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ARTICLE INFO ABSTRACT

The restacking of graphene sheets leading to poor electrical conductivity and reduced surface area strongly
affects the capacitance properties of reduced graphene oxide (RGO). Many strategies employed to mitigate the
restacking issue include the introduction of spacer materials between the graphene layers, hetero atom doping,
compositing with metal oxides, etc. Herein, we report the enhancement of the capacitance properties of RGO by
the addition of a small amount of redox active compounds, such as benzoquinone, KI, and Nal in the electrolyte.
RGO is prepared by chemical exfoliation of graphite followed by a hydrothermal reduction in the presence of a
small amount of hydrazine hydrate. The quality of prepared RGO is examined by microscopic and Raman
spectroscopic studies. X-ray photoelectron spectroscopic studies reveal doping of 1.97 atomic weight % of ni-
trogen in RGO. The specific capacitance values of 105, 244, 322 and 414 F g~ ! at a current density of 2A g ™! are
obtained for RGO in 0.25M H,SO, and 0.25M H,SO, containing 0.05M of Nal, KI and benzoquinone, re-
spectively. The enhancement in the specific capacitance of RGO is attributed to the reversible redox reaction of
the additives. Interestingly, the mechanism of charge storage of RGO in Nal and KI containing electrolytes is
different. Owing to rather slow kinetics of redox reaction of electrolyte additives, the rate performance of RGO
has slightly compromised in redox active electrolytes.
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1. Introduction

Graphene has been studied extensively as an electroactive material
for supercapacitors because of its exciting properties such as high the-
oretical surface area (2630 m? g~ 1), excellent conductivity, outstanding
mechanical stability and high theoretical specific capacitance
(550F g~ 1) [1-3]. However, production of high quality, optically
transparent, single-layered graphene even in a small scale (few grams)
is still challenging. Hence, research community focuses on synthesizing
few-layered graphene by chemical methods. Among various chemical
methods of preparation of few-layered graphene, Hummers’ method is
the most efficient [4]. Typically, few-layered graphene is prepared by
oxidation of graphite followed by exfoliation of graphite oxide and
subsequent reduction of graphene oxide. The few-layered graphene
thus prepared is known as reduced graphene oxide (RGO) [5].

The major drawbacks of chemically synthesized RGO are (i) reduced
electrical conductivity and (ii) low specific surface area, which in turn
affect the capacitance properties [6]. Reduced electrical conductivity
mainly arises from the presence of residual (unreduced) oxygen-based
functionalities, whereas, van der Waals forces acting between the
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graphene sheets cause the agglomeration of sheets and consequently
lead to the low specific surface area [7]. To mitigate these issues, sev-
eral efforts have been devoted with the sole aim of improving the ca-
pacitance properties of RGO, which include, the introduction of spacers
between the graphene sheets, hetero atom doping, compositing with
metal oxides or conducting polymers [8-14], etc. Besides these, the
capacitance properties of RGO can also be improved by the addition of
redox couples in the electrolyte [15]. This strategy has been success-
fully adopted to improve the capacitance properties of activated
carbon. Although this is a facile strategy and has huge potential, there
are only very few reports on the usage of redox additive in the elec-
trolyte to improve the capacitive storage performance of RGO [16-19].
For instance, Sankar and Selvan [16] have studied the effect of con-
centration of redox additive, KI on the capacitance properties of RGO. G
K Veerasubramani et al. [17] have used sodium molybdate to improve
the capacitance performance of flexible supercapacitor fabricated using
RGO. Herein, the redox reactions of iodide/triiodide and quinone/hy-
droquinone are exploited to improve the capacitance properties of
RGO. Also, the charge storage mechanism of RGO in redox active
electrolytes is reported.
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Fig. 1. (a, b) SEM and (c, d) TEM images of RGO.

2. Experimental

All the chemicals used in the present study were purchased from
Sigma-Aldrich and Merck.

Graphene oxide (GO) was synthesized by modified Hummers’
method [4]. In brief, 1 g of graphite was oxidized using 3 g of potassium
permanganate and 0.5 g of sodium nitrate in an acidic medium (24 mL
of con. H>SO,) at 5 °C. To this pasty mixture, 100 mL of double distilled
(DD) water was added drop by drop. During the slow addition of DD
water, the temperature of the mixture was increased suddenly to 90 °C,
which was then allowed to attain room temperature naturally. Subse-
quently, 10 mL of 30% H,0, was added to terminate the reaction. Thus
obtained graphite oxide was washed several times with 1 M HCI and DD
water consecutively until the pH became close to neutral. The washed
colloidal dispersion was sonicated for 2h to get clear dispersion of
graphene oxide (GO). Subsequently, the exfoliated GO was separated by
centrifuging the suspension at a high speed of 14,000 rpm and then it
was vacuum dried at 60 °C for 12 h.

The as-prepared GO was reduced hydrothermally using hydrazine
hydrate as a reducing agent. Typically, 60 mL of DD water was added to
160 mg of GO and subjected to sonication until the clear dispersion of
GO was obtained. Subsequently, 18 uL of hydrazine hydrate was added,
and the content was maintained at 180°C for 12h in Teflon lined
stainless steel autoclave. The obtained black coloured product was
washed with DD water followed by ethanol and then dried under va-
cuum at 60 °C.

The morphology of the as-synthesized RGO was studied using FEI
scanning electron microscope, PHILIPS, XL30 SFEG, and transmission
electron microscope, JEOL, JEM 2100F. Raman spectrum of RGO was
recorded using Raman spectrophotometer, i Raman Plus, B&W TEK,
USA, in which, a green laser (wavelength of 532 nm) served as an ex-
citation source. The elemental composition of RGO was examined using
X-ray photoelectron spectrophotometer (Thermo Scientific K-Alpha,

USA) using monochromatized Al Ka as a source. All the X-ray photo-
electron spectra were calibrated against adventitious carbon (C 1s
binding energy, 284.6 eV) and analyzed using XPSPEAK 41 software. A
Shirley-type background was subtracted from the recorded spectra and
then curve fitting was carried out with a combination of Gaussian and
Lorentzian curves (Voigt type) after adding required number of p-type
sub-peaks. The fitting was carried out until x? value of < 1 was ob-
tained. The derived binding energies are accurate to + 0.1 eV. The N,
sorption isotherm was recorded at 77 K using accelerated surface area
and porosimetry system, Autosorb-iQ station 2. Prior to surface area
measurements, RGO was degassed at 120 °C for 12 h under vacuum.

To study the capacitance properties, composite electrodes of RGO
were prepared by manually casting the slurry on both sides of high
purity stainless steel (SS) foil. The slurry was prepared by mixing RGO
with a conductive carbon (carbon black, super P) and a binder (poly-
vinylidene fluoride) in the weight ratio of 7:2:1 followed by addition of
a few drops of 1-methyl-2-pyrrolidone. The cast electrodes were va-
cuum dried at 110 °C for 8 h prior to the capacitance measurements.
The capacitance properties of the composite electrodes were studied in
0.25M H,SO, (pristine electrolyte) and redox active electrolytes
(0.25M H,S0,4 containing 0.05M of Nal or KI or benzoquinone). The
cyclic voltammograms and galvanostatic charge-discharge cycling were
recorded between 0 and 0.8V vs Ag/AgCl. Electrochemical impedance
spectra (EIS) were recorded in the frequency range of 100kHz to
100 mHz by exciting the cell with a sinusoidal voltage of 10 mV am-
plitude at a DC potential of 0.4 V. EIS were fitted using software, Z Fit
and an appropriate equivalent circuit was generated. All the electro-
chemical measurements were performed using potentiostat/galvano-
stat, Biologic SP-200 in a three-electrode configuration.

3. Result and discussion

The formation of few-layered graphene is observed from the SEM
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Fig. 2. (a) Raman spectrum and (b,c) deconvoluted Raman spectra of RGO.

images (Fig. 1a, b) of RGO. The TEM images of RGO (Fig. 1c, d) confirm
the formation of large, thin sheets of few-layered graphene. Owing to
aggressiveness of the chemicals used for the synthesis of RGO, wrink-
ling is observed at the edge of sheets. Raman spectrum of single-layered
graphene is expected to show characteristic G and 2D bands with an
Iop/Ig ratio of ~2 [20,21]. However, owing to the introduction of de-
fects/disorders, few-layered graphene synthesized by chemical ex-
foliation method, as in the present case, exhibits disordered or defective
band (D band) besides G and 2D bands (Fig. 2a). The observed shift in
the position of G band is an indication of nitrogen doping in RGO [22].
Further, the very low value of I,p/Ig (0.071) obtained for as-synthe-
sized RGO after deconvolution of D, G and 2D bands (Fig. 2b and C)
suggests multiple layers of graphene (more than five layers) [21].

To further confirm the nitrogen doping in RGO and to quantify the
different types of nitrogen, X-ray photoelectron spectrum was recorded
and analyzed. The survey spectrum of RGO (Fig. 3a) exhibits peaks
corresponding to carbon, nitrogen, and oxygen only. While unreduced
oxygen-based functionalities exhibit peak for oxygen, the observed
peak for nitrogen confirms doping of nitrogen in RGO. As given in
Table 1, 1.97 atomic weight % of nitrogen is found in RGO. Further,
deconvolution of core level Cls spectrum of RGO (Fig. 3b) shows the
presence of four different types of carbon (C—C/C=C, C—N, C—O and
C=0), whereas, two different types of oxygen (C=0 and COO ™) are
found in the deconvoluted core level O1s spectrum of RGO [23,24]. The
core level N1s spectrum of RGO (Fig. 3d) is deconvoluted into four sub-
peaks corresponding to four different types of nitrogen, namely, pyr-
idinic (16.49%), pyrrolic (15.23%), quaternary (37.92%), pyridinic
oxide (30.36%) and their relative proportion is shown in Fig. 4. As
reported in the literature, doping of pyridinic and pyrrolic type nitrogen
in RGO is advantageous since they can contribute to the capacitance of
RGO via Faradaic reactions [25]. Also, quaternary nitrogen, as the
major contributor, is expected to improve the electrical conductivity of
RGO [26-28].

The nitrogen adsorption-desorption isotherm of RGO (Fig. 5a) de-
monstrates type IV behaviour with very wide H2 type hysteresis loop
(relative pressure (P/P,) range of 0.23 to 0.93), indicating mesoporous
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characteristics of the RGO with a large number of mesopores. The
Brunauer-Emmett-Teller (BET) surface area, which accounts for all
types of pores (micro, meso, and macropores), is high (376 m? g~ 1).
However, there is a substantial contribution from the micropores as
inferred from the steep increase in the volume of nitrogen adsorbed at
very low relative pressure. Since micropores are not very suitable for
charge storage [29], BJH surface area, which takes account of only
mesopores, is calculated and it is also high (289 m?g~1). The single
point pore volume is found to be 0.312cm>g™~'. The BJH pore size
distribution obtained from the desorption branch of the isotherm
(Fig. 5b) is narrow with a peak at 3.840 nm, which confirms ordered
mesoporosity in RGO. The high surface area and large pore volume, in
addition to the presence of uniform mesopores, would provide more
active sites for charge storage and decrease the diffusion path of ions,
resulting in high utilization of the active material [30].

The cyclic voltammogram (CV) of RGO recorded in an aqueous
0.25M H,S0, electrolyte (Fig. 6a) shows nearly rectangular shape with
a small deviation at around 0.3 V. This observed deviation from the
rectangular shape is attributed to the Faradaic reaction of doped pyr-
rolic and pyridinic nitrogen of RGO. Upon addition of a small amount of
benzoquinone corresponding to 0.05M into aqueous 0.25M H,SO4
electrolyte (H,SO4-Q), an anodic and a cathodic redox peak is observed
at 0.380 and 0.171V, respectively. The benzoquinone turned into hy-
droquinone as soon as it was added into pristine H,SO, electrolyte [31],
and the hydroquinone formed undergoes oxidation to benzoquinone
during charging (forward scan) and reduces to hydroquinone during
discharging (reverse scan) corresponding to transfer of two electrons as
shown in equation (1). Owing to this redox reaction, the area under the
CV of RGO recorded in H,SO4-Q electrolyte is larger than that in the
pristine H>SO, electrolyte, indicating higher specific capacitance for
RGO in H,S04-Q electrolyte than in pristine H,SO, electrolyte.

OH o)

+ 2H' + 2¢

OH o) (@)

The charge-discharge cycles of RGO were recorded in pristine
H,SO,4, and H,SO4-Q electrolytes at various current densities and ty-
pical charge-discharge curves recorded at a current density of 2Ag~!
are shown in Fig. 6b. While the potential of RGO increases/decreases
linearly during charging/discharging in the pristine H,SO, electrolyte,
plateaus centred around 0.3 V is observed in the charge-discharge cycle
of RGO recorded in H>SO4-Q electrolyte. Since charge-discharge profile
of RGO in H,S04-Q electrolyte is non-linear, the specific energy and the
specific capacitance values are calculated using the following equations
[32].

Specific energy (Ep) = area under the discharge curve/Am-3.6 )]

As shown in the equation (3), area under the discharge curve is
obtained by integrating the discharge curve with respect to time.

(Umin)
areaunder thedischargecurve =1/ U (t)dt
(Umax ) 3
where I is the current (A), U is the potential (V) and Am is mass of the
electroactive material (g). The corresponding specific capacitance is
calculated using the following equation:

specific capacitance = 2Eq,/ Uz, 4

Accordingly, a specific capacitance of 414F g~ ! obtained at a cur-
rent density of 2A g™~ for RGO in H,S0,-Q electrolyte is almost four
times the specific capacitance obtained for RGO in the pristine H,SO4
electrolyte (105Fg_1). This is attributed to the redox chemistry of
benzoquinone (equation (1)). The variation of specific capacitance of
RGO as a function of discharge current density in both the electrolytes
is shown in Fig. 6¢c. While RGO retains 65.71% of its initial specific
capacitance value in pristine H,SOj, electrolyte, retention of only 51.4%
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Fig. 3. (a) Survey and deconvoluted core level Cls (b), Ols (c) and N1s (d) X-ray photoelectron spectra of RGO.

Table 1
Elemental composition of RGO.

Element Peak position (eV) Relative atomic weight %
Carbon 284.62 86.02
Nitrogen 400.20 1.97
Oxygen 532.70 12.01
40 - 37.92%
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Fig. 4. The proportion of various nitrogen-based functionalities present in RGO.

of initial specific capacitance value of RGO is witnessed in HySO4-Q
electrolyte, which is attributed to the combined effect of reduction in
the conductivity of the electrolyte on the addition of benzoquinone
(Table 2) and inherent slow reaction kinetics of benzoquinone/hydro-
quinone transformation [31].

The CV of RGO recorded in the pristine H,SO, electrolyte, 0.25M
H,SO,4 containing 0.05M Nal (H,SO4-Nal) and 0.25M H,SO,4 con-
taining 0.05 M KI (H,SO4-KI) are shown in Fig. 7. As discussed earlier,
due to the Faradaic reaction of doped pyrrolic and pyridinic nitrogen,
the CV of RGO recorded in pristine H,SO4 electrolyte shows a potential-
dependent change in the voltammetric current below 0.4V and po-
tential independent stable voltammetric current above 0.4V due to
adsorption/desorption of ions at the electrode/electrolyte interface.
Addition of redox active compounds, Nal or KI into pristine H,SO4
electrolyte results in the appearance of reversible redox peaks. The
charge associated with the CV curves of RGO follows this order: HySO4-
KI > H,SO4-Nal > pristine H,SO, electrolyte, indicating the highest
specific capacitance for RGO in H,SO4-KI electrolyte. It has been re-
ported that the following redox reactions (equations (5) to (8)) are
possibly responsible for the observed redox peaks in the H,SO4-KI
electrolyte [16].

3 o I3 + 2e” 5)
2I- & I, + 2e” (6)
215 © 3L, + 2e” %)
L + 6H, O« 2105 + 12H* + 10e~ (8)

To understand the mechanism of charge storage in RGO due to the
redox chemistry of Nal and KI, UV-visible spectra were recorded at
various states of charge (SoC) and are shown in Fig.7b and c. The
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Table 2

The ionic conductivity of pristine electrolyte (0.25 M H,SO,4) and 0.25 M H,SO4
containing 0.05M Nal (H,SO4-Nal), 0.05M KI (H,SO4-KI), 0.05M benzoqui-
none (H>SO4-Q).

S. No. Electrolyte Tonic conductivity (mSem™?)
1 Pristine H>SO4 100.1

2 H,S04-Nal 113.2

3 H,S0,4-KI 128.7

4 H,S04-Q 97.0

UV-visible spectra of H,SO4-Nal (Fig. 7b) and H,SO4-KI (Fig. 7c) elec-
trolytes recorded at open circuit potential exhibit only one peak cor-
responding to iodide ions, suggesting the presence of iodide ions in the
electrolyte on the addition of either Nal or KI into pristine H,SO4
electrolyte [33-35]. The UV-visible spectra of both electrolytes (H,SO4-
Nal and H,SO4-KI) recorded after charging the electrode to SoC of
100% show characteristic peaks corresponding to triiodide ions, which
disappear on discharging the electrode completely to SoC of 0% [35].
However, in the case of H>SO4-Nal electrolyte, a less intense peak
corresponding to iodine (inset of Fig.7b) is also observed at SoC of
100% [35]. Thus, the mechanism of charge storage of RGO in H>SO,4-KI
electrolyte is shuttling of iodide and triiodide ions during charging and
discharging processes as given in the equation (5). Besides, shuttling of
iodide and triiodide ions during charging and discharging processes, the
conversion of iodide ions into iodine and back to iodide ions (equation
(6)) also contribute to the charge storage of RGO in H,SO4-Nal elec-
trolyte. Further, it can also be inferred from Fig. 7b and c that the in-
tensity of peaks corresponding to triiodide ions is higher for HySO4-KI
electrolyte than for H,SO4-Nal electrolyte suggesting that the

conversion of iodide ions into triiodide ions is more feasible in H,SO4-
KI electrolyte than H>SO4-Nal electrolyte.

To understand further, CVs of RGO were recorded at various sweep
rates in both H>SO,4-Nal and H,SO4-KI electrolytes and are presented in
Figs. 8a and 9a, respectively. As it can be seen, on increasing the sweep
rate, there is an increase in anodic (Ip,), cathodic (I,.) peak currents and
an increase in the peak potential difference (AE,). The anodic and
cathodic peak current values from the CVs recorded at various sweep
rates were plotted against the square root of sweep rate and it was fitted
to a straight line (Figs. 8b,c, and 9b,c). Both anodic and cathodic peak
current values exhibit near linear variation with the square root of
sweep rate, which suggests that the redox reactions are diffusion-con-
trolled following Randles-Sevéik equation (9).

I, = —2.69 X 10°A Cn*2D!/2y1/2 9)

where A is an area of the electrode, C is a concentration of the active
species, n is a number of electrons involved in the reaction, D is dif-
fusion coefficient of the active species, and v is sweep rate. The ob-
served slight deviation from the linear variation of peak currents with
the square root of sweep rate is due to the poor reaction kinetics of
redox active compounds (Nal and KI) at higher sweep rates. From the
slope of the linear plot, the diffusion coefficient was determined using
equation (9). The diffusion coefficients calculated from the slope of the
Figs. 8b and 9b using Randles-Sevéik equation are 4.08 x 10~° and
3.38 x 10~ °ecm?s ™!, for H,S04-Nal and H,SO4-KI, respectively. The
observed higher diffusion coefficient for H,SO4-KI than for H,SO4-Nal
electrolyte is indicative of higher conversion of iodide ions into triio-
dide ions in H»SO4-KI than in H,SO4-Nal electrolyte.

Galvanostatic charge-discharge cycles of RGO recorded in pristine
H>SO,4, H>SO4-Nal and HoSO4-KI electrolytes are presented in Fig. 10a.
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As mentioned earlier, the charge-discharge profile of RGO in pristine
H,SO, electrolyte exhibits a linear increase and decrease in the po-
tential during charging and discharging, respectively with a small de-
viation around 0.3 V. Owing to shuttling of iodide and triiodide ions in
the H,SO4-KI electrolyte, clear plateaus are observed in the charge-
discharge profile of RGO. Though there is shuttling of iodide ions into

iodine in addition to shuttling of iodide and triiodide ions, only a small
deviation from the linear variation of potential with time is observed in
the charge-discharge curve of RGO recorded in H,SO4-Nal electrolyte,
which can be ascribed to lower conductivity of H,SO4-Nal electrolyte
than H,SO4-KI electrolyte (Table 2) and inherent poor ionic con-
ductivity of iodine formed during charging. The specific capacitance of
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(c) as a function of square root of sweep rate.

RGO calculated from the charge-discharge curves recorded at a current
density of 2Ag~! following Lahesir et al.’s recommendation [35]
follows the order: H,S0,4-KI (322F gfl) > H,SO,4-Nal
(244Fg~1) > pristine H,SO, electrolyte (105Fg~1). Among three
electrolytes, the highest specific capacitance obtained for RGO in
H,S04-KI electrolyte is attributed to (i) facile shuttling of iodide and
triiodide ions and (ii) higher ionic conductivity of H>SO4-KI electrolyte
(Table 2) than pristine and H,SO4-Nal electrolytes.

The variation of specific capacitance of RGO as a function of dis-
charge current density in pristine H,SO4, H2SO4-Nal and H,SO4-KI
electrolytes are shown in Fig. 10b. The retention in the specific capa-
citance of RGO when the current density is increased from 2to 10 Ag ™!
follows this order: pristine H,SO; (65.71%) > H,SO4-KI
(63.04%) > H,SO4-Nal (60.24%). A small decrease in the rate per-
formance of RGO in redox active electrolytes (H,SO4-KI and H,SO,-
Nal) is attributed to the sluggish kinetics of reactions (5) and (6). Owing
to facile shuttling of iodide and triiodide ions than iodide ions and io-
dine, comparatively better rate performance is achieved for RGO in
H>SO4-KI electrolyte than in H,SO,4-Nal electrolyte.

To study the influence of redox additives on the self-discharge, RGO
electrodes were charged to upper cutoff potential in all the electrolytes
and variation of potential as a function of time was monitored for 5h
without connecting to load (Fig. 11). The potential of RGO electrode in
pristine H,SO4 electrolyte drops from the upper cutoff potential to
0.45V in about 30 min and then decays marginally. In the case of
H,SO4-KI and H,SO4-Nal electrolytes, there is a loss of only 175 mV
over a period of 5h owing to higher ionic conductivity of H,SO4-KI and
H,SO4-Nal electrolytes than pristine electrolyte (Table 2). However, the
potential of RGO electrode in H,SO4-Q electrolyte drops drastically to

(@)
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Fig. 11. Self-discharge profile of RGO recorded in pristine H>SO4, H2SO04-Q,
H,SO,4-Nal and H,SO4-KI electrolytes for a period of 5h.

0.2 and 0.1V in 30 and 60 min, respectively and then it stabilizes
around 0.1 V. Though RGO exhibits highest specific capacitance in
H>S04-Q electrolyte, its rate performance and self-discharge are poor.
This is attributed to decrease in the conducting of the electrolyte on
addition of benzoquinone (Table 2).

. (b)
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L
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Fig. 10. (a) Charge-discharge cycle of RGO recorded at a current density of 2 A g~ ' and (b) variation of specific capacitance of RGO as a function of discharge current

density in pristine HSO4, HoSO4-Nal and H,SO4-KI electrolytes.
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4. Conclusion

The redox chemistry of electrolyte additives such as benzoquinone,
KI, and Nal are exploited to improve the capacitance properties of RGO.
The specific capacitance values of 105, 244, 322 and 414Fg~! are
obtained at a current density of 2Ag~! for RGO in pristine H,SOs,
H,S04-Nal, H,SO4-KI and H,SO4-Q electrolytes, respectively. The en-
hancement in the specific capacitance of RGO in H,SO4-Q electrolyte is
attributed to the reversible redox reaction of quinone/hydroquinone.
The mechanistic studies reveal that reversible conversion of iodide ions
into triiodide ions contributes to the enhancement of the specific ca-
pacitance of RGO in H,SO4-KI electrolyte. Besides above referred re-
versible conversion of iodide ions into triiodide ions, reversible shut-
tling of iodide ions and iodine also contributes to the enhancement in
the specific capacitance of RGO in H,SO4-Nal electrolyte. Hence, the
addition of redox active compounds to the electrolyte is a facile strategy
to improve the capacitance of RGO. However, owing to the compara-
tively slow kinetics of reversible redox reactions of the additives, the
rate performance is slightly compromised.
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