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Nanofabrication via "bottom-up" approach of hybrid electrode materials into well-
defined architecture is essential for the next generation miniaturized energy storage
devices. This paper describes the design and fabrication of reduced graphene oxide
(rGO)/polyoxometalates (POMs) based hybrid electrode materials and their successful
exploitation for asymmetric supercapacitor. Firstly, the redox active nanoclusters of
POMs (phosphomolybdic acid (PMo12) and phosphotungstic acid (PW12)) are
uniformly decorated on the surface of rGO nanosheets to take full advantage of both
charge-storing mechanisms (faradaic from POMs and electric double layer from rGO).
The as-synthesized rGO-PMo12 and rGO-PW12 hybrid electrodes exhibits great
electrochemical performances with specific capacitance of 299 F/g (269 mF/cm2) and
370 F/g (369 mF/cm2) in 1 M H2S04 electrolyte at 5 mA/cm2, respectively. Later,
asymmetric supercapacitors was fabricated using rGO-PMo12 as a positive and rGO-
PW12 as negative electrodes. This novel rGO-PMo12//rGO-PW12 asymmetric cell
could be successfully cycled in a wide voltage window up to 1.6 V and hence exhibits
excellent energy density of 39 Wh/kg (1.3 mWh/cm3) at a power density of 658 W/kg
(23 mW/cm3).
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Polyoxometalates (POMs) are clusters of anionic molecular metal oxide which includes
variety of transition metals such as Mo, W, V etc. Within the field of energy storage,
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POMs have found a particularly well-suited niche application in supercapacitors,
initially integrated in conducting polymers and more recently forming hybrid electrodes
with carbon materials. POMs can exhibits high energy density for supercapacitors due
to the rapid and reversible multi-electron redox reactions. On the other hand, an
emerging concept of fabricating asymmetric SCs stimulate the energy storing capacity
by extending the operating voltage boundary of the device (E=0.5CV2). Thus, taking
advantages of both these characteristics we expected to assemble a high energy
density supercapacitor.

Only one report is available on the asymmetric configuration using polyoxometalates
based nanocomposite. Authors have prepared Polypyrrole/Phosphomolybdic
Acid//Poly(3,4-ethylenedioxythiophene)/Phosphotungstic Acid Asymmetric
Supercapacitor. (J. Electrochem. Soc., 2010, 157, A1030-A1034) with only small
improvement in the electrochemical properties of device.

In present investigation, initially we have prepared two different nanohybrids based on
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PW12) in order to take full advantage of both charge-storing mechanisms (faradaic
from POMSs and electric double layer from rGO). The as-synthesized rGO-PMo12 and
rGO-PW12 hybrid electrodes were further tested in conventional three electrode
system and realised acceptable specific capacitance but in different operating
potentials. Thus, taking this advantage of these nanohybrids, asymmetric
supercapacitors was fabricated with rGO-PMo12 as a positive and rGO-PW12 as
negative electrodes. Impressively, this rGO-PMo12//rGO-PW12 asymmetric cell can be
successfully cycled in a wide voltage range up to 1.6 V which results in excellent
energy density of 39 Wh/kg (1.3 mWh/cm3) at a power density of 658 W/kg (23
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Abstract

Nanofabrication via “bottom-up” approach of hybrid electrode materials into well-defined
architecture is essential for the next generation miniaturized energy storage devices. This paper
describes the design and fabrication of reduced graphene oxide (rGO)/polyoxometalates (POMs)
based hybrid electrode materials and their successful exploitation for asymmetric
supercapacitor. Firstly, the redox active nanoclusters of POMs (phosphomolybdic acid (PMoi>)
and phosphotungstic acid (PW12)) are uniformly decorated on the surface of rGO nanosheets to
take full advantage of both charge-storing mechanisms (faradaic from POMs and electric double
layer from rGO). The as-synthesized rGO-PMoi> and rGO-PW 1, hybrid electrodes exhibits great
electrochemical performances with specific capacitance of 299 F/g (269 mF/cm?) and 370 F/g
(369 mF/cm?) in 1 M H,SO. electrolyte at 5 mA/cm?, respectively. Later, asymmetric
supercapacitors was fabricated using rGO-PMoi, as a positive and rGO-PW3i, as negative
electrodes. This novel rGO-PMo12//rGO-PW12, asymmetric cell could be successfully cycled in a
wide voltage window up to 1.6 V and hence exhibits excellent energy density of 39 Wh/kg (1.3

mWh/cm?) at a power density of 658 W/kg (23 mW/cm3).

Keywords: Asymmetric  supercapacitor, Nanocarbon, reduced graphene oxide,

polyoxometalates, Nanohybrid
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Introduction

The dominating applications of recent electronic devices such as portable devices
(mobiles, laptops etc.) as well as a storage of renewable energies (solar, wind etc.) requires
efficient energy storage devices [1, 2]. The most promising and convenient systems for energy
storage are batteries and supercapacitors (SCs) where the former stores the energy through
bulk redox reactions while in later charges are stored through either electrostatic (electric double
layer capacitance) or surface redox reactions (pseudocapacitor) [3, 4]. Among which SCs are
the promising once due to their delightful cycle stability, fast charge/discharge rate and, safe
and reliable operation [6]. However, the narrow energy storing capability of existing SCs
upsetting their practical application [7]. In this context, an emerging concept of fabricating
asymmetric SCs stimulate the energy storing capacity by extending the operating voltage
boundary of the device (E=0.5CV?) [1]. However, different charge storing mechanisms of both
electrodes in asymmetric cell limits their electrochemical performances. Therefore, it is very
crucial to investigate the electrode materials which can provide high electrochemical
performance in terms of wide operating voltage, high specific capacitance and extended cycling
stability.

The most intuitive approach to get higher energy density as well as power density for
SCs is to fabricate the asymmetric (hybrid) device with hybrid electrodes that helps to improve
capacitance as well as operating voltage (since E=0.5 CV?). The hybrid electrodes combines
the features of EDLC and pseudocapacitance (faradic) in a single electrode [8-10] which
consequently improves the capacitance.

Recently, the hybrid materials based on redox active polyoxometalates (POMs) with
carbon-based materials have shown a great potential for high performance SCs application [11-
15]. Basically, POMs are the polyatomic ion, usually consists an anion of the early transition

metals (such as V, Mo, W Ta, Nb etc.) linked with oxygen to form a three dimensional cluster
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[16, 17]. These nanometric molecular clusters are very stable and have a stable interaction with
various electrode materials like graphene, different conducting polymers [18-20]. One of the
most noteworthy properties of POMs is the ability of accept and release an electrons without
changing their structural features that makes it suitable electrodes for SCs. In addition,
anchoring these redox capable POMs nanometric molecular clusters on carbon materials,
effectively increase electroactive sites for electrochemical reactions and therefore resultant
electrochemical performance will be increased.

In present work, we have developed the novel asymmetric SCs device using the POMs
and graphene based hybrid electrodes. Primarily, the open-porous three-dimensional (3D)
reduced graphene oxide (rGO) was prepared using modified Hummers method. In order to
prepare hybrid electrodes, the surface of rGO nanosheets were uniformly anchored with
nanoclusters of phosphomolybdic acid (PMo12) and phosphotungstic acid (PWi2). As it will be
shown, these materials present a synergic combination with a dual charge storage mechanism:
electrical double layer (EDL, nanocarbons) and redox (faradaic, PMoi, or PWi2). The
electrochemical features of hybrid electrodes rGO-PMoi, and rGO-PW1, were investigated in 1
M H.SO. electrolyte with conventional three electrode configuration. In the next step,
asymmetric cell was assembled with rGO-PMo1; (positive electrode) and rGO-PW1. (positive
electrode) in 1 M H;SO. electrolyte. All the electrochemical properties were systematically

investigated.

Experimental
Preparation of rGO, rGO-PMo1, and rGO-PWa1, hybrids electrodes

Primarily, the graphene oxide (GO) was prepared by the modified Hummers method in
which natural graphite powder used as a source. In order to prepare reduced graphene oxide

(rGO) thermal treatment process was used. The suitable amount of GO was heated for 1 h at
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temperature 800°C under the flow of nitrogen. Later, the hybrid materials rGO-PMo1, and rGO-
PWi, were prepared according to our previous report [21, 22]. Firstly, 0.5 g of rGO was
dispersed in 200 ml of deionized water (DI) for 30 min with a probe sonicator. In which 10 mM of
phosphomolybdic acid or phosphotungstic acid was added into two separately sonicated 100 ml
rGO dispersion. Note that the concentrations of PMo12 and PW12 are already optimized in our
previous study in order to get uniform coating on rGO without aggregation. Furthermore, these
solutions were bath sonicated for 2 h and kept at room temperature for 24 h. Finally, the
products were filtered, washed with DI water and dried in a vacuum oven at 80 °C over night.
Electrochemical measurements

To measure the electrochemical properties of prepared hybrid material, electrode
preparation is very essential. The electrodes were fabricated on the piece of flexible carbon
cloth by casting a paste composed of active material (rGO-PMoi2 or rGO-PW12), acetylene black
and polyvinylidene fluoride (PVDF) in the ratio of 85%:5%:10% with few drops of N-methyl-2-
pyrrolidone (NMP). The cyclic voltammetry (CV) and galvanostatic charge—discharge (CD)
measurements were carried out using the Biologic VMP3 potentiostat. The asymmetric SC was
assembled using Swagelok® cells where rGO-PMo1, and rGO-PW 1, were taken as positive and

negative electrodes, respectively with 0.5 M H,SO. electrolyte socked separator.

Results and discussion

With very simple chemical strategy, two different hybrid materials such as rGO-PMoi.
and rGO-PWi, were prepared. The oxygen functional groups present at the surface of rGO will
acts as anchoring centers for the decoration of POMs (PMoi; and PW3i,). The effective
anchoring of POMs nanoclusters on rGO nanosheets were inspected by different surface
morphological techniques and shown in Figure 1. The rGO is composed of the ultrathin

nanosheets which allows the large active sites for holding the nanoclusters of POMs as seen in
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the Fig. 1 (a, b). More importantly, the interspace in between two neighboring nanosheets
allows the special “high-way” for the electron transport by maintaining the good ionic
conductivity. It is interesting to note that, the open porous morphology of rGO nanosheets
remains unaltered even after the heavy anchoring of POM nanoclusters (see S. |. S1). The rGO
surface is uniformly decorated with tiny nanoclusters of the POMs as confirmed from STEM
images (Fig. 1(c, d)). These tiny PMo:2> and PW12 nanoclusters attached to the rGO nanosheets
not only prevents the re-stacking of graphene but also forms mesopores which can provides
easy paths for ion diffusion and electron transport. The TEM-EDAX of the rGO-PMoi; and rGO-
PW 21, hybrid samples is shown in Fig. 1 (e, f) which clearly confirms the effective anchoring of
POMs on the rGO nanosheets as it shows the stronger peaks for Mo and W.

The broad XPS spectra for rGO-PMo1, and rGO-PW, hybrid are shown in Fig. 2 (a)
which undoubtedly specify the presence of carbon, oxygen and desired elements (Mo and W).
Fig. 2 (b) presents the narrow scan spectrum for the C1s which is fitted by three peaks at 288.5
eV, 284.4 and 285.2 binding energies confirming the formation of reduced graphene oxide
(rGO). Further, the core-level XPS spectrum of Mo3d for rGO-PMo:2 shows two pairs of
Gaussian peaks at the binding energies of 235.7 and 232.6 eV (see Fig. 2(c)). These peaks
correspond to 3ds, and 3ds; suggesting that molybdenum is in (VI) oxidation state [23, 24].
Similarly, for the rGO-PW1, sample, the narrow scan spectrum for W4f is fragmented into two
prominent peaks centered at the binding energies of 37.8 and 35.7 eV (Fig. 2(d)) which are
assigned for the 4fs;; and 4f7; levels of tungsten in the (V1) oxidation state [25]. BET analyses of
rGO, rGO-PMo:. and rGO-PW 1, showed that all the samples exhibit high surface areas of 242.4
m?/g, 231.2 m?/g and 237.3 m?/g (see S.I. S2). The slight decrease in the active surface for
rGO-POMs sample is attributed to the inclusion of the POM nanoparticles, which contribute

heavily to the total mass of the hybrid.
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To evaluate the operating potential range of the prepared hybrid electrodes for SCs
application, firstly it is necessary to carry out the electrochemical measurements in standard
three-electrode arrangement. Fig. 3 (a, b) shows the cyclic voltammetry curves for the rGO-
PMo:, and rGO-PW312 hybrid electrodes at different scan rates in 1 M H>SO4 electrolyte,
respectively. The CV curves for both the hybrid electrodes exhibit nearly rectangular nature with
obvious redox waves, confirming the dual charge storing mechanism such as EDLC
(nanocarbon rGO) and redox reactions (PMoi2 and PW1,). All the metal moieties such as Mo
and W in PMoi2 and PW3, are at the surface of nanoclusters, hence can be easily accessed by
the electrolyte ions, and thus undergoes the fast reversible multi-electron redox processes
similar to the quantum sized oxide particles. Further, it is interesting to note that, the shapes of
the CV profiles does not change at higher scan rate for both the hybrids, suggesting that the
rGO nanosheets actually facilitates fast electronic and ionic transport and thus improves the rate
capability of the electrodes. The galvanostatic charge-discharge measurements are carried out
at different current densities for both the hybrid electrodes (Fig. 3 (c, d)). The shapes of the
charge-discharge curves are considerably different from the ideal triangular shape, which
strongly suggest the involvement of both charge-storing mechanisms similar to the CV results.
Further, to calculate the rate capability of the prepared electrode, the specific and areal
capacitance is calculated for various current densities and plotted in Fig. 3 (e, f). The rGO-
PMo1, and rGO-PW 1, hybrid electrodes shows the highest specific capacitance of 299 and 370
F/g for the mass loading of 1 mg/cm? (269 and 370 mF/cm?) at lower current density of 5
mA/cm?, respectively. Amazingly, even at higher current density of 30 mA/cm? both the hybrid
electrode shows excellent capacity retention by maintaining about 52 and 65% initial
capacitance for rGO-PMoi, and rGO-PW 1, respectively.

The detailed charge storing kinetics can be revealed by the relation of current (i) and

scan rate in CV curves which is described by the following equation:
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i=an 1)

where i is the peak current (mA), vis the scan rate (mV/s), a and b are coefficients. The
value of b defines the type of charge-storing mechanism whether it is capacitive or diffusion-
controlled. While b = 0.5 suggest the semi-infinite diffusion-controlled process and b = 1
suggests the contribution from capacitive behaviour. The values of ‘b’ can be calculated by
fitting a plot of log(anodic current) vs log(scan rate) as shown in Figure 4 (a) which are found to
be 0.84 and 0.72 for rGO-PMosi, and rGO-PW1, hybrids respectively. This further confirms that
surface-controlled capacitive electrode process dominates the rGO-PMoi; and rGO-PWi;
hybrids electrodes [26]. Thus, the total voltammetric charge (q) stored in the electrode is a
contribution from surface capacitive (Q¢) and the diffusion-controlled charges (Qq) which can be

expressed as follow;

Qt=Qc + kv (2)

where, k is the constant and v is the scanning rate. Fig. 4 (b) is the plot of the Q; against
the reciprocal of the square root of the scan rate for for rGO-PMoi» and rGO-PW; hybrids. The
deviation in the linearity at high scan rate is due to the polarization effect which is ignored from
the above equation. The extrapolation of the linear fit to the data to the y-intercept give the
values of surface capacitive contribution (Qc). The plot of the capacitive (Q;) and diffusion-
controlled (Qq) contributions to the total stored charges at various scan rates is shown in Fig. 4
(c). Interestingly, at low scan rate (5 mV/s), the surface contributes around 62% and 59% of the
total capacity for rtGO-PMoi, and rGO-PW 1, electrodes, respectively. These results suggest that
the rGO-PMo1, and rGO-PWi, electrodes are mainly pseudo-capacitive (surface redox) in
nature during the charge/discharge process.

Fig. 5 shows the schematic illustration of asymmetric cell design based on rGO-PMo1,
and rGO-PW electrodes. It is seen that rGO-PMos. electrode works within the potentials of -0.2

Vto 1.0 V (vs, Ag/AgCI) while the rGO-PW1, shows the good CV trace within the potential range
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of -0.6 V to 1.0 V (vs, Ag/AgCl). Thus, it is interesting that, the adsorption of PWi, on the
surface of rGO nanosheets not only add extra redox-active species but also provides
overpotentials (S. I. S4). These unigue electrochemical features of rGO-PMoi2 and rGO-PW 1,
hybrid electrodes motivate us to pair them together in asymmetric cell which is expected to offer
high capacitance (due to dual charge storing in hybrids) with extended working voltage,
consequently high energy density. In this context, asymmetric SC is fabricated using the rGO-
PMo1. (positive electrode) rGO-PWi, (negative electrode) in 1 M H,SO, electrolyte. Note that,
the charges stored in both electrodes need to be balanced in order to take advantage of full
voltage window which can be done by balancing mass of the material [26]. Thus, the estimated
mass ratio is 1.7:1 for rGO-PMo12:rGO-PW 1> which results the total mass loading of 3.1 mg (in
both electrodes). The CV curves for rGO-PMo12//rGO-PW1, asymmetric cell at different scan
rates within voltage range of 1.6 V are presented in Fig. 6 (a). The CV curves exhibit box-
shapes with redox waves further confirming the effective utilization of the anchored redox-active
species (PMo12 and PW1y). In addition, the profile of CV curves is maintained even at high scan
rates suggesting excellent capacitive features of the rGO-PMoi.//[rGO-PW1, asymmetric cell.
The representative charge-discharge curve for rGO-PMo12//rGO-PW1, cell at a constant current
density of 15 mA/cm? with corresponding potential distribution across positive and negative
electrodes is shown in Fig. 6 (b). It is noted that the positive and negative electrode contributes
equal potentials for the full asymmetric cell. The positive electrode contribute the operating
potential from +0.4 to +1.2 V (Vs Ag/AgCl), while negative electrode works within +0.4 to -0.4 V
(Vs, Ag/AgCI). Thus, it is confirmed that the anchoring of PW1, onto rGO offers overpotential
and can effectively works as negative electrode in asymmetric cell as we expected (S. |. S5).
Furthermore, the charge-discharge curves for rGO-PMo12//rGO-PW 32 cell were measured at
various current densities (see Fig. 6 (c)). The CD curves are non-triangular in shape due to the

redox-active species and can be easily cycled in a wide voltage window of 1.6 V. To investigate
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the rate capability of rGO-PMo12//rGO-PW 32 device, the specific and volumetric capacitance is
estimated from charge/discharge curves and plotted in Fig. 6 (d). The asymmetric cell exhibits
the maximum gravimetric capacitance of 110.9 F/g (3.91 F/cm3, calculated by measuring the
volume of device, V= 0.0689 cm?) at lower current density of 2 mA/cm?. Moreover, even at high
current density of 20 mA/cm?, asymmetric cell maintains 40 % of its initial capacitance
suggesting good rate capability.

The energy and powder densities are the fundamental parameters of the energy storage
devices. Therefore, it is necessary to calculate these parameters by considering the charge-
discharge curves. Fig. 7 (a) presents the Ragone plot for the rGO-PMo1.//rGO-PW1, asymmetric
cell. The device show the high energy density of 1.39 mWh/cm? (39.45 Wh/kg) at power density
of 23 mW/cm® (658 W/kg). Furthermore, it is interesting to note that even at higher power
density of 232 mW/cm? (6583 W/kg) the asymmetric cell shows 0.5 mWh/cm? (15.63 Wh/kg)
energy density, suggesting excellent electrochemical features of the PMo012//rGO-PW1,
asymmetric SC. These values are considerably higher than the POM based symmetric and
asymmetric cells as well as other metal oxide based supercapacitors [12, 13, 21, 22, 28]. For
instance, Suppes et al. [28] assembled Polypyrrole/Phosphomolybdic Acid //Poly(3, 4
ethylenedioxythiophene)/Phosphotungstic Acid (PPy/PMo12//PEDOT/PW12) asymmetric cell and
reported specific energy of 4 Wh/kg (at specific power of 103 W/kg). The cycling stability is
another major issue of energy storage devices. The high cycling stability of the energy storage
devices are valuable for controlling the maintenance cost of the electronic devices. The stability
of our rGO-PMo12//rGO-PW1, asymmetric SCs cell is evaluated by running 2000 charge-
discharge cycles at identical current density of 10 mA/cm?2. Fig. 7 (b) represent the plot of
capacity retention and Coulombic efficiency with cycle number and the inset of figure shows few
CD cycles. The rGO-PMo1/[rGO-PW 1, device displays an excellent cycling stability by holding

the 95 % of its initial capacity and a Coulombic efficiency of almost more than 94 % after 2000

10
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cycles. The loss in the initial capacitance after 2000 charge-discharge cycles credited to the
surface redox reactions.

The electrochemical performance of the rGO-PMo12//rGO-PW 1. cell was investigated by
EIS measurements. Fig. 8 (a) displays the Nyquist plot for rGO-PMo012//rGO-PW1, asymmetric
cell which consists of very small equivalent series resistance (ESR) of 0.6 Q/cm?, obtained from
non-zero intercept on X-axis. The whole credit of excellent electrochemical performance goes to
the unique architecture of the electrodes as well as synergic contribution from rGO and POMs.
The uniform anchoring of POMs on the rGO nanosheets not only provides faradic contribution
but also enhance the electroactive surface area. The inset of Fig. 8 (a) shows the phase angle
of rGO-PMo1.//[rGO-PWi, cell which is close to 90° (6 ~ 75°), revealing an ideal capacitor
performance [29]. Moreover, the ideal capacitive behavior of the electrode is to estimate the
frequency at which the phase angle crosses 45° angle [30]. For example, the commercial
activated carbon based EDLCs shows a 45° phase angle at the frequency of ~0.2 Hz [31]. In
the present investigation, the rGO-PMo12//rGO-PW31, cell show the phase angle of 45° at a

frequency of ~5.24 Hz (to = 0.19 sec), suggesting a rapid frequency response and excellent

capacitive behavior. Furthermore, the electrochemical performance of the cell can also be

evaluated by calculating the real and imaginary capacitances at a corresponding frequency [32]:

C(@) =C (@) - JC (@)

3
C'(a)) = La))z
Where, | Z(w)] (4)
C'(w) = La))z
ol|Z(w)| (5)
11
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where ‘Z’ the complex impedance represented as Z (o) = Z' (o) + Z” (o) and o = 2=f where fis
the frequency. C’ (w) is the real accessible capacitance of the electrode while C” (w) is the
energy loss due to the irreversible processes of the electrodes, Z' and Z" are the real and
imaginary parts of the Nyquist plot, respectively. Further, Fig. 8 (b) gives the relation between
the real and imaginary capacitance with the frequency. The maximum capacitance is observed
at lower frequency this is due to the capacitor acts as open circuits at lower frequency while it
acts as a short circuit as the frequency goes to infinity. That is why the value of capacitance
decreases with increasing frequency, as shown in Fig. 8 (b). In general, at low frequency SCs
takes more time to charge and discharge, therefore all the active sites take part in charge
storage. On the other hand, at higher frequency SCs takes very low time for charge-discharge

process that results in lower capacitance.

Conclusion

The nanocomposites of rGO-PMoi, and rGO-PWi, were successfully synthesized by
economical and scalable two-step process which led to the formation of homogeneously
dispersed POMs nanoclusters on the rGO nanosheets. The prepared nano-hybrid led to
reaching a maximum specific capacitance of 299 and 370 F/g for rGO-PMo12 and rGO-PWi3,
respectively. The credit for this excellent electrochemical performance goes to unique
architecture, better charge transport property of rGO and intimate contact of POMs nanoclusters
with rGO. Moreover, the novel rGO-PMo1,//rGO-PW1, asymmetric cell is assembled which
exhibits a specific capacitance of 110 F/g and 95 % cycling stability over 2000 cycles. In
addition, the asymmetric cell shows high energy density of 39 Wh/kg and high power density of
6583 W/kg, suggesting the potential of this new hybrid device based on hybrid electrodes for

many promising energy storage applications.

12
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Figure captions
Fig. 1 (a, b) SEM images (c, d) STEM images of hybrid materials rGO-PMo1. and rGO-PWi»

with corresponding TEM-EDS elemental analysis (e, f), respectively.

Fig. 2 (a) Full XPS spectra for rGO-PMo1, and rGO-PW1, hybrid materials, (b-d) high magnified

XPS spectra for C1s, Mo3d and W4, respectively.

Fig. 3 (a, b) cyclic voltammetry (CV) curves of rGO-PMo:. and rGO-PW12 hybrid electrodes at
different scan rates, respectively, (c, d) galvanostatic charge/discharge (CD) curves of rGO-
PMoi, and rGO-PWi, electrodes at different current densities, respectively, (e, f) Plots of
specific and areal capacitances versus current density for rGO-PMo1, and rGO-PWi, hybrid

electrodes, respectively

Fig. 4 (a) Plots of Log(anodic current density) versus Log(scan rate) for rGO-PMo;, and rGO-
PW12 in order to determine the b -values in the CV curves from 5 to 100 mV/s in 1M H,SO4
electrolyte, (b) The plot of total gravimetric charge against the reciprocal of the square root

of potential scan rate for rGO-PMoi> and rGO-PW1, hybrid electrodes, (c) The distribution of
capacitive and diffusion controlled charge storage in rGO-PMo1, and rGO-PW, hybrid electrdes

at different scan rates

Fig. 5 Schematic illustration of fabrication of asymmetric supercapacitor with rGO-PMo1, as

positive electrode and rGO-PW 1, as negative electrode in order to achieve wide voltage window.

Fig. 6 (a) CV curves for rGO-PMo1.//[rGO-PW1, asymmetric cell at different scan rates within

operating voltage range from 0 to 1.6 V. (b) representative charge/discharge curve measured at
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15 mA/cm?for the rGO-PMo//[rGO-PWi, asymmetric cell with corresponding potential
distribution across positive (rGO-PMo12) and negative (rGO-PW12) electrodes. (¢) CD curves for
rGO-PMo1//[rGO-PW; cell at different current densities within 0 to 1.6 V and (d) variation of

specific and volumetric capacitance at different current densities.

Fig. 7 (2) Ragone plot for rGO-PMo1.//rGO-PW1, asymmetric cell and (b) variation of Coulombic

efficiency and capacitive retention with cycle numbers for rGO-PMo12//rGO-PW 12 device.

Fig. 8 (a) the Nyquist plot for rtGO-PMo1.//rGO-PW1, asymmetric cell, inset shows bode plot and

(b) the variation of real and imaginary capacitance with frequency for rGO-PMo1.//rGO-PW12

device.
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