to -0.5 V (b),
before and after e-reduction at -0.87 to -1.3 V(c) and before and after e-reduction at 1.2 to -1.3 V (d) (vs. Ag/AgCl) at arate of S0 mV/s
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Fig. 2. Cyclic voltammograms obtained during the e-reduction cycles of PANi/GO thin films on ITO electrode, performed in 1 M H,SO, with
scanning the potential from -1.3to 1.2V (a) -1.3t0 -8.7 V (b) -0.87 to -0.5 V (c) (vs. Ag/AgCl) at 50 mV/s

cm™ from GO to ERGO showing the structural changes are
imposed on the highly disordered and defective morphology
of the sheets [21]. The D band at 1190 cm™ is due to the decre-
ased size of in-plane sp* domains in the pristine graphite, circum-
stantially ascribable to comprehensive oxidation. For GO, the D
band presenting the disordered carbon, was expanded and over-

lapped the G band from graphitic carbon, which was caused
possibly by comprehensive oxidation. The spectra of the ERGO
in the multilayer films contained both the G and D bands (at
1606 and 1354 cm™, respectively). Following reduction, the
D band became acute and easily segregated from the G band.
Furthermore, the Ip/Ig ratio was increased from 0.95 for GO
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Fig. 3. Raman spectra of PANi/GO thin films on ITO electrode before treat-
ment (a), after treatment of applied potentials -1.3 to 1.2V (b),-1.3
to -0.87 V (c) and -0.87 to -0.5 V (d), respectively

to 1.22, 1.28 and 1.20 for ERGO at applied potentials of -1.3 to
1.2V,-1.3t0-0.87V and -0.87 to -0.5 V, respectively (Table-1).
However, the ratio was raised randomly after electrochemical
reduction with the applied potentials. This may have been gene-
rated by the creation of graphitic domains that were smaller in
size. Ferrari et al. [22,23] and other reseachers [24-26] indicated
an increase in the ratio of In/I by using hydrazine to reduce GO.

Moreover, in reduced form, the changes in the aromatic
C-H in-plane and C=N stretching modes of the quinoid moiety
in PANi at 1181 and 1354 cm™ were observed. These features
were noticed, especially after electrochemical reduction under
different applied potentials. These were due to the realignment
of the PANi backbones and therefore increased the conjugation,
which were directly influenced by the hindered electrostatic
interactions among the positively charged PANi and the
negatively charged GO, which reduced to neutral ERGO [12].

XPS analysis of multilayer films: XPS spectra were used
to characterize the structural change during PANi/GO electro-
chemical reduction under various applied potentials. The XPS
results are shown in Table-2. GO displayed a massively oxyg-
enated carbon in the C 1s XPS result: C-C (284.0 eV), C-OH
(285.7 eV) and C-O (286.5 eV) were detected at 26.18, 43.89
and 26.92%, respectively (Fig. 4). The allocation of the residual
functional groups in graphene, as acquired by electrochemical
reduction, varied according to the applied potential [27]. It
revealed the deoxygenation occured during the e-reduction
process [17] and indicated the existence of oxygenated funct-
ional groups on the GO sheets [28]. It consisted of the highly
active surface area into the pores of the functional groups
having the intercalation-deintercalation of the mobilations. The
best reduction was filed with an applied potential of -1to 1V,
which is not shown in Table-1. Therein case, as displayed by
the results of the C1s XPS spectra, a peak corresponding to
0O=C-OH was not observed and therefore the ratio correspon-
ding to C-O-C was decreased to 19.2%, while that for C-OH,
it had been increased to 19.7%. Table-2 showed the fitting
outcomes from Cls spectra of ERGO with applied potential
for -1.3 to -0.87 V and -0.87 to -0.5 V and -1.3 to 1.2V,
respectively. The outcomes expressed the number of sp? carbon
groups was increased with the extension of negative potentials.
Comparing with different potential ranges, the reduction level
of GO in the case of a given potential of -0.87 to -0.5 V was
lower than -1.3 to -0.87 V. All the peaks were consistent to the
previous reports [17,27-30]. Still, it had a much bigger specific
capacitance, possibly due to the large active area sites to their
difference of structure.

TABLE-2
FITTING RESULTS (%) OF THE C 1s XPS
SPECTRA BEFORE AND AFTER ELECTRO-
CHEMICAL PRE-REDUCTION OF PANi/GO

TABLE-1 T Amount of C-0 C-OH C-C
INTENSITY RATIO OF THE G AND D reatment oxygen (%) (288¢eV) (285eV) (284 eV)
BANDS IN THE RAMAN SPECTRA Before 2738 26.92 43.89 26.18
Treatment  Before 1310 20.87 to 1310 1310-0.87V 13.4 12.20 36.92 50.85
-0.87V 05V 12V 0.8710-05V 135 18.20 3230 4948
I/l 0.95 128 120 122 131012V 15.4 5.36 45.86 48.77
TABLE-3

(a) VOLUMETRIC AND AREAL CAPACITANCE MEASURED BASED ON CYCLIC VOLTAMMOGRAMS AND (b) VOLUMETRIC AND
AREAL CAPACITANCE MEASURED BASED ON GALVANOSTATIC CHARGE-DISCHARGE CURVES OF -0.87 TO -0.5V ELECTRODE

(a) Volumetric and areal capacitance (CV)

(b) Volumetric and areal capacitance (CD)

ImV/s 3mV/s 5mV/s 10mV/s 20mV/s 50mV/s | 5A/km®  10A/cm® 20A/cm®  30A/cm®  50A/cm® 100 A/em®
2619 2168 1855 1509 1250 1046 3748 2583 1903 1588 1269 931
18.38 15.22 13.02 10.59 8.77 7.34 26.31 18.13 13.36 11.15 8.90 6.54
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Fig. 4. X-ray photoelectron (XPS) narrow scan spectra of the C1s XPS spectra of PANi/GO before (a) and after electrochemical pre-reduction
at-1.3 to -0.87V (b), -0.87 to -0.5V (c) and -1.3 to 1.2V (d) respectively

Supercapacitor performances: For the electrochemical
experiments of the prepared electrodes, the distinctive perfor-
mances were observed by the cyclic voltammetry (CV), galvano-
static charge/discharge (CD) and electrochemical impedance
spectroscopy (EIS) measurements in 1 M H,SO, electrolyte
solution within a potential range of -0.2 to +0.8 V. The effects
of PANi/GO reduction to capacitance were examined under 3
sorts of scanning potential windows: -1.3 to -0.87 V, -0.87 to
-0.5V and -1.3 to 1.2V, respectively. The PANi/ERGO elect-
rodes utilized as working electrodes were achieved using layer-
by-layer assembly method on ITO. Following electrochemical
reduction with an applied potential of -0.87 to -0.5 V, the
resultant PANI/ERGO electrode showed a good charge discharge
process in cyclic voltammetry as the best performer among
the mentioned three electrodes. Fig. 5a showed the charac-
teristic CV curves for all the three electrode samples at a scan
rate of 100 mV s™ in 1 M H,SO, electrolyte solution within a
potential range of -0.2 to +0.8 V indicating the similar shape
of CV curves. Table-3 showed the corresponding CV volumetric
and areal capacitances. However, the pattern of the CV curves
becomes typical of a regular quasi-rectangular shape and rese-
mbles the reported data [31-34]. The cyclic voltammogram
usually show a pseudo-capacitive behaviour with excellent

high-rate competency, effective interlayer charge transfer and
the ideal capacitive characteristic of the samples [35,36].

A rectangular-shaped CV (including redox peaks) appeared
within the 1 M H,SO, electrolyte, which expressed the PANi/
ERGO electrode generating a large amount of pseudo capaci-
tance and a comparatively large amount of double-layer capaci-
tance. Such pseudo capacitance peaks of surface functionalities
have also been shown for chemical reduction of PANi/GO film
with the HI/H,O vapour reduction method [12]. Moreover,
further work has exhibited that the electrochemical reduction
of PANi/GO electrodes was sharply affected by the number of
reduction cycles. Fig. 2 showed that 40 cycles are required to
complete irreversible reduction of PANi/GO film at potenital
of -0.87 to -0.5 V. Likewise, the specific capacitances of PANi/
ERGO-based capacitors were found to be maximum at 1493,
2110 and 2619 F cm™ at a scan rate of 1.0 mV s for the PANi/
GO with applied potentials of -1.3to 1.2V and -1.3t0 -0.87V
and -0.87 to 0.5 V respectively (Table-4).

A comparison of the CVs and charge/discharge curves
indicated the PANi/ERGO electrode obtained by the potential
window of -0.2 to 0.8 V showed the regular quasi-rectangular
and the near-triangular shapes of the charge/discharge plots
(Fig. 5). The CVs in Fig. 5a illustrated that within the three
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TABLE-4
VOLUMETRIC CAPACITANCE MEASURED BASED ON
CYCLIC VOLTAMMETRY AT SCAN RATE 1 AND 100 mV s’

Specific capacitance (F cm™)

Treatment
I mVs™ 100 mV s~
Pre-reduction -0.87 to -0.5 V 2619 874
Pre-reduction -1.3 to -0.87 V 2110 697
Pre-reduction -1.3t0 1.2V 1493 482

electrodes, the -0.87 to -0.5 V electrode generated the highest
rectangular CV curve, including redox peaks, introducing an
excellent charge propagation among the electrodes. This out-
come proposed a benign capacitance behaviour in addition to
an improved electrochemical performance, even given the simple
composition of the system, as compared to the nature of com-
mercial cells arrayed with a metal current collector, binders and
electroactive additive. The characteristic charge/discharge curves
of all electrodes at a current density 3.0 A cm™ are shown in Fig.
5b. Interestingly, the -0.87 to -0.5 V electrode shows much longer
discharging period and lowest IR drop as compared to others.
The PANi/ERGO electrode were studied thoroughly over
different potential ranges. No significant damage occurred after
electrochemical reduction of pure PANi when applied as negative
potential. In Fig. 6a, CV curves of the -0.87 to -0.5 V electrode
acquired by changing the scan rates remained similar in shape
and exhibited no distortions. Furthermore, the -0.87 to -0.5 V
electrode revealed a linear relationship observing in the capa-
citive region with R?=0.9999, between the discharge currents
and the scan rates (Fig. 6b) indicating a high-power ability for
the electrochemical supercapacitors [12]. The rate performance
of the electrode was evaluated based on the volumetric capaci-
tances, which acquired from the CV curves over a comprehensive
range of scan rate as shown in Fig. 6¢ and over a discharge range
of CD curves (Fig. 6d), which revealed the previous report
[12,16,17]. The higher Cs value of -0.87 to -0.5 V compared
to two other electrodes can be imposed on the higher electrical
conductivity and oxygen vacancies on the higher surface area
due to the smaller particle size of the electrode materials.

300
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A representative CV curves for the -0.87 to -0.5 V elect-
rode at scan rate of 1, 5, 10 mV s (Fig. 6a) showed the near
rectangular shape including redox peaks whereas the corres-
ponding CD curves at current density of 5, 10, 20 A cm™ as
shown in Fig. 6e. The electrode demonstrated a specific capaci-
tance of 2619 F cm™ (areal capacitance 18.38 mF cm?) at a
scan rate of 1 mV s, which is greater than other values. This
is a noticeable progress within the capacitance, compare to
supercapacitors based on pure RGO or pure PANi, which also
expressed impoverished stability during the charge/discharge
cycling. The IR drop of the discharge curve for the -0.87 to -
0.5V electrode was much smaller than that noticed for others,
indicating lower interior device resistance. Low interior resis-
tance is significant for energy storing devices; low energy is
attenuated by releasing unwanted heat during the charging/
discharging processes. The best volumetric capacitance of the
-0.87 t0 -0.5 V electrode introduces one of being best records
for capacitance based on carbon materials including conducting
polymers.

The electrode rate performance was assessed based on
the volumetric capacitances, which attained from the CV curves
over the range 1-100 mV/s (Fig. 6¢). The highest specific
capacitance of the electrode reduced exponentially upon rising
the current density and approached to a value of 874 F cm™ at
100 mV s'. To further exhibit the high capability of the -0.87
to-0.5 V electrode, a Ragone plot of volumetric power density
(Pp) versus energy density (Ep) was plotted and summarized
in Fig. 6f. The galvanostatic charge-discharge (CD) method
was examined to analyze the capacitive performance of the
electrodes. The CD plots of the -0.87 to -0.5 V electrode at
discharge current densities are presented in Fig. 6d. The CD
plots of the electrode showed a nearly linear CD profile without
any IR drop, as consistent with the CV results (Table-3). In
contrast, the Cs value of the electrode was ca. 3748 F cm™
(volumetric capacitance) and 26.31 mF cm™ (areal capacitance)
at the current density of 5 A cm™, respectively. This substantial
enhancement of Cs value of the electrode could be associated
to improve electrical conductivity, which was consistent with

R drop
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Fig. 5. Comparison of cyclic voltammograms of (a) -0.87 to -0.5V, -1.3 to -0.87V and -1.3 to 1.2V three electrodes at a scan rate of 100 mV/s
and (b) Charge/discharge curves of the same in 1 M H,SO., at current density 3 A/cm®
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volumetric capacitance as a function of the current densities obtained from the charge-discharge data, (e) galvanostatic charge-discharge
curves at 5 (black), 10 (red) and 20 (blue) A cm” current density, (f) Ragone plot of power density versus energy density calculated
from galvanostatic discharge for all capacitances of -0.87 to -0.5V sample and (g) capacity retention curve over 5000 cycles

the morphological, E, and XPS analyses. The E, and P, of the
electrodes were calculated according to the eqns. 1 and 2,
respectively [37,38].

Energy density (Eq) = 0.5 x C,x (V2 - V,)*x 0.2778 (1)

E, x3600 5
AL (2)
The E; of the -0.87 t0 -0.5V, -1.3to -0.87 V and -1.3 to

1.2 V electrodes were ca. 520.7, 419.3 and 295.9 Wh cm™

with the Py of 2.5k, 1.9 k and 1.4 k W cm™, respectively, at a

current density of 5 A cm™. When the Py increased close to

49.6 k W cm?, the E, of the electrode was ca. 129.5 Whem™ at a

current density of 100 A cm™. The E, of the -0.87 to -0.5 V

electrode is much higher as compared to the other electrode

materials (Table-5). This results further suggest that the -0.87

to -0.5 V is the best promising electrode for the commercial

development of ESCs with high energy density.
The stability of the electrode materials is immensely signi-
ficant for the long-term maintenance of supercapacitors. There-

Power density (P,) =

fore long-term electrochemical durability of the electrode was
evaluated by cyclic CD measurements for 5,000 cycles at 50
A cm®. Fig. 6g represented the Cs retention (%) of the electrode
as a function of the number of CD cycles. Even the electrode
displayed a very low Cs loss (ca. 0.50) after 50 CD cycles, which
could be attributed to the good crystallinity of the material.
The highest specific capacitance of the electrode diminished
only by 8% even after 5000 charge/discharge cycles indicating
a high durability as shown in Fig. 6g. Nevertheless, the little
reduction of the C; after CD cycling is probably owing to the
changes in the volume of the electrode induced by the repeated
redox reactions while cycling.

The cycling stability of the electrodes was further analyzed
by EIS spectra. Fig. 7a showed the comparison EIS spectra of
all the electrodes and Fig. 7b-d showed the high frequency region
of the same three electrodes, respectively. Table-6 summarized
the corresponding EIS fitted parameters of all the electrodes.
All the EIS spectra represented a well-defined semicircle in
the high-frequency region due to the charge transfer resistance
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TABLE-5
VARIOUS ELECTROCHEMICAL PARAMETERS OF THE PANi/ERGO ELECTRODES

Pre-reduction

Pre-reduction

Pre-reduction

Parameters/treatment -0.8710-0.5 V 1310-0.87 V 131012V
Areal capacitance (mF/cm?) (from CV curves @ 1 mV/s scan rate) 18.38 - -
Areal capacitance (mF/cm?) (from CD curves @ 5 A/cm’ current density) 26.31 - -
Volumetric capacitance (F/cm’) (from CV curves @ 1 and 100 mV/s scan rate) 2619/874 2110/697 1493/482
Volumetric capacitance (F/cm?) (from CD curves @ 5 A/cm’ current density) 3748 3019 2130
At a current density of 5 A/cm® 520.69 419.33 295.85
Energy density (Wh cm™) At a current density of 50 A/cm’ 176.27 - -
At a current density of 100 A/cm’ 129.45 = =
At a current density of 5 A/cm® 2.5k 1.9k 1.4k
Power density (W cm®) At a current density of 50 A/cm® 24.8k - -
At a current density of 100 A/cm’ 49.6k - -
10 5 .
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Fig. 7. Nyquist plots of all the samples (a). Same for the high frequency region for -0.87 to -0.5V (b), -1.3 t0 -0.87V (c), -1.3 to 1.2 V samples
(d). Inset of (a) shows the Randles equivalent circuit model to fit the EIS spectra, where CPEp,. is the double layer capacitance

(R.) at the electrode/electrolyte interface and a straight line of
Warburg diffusion (Z,) in the low-frequency region [12,31,
37,38]. A very low solution resistance (R;) of all the electrodes
demonstrate the good adhesion of the materials. Before CD
cycling, the R, of the -0.87 to -0.5 V (a), -1.3 to -0.87 V (b),
-1.3to 1.2 V (¢) electrodes was ca. 0.502, 1.18 and 1.22 Q,
respectively, while these values were ca. 1.8, 16.7 and 30.9 Q,
respectively. And the consistent CPEp, values of the electrodes

were ca. 9.74, 17.25 and 23.65 UF respectively. Fig. 8a showed
the EIS spectra before and after CD cycling of the -0.87 to -
0.5 V electrode sample, Fig. 8a (inset) showed the EIS fitted
parameters and Fig. 8b showed the high frequency region of
the same before and after CD cycling. Before and after CD
cycling, the R, values of the electrode was ca. 0.50 and 0.58
Q, while these values of R were ca. 1.8 and 2.1 €, respectively.
These small variations of R, and R, before and after CD cycling
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Fig. 8. Nyquist plots of (a) -0.87 to -0.5 V electrode samples before and after CD cycling measured under open-circuit condition. (b) Same for
the high frequency region. Inset table (a) summarizes the EIS parameters of the electrodes before and after CD cycling

TABLE-6
FITTED DATA OF EIS SPECTRA OF
ALL THE SAMPLE ELECTRODES

Electrode/parameters R, (Q) R, (Q) CPEy, (UF)
-0.87 to -0.5 0.502 1.8 9.74
-1.3 t0 -0.87 1.180 16.7 17.25

-1.3t01.2 1.220 30.9 23.65

allocated the high long-term durability of the excellent electrode
materials, which are promising for the development of highly
stable electrochemical supercapacitors.

Conclusion

In summary, polyaniline/graphene oxide (PANi/GO) thin
film microelectrodes were prepared electrochemically reduction
with applied different potential windows, scan rate and number of
cycles, which was acquired using layer-by-layer (LBL) assembly
method. The resultant electrodes displayed various specific
capacitances following pre-reduction with different conditions.
The optimum conditions were explored for supercapacitor appli-
cation and an elevated specific capacitance 2619 F cm™ (areal
capacitance 18.38 mF ¢cm™) at 1 mV s™ obtaining the film reduced
with an applied potential of -0.87 to -0.5 V. This led to decrease
the optical band gap and the charge-transfer resistance (R of
-0.87t0-0.5 V at the electrode/electrolyte interface compared to
the other two conditions.The influence of the electrochemical
reduction was investigated by Raman and X-ray photoelectron
spectroscopies for the capacitance performance. The electrode
exhibited an enormous electrochemical stability with the Cs net
loss of only ca. 8% over 5000 CD cycles. This research could
pioneer the new possibilities for the development of the effects
of the electrochemical reduction to the composite materials for
high-performance supercapacitors.
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