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Abstract
The electrochemical properties and high-density energy storage performance of graphene nano-platelet-based solid-state electri-
cal double-layer supercapacitor device are reported. The graphene device is fabricated with electrolyte comprising of 1-butyl-3-
methylimidazolium tetrafluoroborate (BMIMBF4) room temperature ionic liquid and LiClO4 dopant entrapped within polymer
matrix formulated as a gel. Themesoporous graphene electrode was formed via dispersion in amorphous polyvinylidene (PVdF2)
host over flexible graphite sheets with minimal graphene layer (< 5-layer) stacking. Exploiting the abundance of charge ion
species in the ionic liquid gel electrolyte and pervasive accesses to the graphene platelets via voids, high double-layer specific
capacitance of 214 Fg−1 was realized based on cyclic voltammetry data. Impedance studies show a low (0.79 Ω cm2) charge
transfer resistance and a short Warburg range indicating highly diffusive ionic transport capability in the ionic liquid gel
electrolyte. The Bode analysis showed high figure of merit for pulse power with 1145 ms response time and high-density
(27 kWkg−1) pulsed power capability of the graphene supercapacitor. The charge–discharge data show graphene supercapacitor
by availing high (~ 2 V) stable potential window in ionic liquid electrolyte gel greatly boosted the energy density to 33.3Whkg−1

at power density 3 kWkg−1 with minimal decrement to 24.7 Whkg−1 at high ~ 3 Ag−1 discharge current density. By integration
with solar cells, direct storage of light-generated electricity and discharge behavior of ionic liquid electrolyte graphene
supercapacitor is reported.

Introduction

Supercapacitors as electrical energy storage devices are most
attractive for high-power applications. These have long cycle
life and fast charge capability and require little maintenance.
The energy storage in supercapacitors is basically by Faradaic
redox mechanisms or by formation of an electrical double
layer (EDL) much different from the battery mechanism
which involves the chemical reactions rather than the physical
process of ion absorption and accumulation [1]. The

supercapacitors which utilize the fast and reversible Faradaic
surface and bulk redox reactions for the energy storage are
mostly based on the transition metal (hydro) oxides [2] and
electrically conducting polymers (ECP) [3]. The EDL
supercapacitors on the other hand are based on high surface
area activated carbon (AC) which provide vast interface for
the accumulation of ions at the interface with the electrolyte.
However, the access to electrolyte ions herein is only limited
to a small fraction of the interface resulting in somewhat lower
specific capacitance [4]. The electrodes based on the struc-
tured carbons like carbon nanotubes (CNT) have larger sur-
face area and a distributed open pore structure accessible to
the electrolyte ions [5], but are mostly used as composites with
pseudocapacitive conducting polymers in order to boost the
capacitance density. This results in a slower charge-discharge
response and also affects the cyclic stability [6].

Graphene, comprising entirely of sp2-bonded carbon in the
form of two dimensional layer, characterized by large surface
area tunable up to theoretically predicted 2675 m2 g−1, high
electrical conductivity, and mechanical flexibility have
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emerged as the potential EDL supercapacitor electrode mate-
rial for the next generation energy storage devices with high-
power capabilities [7–17]. In order to avail the maximum ad-
vantage of the graphene potential, the optimum choice of the
electrolyte plays an important role. In particular, the built-up
of the electrical double layer is dependent on the concentration
and mobility of the participating ions and electrical conduc-
tivity of the electrolyte. Most past work on the graphene EDL
supercapacitors has been reported on liquid organic electro-
lytes [7–13] which due to the limitation of < 2.5 V, chemically
stable potential range and low electrical conductivity impede
the realization-optimized capacity of graphene. Further, the
inherent issues with liquid electrolytes which have adverse
long-term effects on the supercapacitor functionalities are re-
lated to overcharging, corrosion, leakage-loss, short storage
lifespan, and environment hazard.

In this context, the supercapacitors based on solid-state
electrolytes have received extensive research impetus as
these can be integrated with low-power electronics with-
out any form factor concerns. Such supercapacitor devices
assembled in the solid-state and flexible formats can be
seamlessly integrated with the emergent flexible, wear-
able, and low-cost disposable electronics and therefore
have much utility in highly adaptable energy storage
[18–20] for high-power delivery. Combined with the solar
cells [21], these can harvest, store, and condition the light-
generated energy for diverse applications such as internet-
activated electronics and wireless sensor networks [22,
23]. The liquid electrolyte–based supercapacitors on the
other hand are assembled in the conventional cylindrical
metal-encased forms using high safety encapsulation and
thus are bulky. These are therefore less adaptive to inte-
gration of graphene supercapacitors in photovoltaic mod-
ules, fuel cells, or portable and flexible electronics
applications.

The solid-state electrolytes are commonly based on
cross-linked solid polymer or gel-polymer matrix which
holds either neutral electrolyte salts or aqueous acidic or
alkaline electrolyte phases [24]. The solid polymeric elec-
trolytes have higher operating potential window spanning
3–4 V for better energy density, but have low conductivity
in the range < 10−6 Scm−1. Several studies are reported on
activated carbon supercapacitors using solid-state electro-
lytes such as PVA-hypergrafted SiO2 matrix with LiClO4

with conductivity of 1.51 × 10−4 Scm−1 [25] and PVA-
Na2SO4 hydrogel electrolyte [26] or PVA-LiClO4 gel-
electrolyte [27] with potential window of 1.8 V and
1.2 V, respectively. Similar studies in graphene have been
aimed at flexible supercapacitors using cellulose-PVA-
H2SO4 [28–30], micro-patterned interdigitated reduced
graphene oxide electrodes using H3PO4/PVA gel electro-
lyte [31] or the solution cast Nafion [32]. These aqueous
gels with low (0–1 V) voltage range have low-energy-

power capability and suffer from water loss when used
over wider temperature range critically affecting the
performance.

Ionic liquids, with abundantly available charged ion spe-
cies, chemically stable over practical temperature range, non-
hazardous and having low vapor pressure offer a better option
for EDL supercapacitors [33]. Further, most ionic liquids with
wide stable potential range 1–4 V, [34] present an opportunity
for achieving higher energy density beyond what is possible
with organic electrolytes like acetonitrile which, due to toxic-
ity and flammability, are less preferred. The graphene EDL
supercapacitors have been reported using various ionic liquids
in the solution form and a wide ranging specific energy and
power values were demonstrated depending on the structural
forms of graphene combined with the chemical nature of the
ionic liquids [35–43].

The ionic liquids when entrapped within a polymer ma-
trix of a gel polymer electrolyte could ameliorate the defi-
ciencies of the conventional polymer electrolyte by com-
bining each other’s advantages into one solid-state ionic
liquid-gel polymer electrolyte [44]. These ionic liquid gel
polymer electrolytes used as film have high electrical con-
ductivity (≥ 10−4 S), electrochemical potential range up to
3.5 V, and broad practical temperature range. However,
fewer studies have been reported on the assembly and per-
formance of graphene EDL supercapacitors using the ionic
liquids in the form of ionic liquid gel polymer electrolytes.
These studies are focused on ionic liquids like 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMIMBF4) as an
electrolyte in a solid-state medium based on different poly-
mer hosts, such as poly(acrylonitrile) [45], succinonitrile
[46], polyvinylidene fluoride (PVdF2) [44, 47–50], and
graphene oxide–doped PVdF2 [51]. In this work, we have
investigated energy storage performance of graphene
supercapacitor formed over flexible graphite sheet using
1-bu ty l -3 -me thy l imidazo l ium te t ra f luorobora te
(BMIMBF4) ionic liquid mixed with LiClO4 dopant in
the gel form using the composite of PVdF2 and
hexafluoropropylene (HFP) as amorphous polymer host.
The amorphous state facilitates better ion dispersion and
conduction of ions via void-like defects. The ionic liquid
gel electrolyte also functions as a separator between the
electrodes enabling highly simplified flat layer assembly
of supercapacitors. This paper reports on the electrochem-
ical energy storage performance of the LiClO4-doped
BMIMBF4 ionic liquid gel polymer electrolyte–based
graphene supercapacitor. Further, by integration of such
flat graphene supercapacitor device with the Si solar cell
submodule, we have harvested the solar electricity and in-
vestigated the charging and discharging process in the
solid-state graphene supercapacitor using ambient outdoor
light. This paper reports the detailed results of investiga-
tions on the storage of solar cell–generated electricity.
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Experimental

The graphene-based symmetrical supercapacitor device in
the solid-state configuration was fabricated using identical
graphene electrodes formed over flexible graphite sheets
which also serve as current collectors. The graphene
platelets with an average thickness of 8 nm, < 2 μm av-
erage lateral size, and having a large ~ 600 m2 g−1 surface
area were used as the starting material. The graphene
electrode was formed by slurry coating of a film using
the doctor’s blade method. The coated graphene elec-
trodes were vacuum-dried overnight at ~ 100 °C before
use in the fabrication of supercapacitor cell. The slurry
comprised of graphene platelets was mixed with
poly(vinylidene fluoride-hexafluoropropylene) (PVdF2-
HFP) polymer host in the 9:1 (w/w) ratio in n-methyl-2-
pyrrolidone (NMP) solvent. The PVdF2 component was
kept in the amorphous state by the addition of HFP, and
with high dielectric constant and low glass transition tem-
perature, it serves as an ideal host for dispersion of
graphene platelets. The scanning electron micrograph im-
age of a graphene electrode in Fig. 1a shows uniform
dispersion of graphene platelets thereby creating large
proportion of mesoporosity with the average pore size of
~ 60 nm on the electrode. The solid electrolyte used in
supercapacitor cell assembly was based on 1-butyl-3-
methylimidazolium tetrafluoroborate (BMIMBF4) room
temperature ionic liquid formulated as a gel. The ionic
liquid gel was formed with the host PVdF2, Mw
400,000 polymer with BMIMBF4 in the 20:80 weight
ratio. Initially, the PVdF2 was dissolved in acetone under
stirring at 70 °C until a clear solution is obtained. To this
solution, 0.1 M LiClO4 was dissolved which acts as a
dopant thus forming a viscous gel. The PVdF2 with high-
ly polar electronegative CF2 groups is anodically stable
electrochemical potential up to ~ 3.5 V. For fabrication
of the supercapacitor device, the viscous ionic liquid gel
polymer electrolyte was casted over each graphene elec-
trodes and the acetone was allowed to evaporate in dry
air. Later, the all solid-state graphene supercapacitor cells
were assembled by placing the two gel-casted graphene
electrodes over each other and pressed slightly thereby
adhering and making close contact. Later, these were
stored in an argon-filled glove box for ~ 2 h to ensure
the complete evaporation of organic solvent before char-
acterization. With the ionic liquid gel electrolyte also
serving as a separator, such solid-state supercapacitor
cells are compact, reliable, and free from leakage of the
liquid component. The solid-state design simplifies the
fabrication process, reduces the thickness of the device,
and makes it compact for integration with various energy
sources for storage such as solar cells without affecting
the form factor.

Characterizations

The performance characteristics of the solid-state
supercapacitor cells were evaluated by cyclic voltammetry
(CV), Galvanostatic charge-discharge (GCD), and electro-
chemical impedance spectroscopy (EIS) techniques. The
CV and GCD measurements were performed using the
Solatron Electrochemical Interface (Model 1287). The cy-
clic voltammetry was carried out under various voltage
ranges including − 1.0 to 1.0, − 1.5 to 1.5, and − 2.0 to
2.0 V. The voltage was scanned from the anodic to cath-
ode voltage direction at different rates between 5 and
100 mVs−1 and respective currents ia and ic were record-
ed. Based on the electrochemically active electrode mass
Mac, the specific capacitance CSV values was determined
from the CV plots using the equation,

CSV ¼ jia maxð Þj þ jic maxð Þj
2⋅νs⋅M ac

ð1Þ

The Galvanostatic charge-discharge characteristics were
measured in the same cell at constant load current densities
in the range 0.1–3 Ag−1 with the cell charging potentials, 0 to
1 V and 0 to 2 V. The specific gravimetric capacitance
Csd(Fg

−1) was evaluated from the slope of the discharge curve
using the equation,

Csd ¼ 2 IL⋅Δtd
mac⋅ΔVd

ð2Þ

where IL is the constant charging or load current, mac is
single electrode mass, Δtd is linear discharge time, and
ΔVd corresponding voltage variation after excluding the
IR voltage drop. The ac impedance spectra were record-
ed in the frequency range of 0.01 Hz–100 kHz with ac
signal amplitude of 10 mV using the Solatron gain-phase
impedance analyzer (Model 1260). The impedance data
provide frequency dependence of the real ZRe and imag-
inary ZIm impedances. The Nyquist plots between ZRe
and ZIm based on the impedance data were simulated
using the electrical equivalent circuit model representing
the electrochemical and electrophysical properties of the
graphene as an electrical double-layer capacitor using the
Z-plot software (Scribner Associates) in order to obtain
characteristic resistances and various contributing factors
to the capacitance. The overall supercapacitor cell capac-
itance from the impedance study, Ci, is obtained by the
relation Ci = (2πfZIm)

−1 where f is the signal frequency.
The morphology of the graphene platelet electrode was

examined using a Zeiss Supra 55 field emission scanning
electron microscope (FESEM). The Raman spectra of the
graphene electrode were recorded in the 50–3500 cm−1 range
and resolution of 5 cm−1 with a DXR Raman imaging micro-
scope Thermo Scientific using 532-nm laser excitation.
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Results and discussion

Raman scattering spectrum of graphene platelet
electrode

Raman scattering spectrum of graphene electrode was ana-
lyzed to understand the extent of graphene platelet stacking
and any structural disorder resulting from the electrode assem-
bly by slurry coating. A typical Raman spectrum of the
graphene electrode coated over graphite sheet in Fig. 1b
shows two main peaks at 1561 and 2671 cm−1 designated as
G and G′(2D) bands, respectively arising from in-plane and
second-order overtone of a different in-plane C–C vibrational
modes in the Sp2 hybridized configuration arranged in a hex-
agonal network. As the G-band occurs at lower wavenumbers

relative to the single layer graphene at 1582 cm−1, it is inferred
that the platelets in the electrode are characterized by having
graphene layer stacking [52]. Typically, the extent of graphene
layer stacking reflects on the broadening and upward shift of
the G′(2D) band [53]. As reported in [53], the G′(2D) band in
graphene with 3–5 layers begins to show emergence of addi-
tional sub-components and beyond 5 layers the significant up
shift in the 2700–2750 cm−1 region. In our case, the G′(2D)
Raman band in graphene electrode is a single peak and has a
consistent match with the wavelength position with the
graphene. It is inferred that in the graphene electrode, the layer
stacking is < 5 layers. The somewhat lower intensity of the G
′(2D) Raman band relative to pure graphene is due to the
presence of (PVdF2+HEP) host matrix in the electrode. The
third major Raman peak at 1334 cm−1 occurring at nearly half

Fig. 1 a SEM image of the
graphene electrode synthesized
by slurry coating. b Raman
spectrum of corresponding
graphene electrode
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the wavenumber position that of the 2D peak is due to the
disorder-induced D-band. The intensity ratio ID/IG = 0.133
which being much smaller than 1 indicates that the disorder
is not large [54]. The layer stacking of graphene, even though
minimal in our case, is inevitable due to process steps in-
volved in the preparation of electrode. This to an extent re-
duces inter-graphene pore spaces and to some extent restricts
complete ion access to graphene platelets for electronical
double-layer formation in utilizing the largest surface area
possible with the graphene.

Cyclic voltammetry of graphene solid-state
supercapacitor

The electrochemical capacitance property of the ionic liquid
gel electrolyte–based symmetrical graphene supercapacitor
was evaluated by cyclic voltammetry (CV) analysis carried
out in the voltage ranges, − 1.0 to 1.0 V, − 1.5 to 1.5 V, and

− 2.0 to 2.0 V, at variable scan rates of 5–100 mVs−1 and the
results are shown in Figs. 2 (a), (b), and (c), respectively. The
CV plots in all voltage ranges are highly symmetrical about
the zero current axis and nearly rectangular in shape which
testifies to highly capacitive behavior attributed to the electri-
fied double-layer formed at the interface of graphene platelets
and ionic liquid gel electrolyte. Due to significant π-π stack-
ing interaction between the imidazolium and graphene, the
[BMIM]+ cations of the ionic liquid gel electrolyte have a
higher tendency to attach and orientate parallel to the graphene
platelets surface [55]. Such an interaction complements an
expeditious formation of a homogeneous electrical double-
layer encompassing the vast surface region of graphene plate-
lets. The CV plots in the potential range ± 2 V (Fig. 2c) show a
pair of broad reversible peaks in the near zero volt region both
in the cathodic and anodic scans. These redox-like peaks, not
evidenced in the CV plots at lower (<2 V) potentials
(Figs. 2(c) and 4a), are attributed to the electro-reduction of

Fig. 2 CV curves of the graphene supercapacitor cell measured at scan rates of 5–100 mVs−1 in the voltage ranges (a) − 1.0 to 1.0 V, (b) − 1.5 to 1.5 V,
and (c) − 2.0 to 2.0. (d) Variation of specific capacitance as a function of the scan rate
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adsorbed imidazolium [BMIM]+ cations over graphene plate-
lets in the cathodic scans and electro-oxidation of BF4

− anions
in the anodic scans [56, 57]. These peaks hardly show any
shift in potential with the scan rates which indicate faster ki-
ne t i c s o f t he i on i c l i qu id r edox ac t i v i t y. The
pseudocapacitance due to redox reactions at the graphene
platelets surface associated with the ionic liquid gel electrolyte
add to the overall capacitance as evidenced from the increased
currents in the CV plots. All CV plots irrespective of potential
range show an almost instantaneous change in the current at
the voltage corresponding to the peak voltage reversal as well
as exhibit retention of the characteristic near rectangular shape
of CV plots without distortion even as the voltage scan rate is
increased to 100 mVs−1. Both these observations suggest a
faster ion kinetics which contributes to the improved capaci-
tive property of graphene supercapacitor with the gel electro-
lyte. This is consistent with the inference that the capacitance
originated due to the formation of a double-layer and ion ad-
sorption at the vast graphene interface with the ionic liquid gel
electrolyte.

Figures 3 (a) and (b) show the CV plots of the graphene
supercapacitor cell measured within the negative voltage
range − 1.0 to 0 V, − 1.0 to 0.2 V and − 1.5 to 0 V, and − 1.5
to 0.2 Vat scan rates 10 and 50 mVs−1, respectively. The CV
curves for both scan rates are quasi-rectangular and show that
the supercapacitor current is less dependent on the negative
potential irrespective of the positive potential scanned. This is
attributed to the adsorbed charges which increase with the
increase in the potential thereby making current independent
of the voltage which is a characteristic of the double-layer
capacitance originating from surface aligned charges [58]. In
contrast, when the supercapacitor voltage is scanned in nega-
tive to positive range and in the reverse, an increase in the cell

current is observed. This is shown by the CV plots in Fig. 4a
which depict the effect of increasing voltages 1, 1.5, and 2 V
scanned in both negative and positive directions at 20 mVs−1

scan rates. In this case, with the reversal of the voltage, the
realignment of the electric double layer over electrode in-
volves diffusive transport of the ionic components BMIM+

and BF4
¯ of the ionic liquid gel electrolyte. Similarly, as

shown in CV plots in Fig. 2 (a)–(c), the current consistently
increases with the increase in the scan rates in all voltage
scans. Such observed increase in the current with the increase
in the scan rates is due to diffusive ion charge transport not
being synchronous with the electron transport. This is not
unusual considering the differences in the charged state and
size of the electrolyte ions and the electrons which results in
the ions in motion lagging behind the electrons due to higher
electronic mobility. This is also evident from Fig. 2 (d) show-
ing a decrease in the specific capacitance values with the in-
creasing scan rates for all three voltages. The specific capac-
itance of the supercapacitor was calculated from the CV plots
using Eq. (1). Generally, the lowest scan rate–derived capac-
itance from the cyclic voltammetry plot is taken as the intrinsic
specific capacitance of the supercapacitor material system.
The highest specific capacitance of 214 Fg−1 was realized at
10 mVs−1 scan rate at 2 Vand similarly 146 and 89 Fg−1 at 1.5
and 1.0 V, respectively. The rate for capacitance decrease is
faster for higher voltage scans. After an initial fast capacitance
decline, the specific capacitance values nearly stabilize indi-
cating that the graphene electrodes can be cycled at high scan
rates up to 100 mVs−1.

Figure 4b shows the increase in the specific capacitance
with voltage calculated from the CV plots measured at a low
(10 mVs−1) scan rate which is taken as representative of the
intrinsic capacitive value for energy storage ability of

Fig. 3 CV plot of the graphene supercapacitor cell measured at scan rates of (A) 10 and (B) 50 mVs−1. Negative voltage range are (a) − 1.0 to 0 V, (b) −
1.0 to 0.2 V, (c) − 1.5 to 0 V, and (d) − 1.5 to 0.2 V
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graphene supercapacitor device. The capacitance increases
linearly with the charging voltage. Such voltage dependence
capacitance being a typical attribute of the double-layer
supercapacitors is consistent with the empirical relation
CSC =C0 + kC ∙ VSC where C0 is the electrostatic capacitance,
and the coefficient kC defines the voltage dependency of the
supercapcitor capacitance. A linear fit of the measured capac-
itance with voltage shows intercept C0 is nearly zero and kC
value 34.8 F/V. This implies that in ionic liquid gel electrolyte
graphene supercapacitor, the entire capacitance is contributed
by the electrical double layer at the interface of the graphene
platelets. Thus, the ionic liquid gel electrolyte–based graphene
supercapacitor by virtue of high voltage operation is capable
of showing improvement in the energy density performance,
compared with the aqueous or solid polymeric electrolyte–
based supercapacitors which typically have a lower break-
down voltage.

Electrochemical impedance spectra of graphene
supercapacitor

A typical impedance behavior of the supercapacitor cell ana-
lyzed in the form of a Nyquist plot (Fig. 5) depicts the depen-
dency of the real ZRe and imaginary ZIm impedances over a
wide 10 mHz − 100 kHz frequency range. The graphene elec-
trode supercapacitor in conjunction with the ionic liquid gel
polymer electrolyte shows capacitive properties as reflected
by the steep rising behavior of the ZIm impedance plot in the
low-frequency region. The high and mid-frequency imped-
ance region is shown in the expanded form in the inset of
Fig. 5. This region basically characterizes the bulk resistance
properties of electrolyte, RS, and the interfacial charge transfer
resistance RCTof the supercapacitor system. The experimental

impedance data of the Nyquist plot in the high and mid-
frequency domain are fitted to a semicircle. Its origin is attrib-
uted to the frequency response of the double-layer capacitance
(Cdl) in parallel with the charge transfer resistance (RCT) at the
electrode-electrolyte interface as shown by the electrical
equivalent circuit in Fig. 5. The ZRe axis cut-off at RS =
10.83 Ω cm2 quantifies the internal resistances with contribu-
tions from uncompensated electrolyte-electrode resistance.
The mid-frequency intercept of the semicircle yields RS +
RCT from which RCT value is derived to be 0.79 Ω cm2. The
low RCT value, considering the solid-state design of the
supercapacitor with ionic liquid gel electrolyte, is significant
as it represents proximity of ions with the graphene platelets
without the encumbrance of exchange of charges across the
electrical double layer. Beyond the semicircle cut-off on the
real ZRe axis lies a linear region of 45° angularity spread over
200–40 Hz signifying the Warburg impedance (W). The short
Warburg range indicates that the diffusive transport of electro-
lyte ions and their access to the graphene platelets in the elec-
trodes are not a major limitation. A near vertical increase in the
imaginary impedance ZIm with only a little shift on the ZRe
axis following the Warburg region denotes the capacitive be-
havior of the supercapacitor which extends over a wide fre-
quency domain beginning with the knee frequency at the end
of the Warburg region down to the lowest frequency of
0.01 Hz. The knee frequency at 11 Hz is consistent with the
high-rate capability of the ionic liquid gel electrolyte–based
graphene supercapacitor. The cut-off of the linear extension of
the low frequency impedance beyond the knee frequency on
the real ZRe axis gives a value RS+RΩ where RΩ signifies 1/3
of the ionic resistance. The calculated RΩ value of 3.86Ω cm2

from the impedance plot (Inset Fig. 5) essentially arises from
the resistance encountered by ions from distributed RC

Fig. 4 aCV plots at increasing voltages 1, 1.5, and 2 V scanned in negative to positive voltage directions at 20 mVs−1. b Increase in specific capacitance
with voltage calculated from the CV plots measured at 10 mVs−1
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network of the pores in the graphene electrode. The specific
electrode capacitance, CSI based on ZImvalue at 0.01 Hz, is
calculated as 78.6 Fg−1. The extent to which the cation and
anion species of the ionic liquid gel electrolyte are able to
access the graphene platelets in the electrode was qualitatively
evaluated from the frequency dependence of the real capaci-
tance. The ion access essentially determines the degree of
formation of the electrical double layer which is important
for the rate capability of the supercapacitor as well as its stor-
age energy density. The supercapacitor is modeled as an elec-
trical equivalent circuit comprising of a parallel combination
of a capacitor and resistor connected to a series resistance as
shown in Fig 5. The capacitance Csc is defined in terms of the
real capacitance, C′, and imaginary capacitance,C′′, by a com-
plex relation [59],

Csc ωð Þ ¼ C
0
ωð Þ− jC″ ωð Þ ð3Þ

The real capacitance C′ is effectively involved in the actual
delivery of the stored capacitive energy to the load and it is
determined from the impedance data using the relation [59],

C
0
ωð Þ ¼ −ZIm ωð Þ

ω Z ωð Þj j2 ð4Þ

where Z and ZIm are the complex and imaginary impedances
measured at angular frequency ω.

Figure 6a presents the frequency variation of real capaci-
tance calculated from the measured impedances depicted in
the Nyquist plots. The near zero plateau over a broader mid-
frequency to high frequency indicates the resistive response of
the supercapacitor and the zero capacitance implies minimal
contact of the electrolyte with the graphene platelets. The ca-
pacitive behavior of supercapacitor is observed in the rapid
increase inC′(ω) as the frequency decreases below 6 Hz. In the
transition regime extending down to ~ 40 mHz, the real ca-
pacitance C′ has a near linear rise representing the parallel RC
response. This region reflective of properties of the electrode-
electrolyte interface indicates that graphene platelets have a
reasonable access to the BMIM+ and BF4

¯ component ions of
the ionic liquid gel electrolyte. A decrease in the slope of the
linear transition region below 40 mHz suggests an approach
towards a pure capacitance response. The observed sluggish
change C′(ω) and a near maximum value at ~ 10 mHz indicate
in-depth permeation of the ions in the interior and surrounding
the highly dispersed graphene platelets in the electrode struc-
ture. The maximum capacitance value shows a saturating re-
sponse over a shorter frequency range. This suggests that only
a near complete charged state of the supercapacitor electrodes
has possibly been attained. This is attributed to the limitation
of the diffusive ion transport usually seen in porous electrodes.
The pulsed power performance of the ionic liquid gel
electrolyte–based graphene supercapacitor was evaluated
from the characteristic response of the real ZRe and imaginary
impedances ZIm [60, 61]. The response depicted in Fig. 6b

Fig. 5 Nyquist plot of the
graphene supercapacitor
measured t in (10 mHz–100 kHz)
frequency range. Inset shows
impedance plots in expanded
frequency region 100 kHz–12 Hz
and the electrical equivalent
circuit
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identifies a specific frequency f0 of 874 mHz at which both
ZRe and ZIm are equal in magnitude. This yields the character-
istic pulse power response time τ0 = (f0)

−1 of 1145 ms. This
shows that the ionic liquid gel–based graphene EDLC is suit-
able for the most high pulsed power applications. The avail-
able energy density Ed0 was calculated from the equation
Ed0 = 0.5C0V

2/MSC as 8.59 Whkg−1. Here, C0 is evaluated
from ZIm value at f0 as C0 = (2πf0ZIm)

−1;MSC is the combined
electroactive mass of both supercapcitor electrodes and V is
the rated supercapcitor voltage. The figure of merit for the
assessment of the pulsed power performance is basically the
available pulsed power density Pd0 based on Ed0/τ0. The cal-
culated Pd0 = 27 kWkg−1 indicates high pulsed power capa-
bility of ionic liquid gel electrolyte graphene supercapacitor.

Galvanic charge-discharge behavior of graphene
supercapacitor

The energy-power performance of the ionic liquid gel electro-
lyte graphene supercapacitor device was evaluated by study-
ing the Galvanic charge-discharge (GCD) characteristics at
various load currents IL in the range 0.12 to 3.0 Ag−1 for
charging voltages 1 and 2 V. The typical GCD curves for
1 V shown in Fig. 7 (a) and (b) and for 2 V in Fig. 8a are
linear across the entire charging and discharging times for
both voltages reaffirming the capacitive nature arising from
the electrical double layer in the graphene supercapacitor de-
vice. The specific gravimetric capacitance Csd (Fg−1) was
evaluated from the slope of the discharge curve using the
equation Csd = 2IL ∙ Δt/macΔV (Eq. (2)) where IL is the con-
stant charging or load current andmac is single electrode mass.
The discharge time Δt and corresponding capacitor voltage
change ΔV were determined by excluding the sudden voltage

drop due to the equivalent series resistance (ESR). The ESR
reflective of the internal cell resistance has contribution from
ionic mobility in the electrolyte and electronic resistance of
active graphene electrode and contacts. The specific gravimet-
ric capacitance of graphene with ionic liquid gel electrolyte
derived from the discharge curves is 112 Fg−1 at 1 V and
119 Fg−1 at 2 V at a current density of 0.15 and 0.13 Ag−1,
respectively.

The graphene electrodes as reported in the past have shown
a diverse range of specific capacitance values which are most-
ly based on either aqueous or organic liquid electrolytes with
strong dependence on various preparatory methods and differ-
ent chemical activation processes. Chemically modified
graphene supercapacitor in KOH and acetonitrile showed spe-
cific discharge capacitance of 95 and 128 Fg−1, respectively at
20 mA [62], and 117 Fg−1 in aqueous H2SO4 electrolyte using
the thermally exfoliated graphene [63]. Similarly, graphene
synthesized from graphene oxide by microwave expansion
showed specific capacitance of 191 Fg−1 in KOH [64] and
by thermal reduction in polycarbonate yielded 122 Fg−1 in
organic electrolytes [65]. Besides these SO4 and OH anion–
based liquid electrolytes, by employing EMIMBF4 ionic liq-
uid solution, gravimetric discharge capacitance of 154.1 Fg−1

was shown in supercapacitors using the curved graphene
sheets [36] and 116.1 Fg−1 in supercapacitor having hierarchi-
cal graphene/activated carbon composite aerogel electrode
[41]. In the present study, the gravimetric capacitance realized
in graphene supercapacitor in the solid state design using the
BMIMBF4 ionic liquid gel electrolyte is generally comparable
with the liquid electrolyte values with the exception to recent-
ly reported somewhat higher 306 Fg−1 capacitance density in
the hydrogen annealed graphene supercapacitors [38]. Our
results show that the ion access to the vast interiors of the

Fig. 6 a Frequency variation of real capacitance calculated from themeasured impedances. bResponse identifying the specific frequency f0 having equal
magnitude of both ZRe and ZIm
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graphene electrode and attaining reasonably high ion mobility
or high conductivity have not been a limitation with ionic
liquid gel electrolyte. In the past, graphene supercapacitor
devices based on solid polymer or gel polymeric electrolytes
have typically shown capacitance density in the 80–118 Fg−1

range [28]. Further improvement in the gravimetric capaci-
tance at 1 Ag−1 were only made possible with the exceptional
structural or chemical modification of graphene which led to
open pore graphene structure such as by laser reduction
(204 Fg−1) [66], hydrogel graphene with 3-dimensional mi-
crostructure (186 Fg−1) [30] , or by ionic l iquid
functionalization of graphene (167 Fg−1) [29]. The electrolyte
phase in these supercapacitors was embedded in polymer hy-
drogel PVA-H2SO4 or PVA-H3PO4.

Figure 7 (c) shows the nonlinear dependence of the specific
capacitance of graphene supercapacitor on the load current
density. Typically, the specific capacitance decreases by ~
28% as current density increases by four times under low (<
0.5 Ag−1) current regime. The specific capacitance derived
from low constant current charging and discharging reflects
the intrinsic charge storage capability of the ionic liquid gel

electrolyte graphene supercapacitor. The capacitance decrease
is due to the difference in the electrolyte ions kinetics with the
relatively faster electronic process. However, in the higher
current range (> 0.5 Ag−1), the specific capacitance nearly
levels out between 75 and 60 Fg−1, decreasing only by 19%
as current density is increased by six times. This indicates that
ionic liquid gel electrolyte graphene supercapacitor can deliv-
er higher current without much detriment of the energy stor-
age capability. The graphene supercapacitor charged to higher
voltage of 2 V shows nominally higher specific capacitance of
119 Fg−1 than the 112 Fg−1 realized at 1 Vat almost identical
charging current. As shown in Fig. 8b, herein, the decrease in
specific capacitance is much smaller and levels of at a higher
range 95–87 Fg−1 with the increase in the charging current
density from 0.5 to 2.9 Ag−1. The Coulomb efficiency of the
ionic liquid gel electrolyte graphene supercapacitor was ob-
tained from the ratio of discharge to charge time in the CD
plots in Figs. 7 (a) and (b) and 8a. As the results in Figs. 7 (c)
and 8b show, the Coulomb efficiency is in the range of 82–
87% and 94–97% for graphene supercapacitor charged to 1
and 2 V, respectively. The Coulomb efficiency is basically a

Fig. 7 Charge-discharge characteristics for charging voltage 1 V at
various load currents in the range of (a) 0.15 to 0.76 Ag−1 and (b) 0.76
to 3.02 Ag−1. (c) Variation in the discharge capacitance of the graphene

supercapacitor cell as a function of current density. Variation in
Coulombic efficiency as a function of current density is also shown
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measure of the loss of stored charge at delivery to a load on
account of leakage of charges or the redistribution ions at the
electrode-electrolyte interface. The high Coulomb efficiency
for the supercapacitor cells under study is comparable with
most aqueous electrolyte graphene supercapacitors.

Energy-power performance of graphene
supercapacitor

The parametric relationship of the storage energy density and
related power density provides a greater insight of the device
functional aspects of the ionic liquid gel electrolyte graphene
supercapacitor cells. The gravimetric specific energy
(Whkg−1) was calculated using the combined active electrode
mass Mac at different load current densities when
supercapacitor was charged to voltage Vsc of 1 and 2 V using
the expression,

Ed ¼ 1

2M ac
⋅Csd⋅V2

sc ð5Þ

The corresponding maximum gravimetric specific power
(kWkg−1) at matched impedance was obtained from the ex-
pression [67, 68],

Pd ¼ V2
sc

4M ac⋅ESR
ð6Þ

where ESR is the equivalent series resistance of the
supercapacitor cell and was calculated as ESR = Vdrop/2IL,
where Vdrop is the sudden voltage drop at the start of the
discharge curve. The ESR is a measure of internal cell resis-
tance and the low ESR values are attributed to high electrical
conductance of ionic liquid gel electrolyte combined with the
low graphene electrode resistances.

The specific energy and power parameters of the ionic liq-
uid gel electrolyte graphene supercapacitors charged to 1 and
2 V are shown in the Ragone plots in the upper and lower
panels of Fig. 9, respectively. The supercapacitor charged to
1 V shows a specific energy of 7.7 Whkg−1 at corresponding
specific power of 16.8 kWkg−1. The specific energy value
realized here is comparable or better than those reported on
graphene supercapacitors at 1 V but shows much higher spe-
cific power indicating high rate capability of the device con-
figured with ionic liquid gel electrolyte. In the past, with liquid
electrolytes specific energy of 2.93 Whkg−1 (Na2SO4) in
spray-formed graphene [69], 4.7 Whkg−1 (KOH, 135 Fg−1)
in chemically modified graphene device [52], 9.2 Whkg−1 in
vacuum exfoliated graphene device [70], and much improved
28.5Whkg−1 (KOH) in hydrazine reduced graphene oxide [7]
have been reported.

At 2 V in our case, the graphene supercapacitor with the
ionic liquid gel electrolyte shows higher specific energy
values but corresponding specific power values are lower rel-
ative to the similar supercapacitor device charged to 1 V. A
high specific energy of 33.3 Whkg−1 at specific power of
3 kWkg−1 was observed as shown in Fig. 9. In the literature,
high (2–3.5 V) voltage graphene supercapacitor device has
been reported in either ionic liquid solutions or in the organic
liquid electrolytes. For example, using EMIMBF4 ionic liquid
electrolyte solution,Wang et al. [41] reported a specific energy
of 34.6 Whkg−1 (3 V, 0.63 kWkg−1), Rao et al. 31.9 Whkg−1

(3.5 V) [63], Liu et al. 85.6 Whkg−1 (3.5 V, 0.8 kWg−1) [36],
and recently Yang et al. 148.7 Whkg−1 (3 V, 30.9 kWkg−1)
[38]. In organic or aqueous electrolytes, the corresponding
specific energy values at cell potentials 1.8–3 V were
28.3 Whkg−1 [66], 31.39 Whkg−1 [38], and 28.5 Whkg−1 [7]
which are relatively lower to those obtained in ionic liquid
electrolytes.

Fig. 8 a Charge-discharge characteristics for charging voltage 2 V at various load currents in the range of 0.13 to 2.15 Ag−1. b Variation of discharge
capacitance and Coulombic efficiency as a function of the current density at cell voltage 2 V
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It is evident that the graphene supercapacitor in the
solid state configuration with ionic liquid gel polymer
electrolyte being reported here has the specific energy
values comparable with liquid electrolyte assembled
supercapacitors. Apparently, the swiftness of the ion
transport and pervasive ion access for built-up of the elec-
trical double layer at the graphene platelet interface with
ionic liquid gel polymer electrolyte is achieved at a level
similar to that which is characteristically possible with the
liquid electrolytes. Previously, diverse specific energy
values for solid-state graphene supercapacitors based on
various polymer electrolytes were reported [29, 30,
45–47]. For example, using PVA-H2SO4 hydrogel
electrolyte–specific energy of 19.7 Whkg−1 [29] and
6.5 Whkg−1 [30], and as in the present case using differ-
ent ionic liquids embedded polymer host electrolytes, spe-
cific energy of 8.2 Whkg−1 [46], 7.4 Whkg−1 (1 V) [47],
and 30.51 Whkg−1 (3 V) [45] have been reported. It is
worth mentioning that ionic liquid-polymer electrolytes
used in structured carbon-based supercapacitors have
shown much smaller specific energy values in the range
13–20 Whkg−1 [71, 72]. Improvement in specific energy
to 92 Wh kg−1 was reported using the EMEIMBF4 gel
electrolyte by functionalization of graphene [49] and
75 Wh kg−1 by forming graphene as hierarchical nano-
composite with polyaniline-derived carbon [50] in
supercapacitor cells charged to 3.5 V. The graphene
supercapacitor device in the present study tested at 2 V
cell potential has shown comparably or higher specific
energy and specific power values than those reported at

3–3.5 V which indicates that the BMIMBF4-PVdF2 ionic
liquid gel electrolyte with LiClO4 dopant has better com-
patibility with the graphene. The charging of double layer
in ionic liquid has strong dependence on the distribution
of strongly interacting cations and anions. Consequently,
the structure of electrical double layer and thus perfor-
mance of supercapacitor could be affected by the charge
and size of ions [33, 73]. More specifically, the role of
constituent ions of the ionic liquid electrolyte in graphene
double-layer capacitor has been discussed in earlier re-
ports [74, 75].

The variation of the specific energy with increasing spe-
cific power as shown in Fig. 9 reminisces the behavior of
an electrical double-layer supercapacitor power device ex-
emplified by the tendency towards the reduction in specific
energy as specific power increases when higher load cur-
rents are applied. In the ionic liquid gel electrolyte
graphene supercapacitor charged to 1 V, the decrement in
energy density is not as significant at the corresponding
increase in the power density. The Ed values are in the
range 10 ± 2 Whkg−1 as the power density increases from
17 to 35 kWkg−1 which suggests high power functionality
of the ionic liquid gel electrolyte graphene supercapacitor.
In the case of supercapacitor device charged to 2 V, the
specific energy decrement is slightly aggravated. From a
base value of 33.3 Whkg−1 at 3 kWkg−1, the specific ener-
gy is levels of at ~ 24.7 Whkg−1 for enhancement in the
specific power to 20 kWkg−1. These data show that
graphene supercapacitor in solid state platform with
BMIMBF4 ionic liquid gel electrolyte with PVdF2 as

Fig. 9 Variation in specific
energy with increasing specific
power of the graphene
supercapacitor at cell voltages 1 V
(upper) and 2 V (lower) panel
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highly ionic polymer host could be useful in high power
applications without much penalty on the energy storage
capability.

Long-term cyclic stability

The stability of graphene platelet supercapacitor was evaluat-
ed by sequential charge-discharge (CD) for 8000 cycles at
1.1 Ag−1 current density charged to 1 and 2 V (Fig. 10). In
the case of graphene, supercapacitor charged to 2 V, after an
initial capacitance fading by 10% until ~ 1600 CD cycle and a
gradual decline of 5% thereafter for about 4000 CD cycles
nearly 100% retention is observed. When the supercapacitor
was charge to 1 V, the capacitance is nearly invariant for the
first 1600 CD cycles, records a steady decline by ~ 10% for
the next 2400 CD cycles, and exhibits a stable performance
further on recording overall 10% decline over 8000 CD cy-
cles. The equivalent series resistance (ESR) value of the
graphene platelet supercapacitor shows an increase with the
cycling (Fig. 10a). The ESR is caused by electrolyte ion con-
ductivity and electronic resistance of graphene electrode.
Since the increase in the ESR is consistent with the corre-
sponding decline in the specific capacitance suggests this
could be a factor in cyclic stability of the graphene
supercapacitor. The overall cyclic performance of the
graphene platelet supercapacitor at 1 V is within the normal
parameters and no significant degradation in the graphene
platelet electrode is observed. To understand the relatively
higher rate of initial capacitance decline in supercapacitor
charged at 2 V, Raman spectrum of graphene electrode after
dissembling the supercapacitor device was examined for pos-
sible structural modification after the cyclic test. The graphene

Raman spectra (Fig. 10b) in the post-cycled state show an
increase in the intensity ratio of the disordered induced D to
G band from ID/IG 0.13 to 0.39 and a reduction the intensity of
the G′-2D band with no change in the peak positions. Since
the G band reflects ordered Sp2 domains and D to the defected
graphitic domains, the increase in the intensity ratio suggests
increase in the disorder in the graphene electrode after cycling
[50]. It is anticipated that intrusion–extraction of
[BMIM]+[BF4]

− ions may result in the increases spacing be-
tween the adjacent graphene layers [76], while the reduction in
the G′-2D band also supports the disorder, with no apparent
change in its wavenumber position or any observed broaden-
ing suggests no change in the layer stacking in the post-cycled
graphene electrode [77] (Fig. 10b).

Harvesting solar cell–generated electricity using
graphene supercapacitors

The utility of ionic liquid gel electrolyte–based graphene
supercapacitor cell in the storage of solar photovoltaic electri-
cal energy was investigated. Due to the planar thin layer con-
figuration, such graphene supercapacitors can be integrated
underneath the solar cells without any form-factor concerns.
Such energy harvesting system can be of potential application
in portable low power electronics or wearable electronics.
Figure 11a shows the electrical test circuit used to study the
energy storage performance when the supercapacitor was di-
rectly charged by a Si solar cell sub-module exposed to light.
The switches S1 and S2 were alternatively closed and opened
for charging (storage) and discharging (power delivery) into a
resistive load. A blocking diode prevents supercapacitor from
discharging into the characteristic resistances of the Si solar

Fig. 10 a Cyclic stability of graphene platelet supercapacitor with ionic liquid gel electrolyte charged to 1 and 2 Vat 1.1 Ag−1 and corresponding change
in ESR for 8000 charge-discharge cycles. b Raman spectrum of graphene electrode before and after cyclic test
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cell module. The charging and discharging characteristics of
supercapacitor were evaluated by monitoring the voltage pro-
file with time using computer-controlled digital multimeter
Agilent 34401A. Figure 11b shows the charging and charge
retention (open circuit) characteristics of the ionic liquid gel
electrolyte graphene supercapacitor charged by the solar cell
to 1.1 V when light radiation of 70 mWcm−2 intensity was
incident on the solar cell submodule. The expanded charging
profile is shown in the inset. The graphene supercapacitor
charges rapidly to 1.1 V within 90 s when light over solar cell
is turned on. The discharge curve under open circuit condition
is obtained after the light incident over solar cell is turned off
and the switch S1 is kept open. The self-discharge character-
istic shows that it takes ~ 8000 s (2 h 13min) for voltage to fall
to 0.4 V. Over the initial monitored period of 1100 s (~
18 min), the cell voltage falls to 0.6 V but thereafter, signifi-
cantly slowly to 0.4 V for nearly 6900 s (1 h 54 min). The

complete self-discharge occurs in 11460 s (3 h 11 min). The
extended energy storage period shows that the ionic liquid gel
electrolyte graphene supercapacitor holds considerable poten-
tial for self-powered electronics by storing solar electricity
when integrated with solar cells. Figure 11 (c) and (d) show
the CD profile by charging the supercapacitor to 1 V by light-
generated solar cell current density of 0.5 and 1.0 mA cm−2,
respectively and discharge curves in dark at various load re-
sistances. The discharge rate is nonlinear and discharge times
are dependent on the load resistance. With charging time of
318 s to 1.0 V at 0.5 mAcm−2 current from solar cell, the
discharge times of 700, 350, and 150 s were observed for load
resistance 10, 3.2, and 1.6 kΩ, respectively corresponding to
currents 0.11, 0.35, and 0.69 mAcm−2. When the solar cell
charging current was 1 mAcm−2, it took about 90 s to charge
and the discharge times are 520, 260, and 145 s at correspond-
ing current density values of 0.11, 0.35, and 0.69 mAcm−2,

Fig. 11 a Electrical test circuit used to study energy storage performance.
b CD characteristics of the ionic liquid gel electrolyte graphene
supercapacitor charged by solar cell to 1.1 V. CD profile by charging

the supercapacitor to 1 V by light-generated solar cell under current den-
sities of 0.5 mAcm−2 (c) and 1.0 mAcm−2 (d)
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respectively. The longer discharge current times for graphene
supercapacitor charged at low solar cell current are due to
spatial alignment of the electrical double layer at the ionic
liquid gel electrolyte graphene interface due to slower ion
kinetic relative to the electronic process when charged at
higher currents. The initial current of 0.11, 0.35, and
0.69 mAcm−2 drawn from a supercapacitor for these arbitrari-
ly chosen resistances is considerably higher for most low-
power portable electronics. Further, at slow charging using
ambient light on solar cell and using low load currents, the
ionic liquid gel electrolyte graphene supercapacitor is capable
of providing even extending powering times.

Conclusions

The graphene nano-platelets-based solid-state electrical
double-layer supercapacitor energy storage device is fabricat-
ed using the 1-butyl-3-methylimidazolium tetrafluoroborate
(BMIMBF4) room temperature ionic liquid with 0.1 M
LiClO4 dopant formulated as gel polymer electrolyte. The
graphene electrode formed via dispersion in amorphous
PVdF2+HFP host has large proportion of mesoporosity and
as Raman studies show has minimal (< 5 layer) restacking.
The cyclic voltammetry studies show double-layer specific
capacitance scales with cell voltage leading to high specific
capacitance of 214 Fg−1 at 2 V compared with previously
reported values and are attributed to the abundance of charge
ion species in ionic liquid gel electrolyte and pervasive access
to graphene platelets via voids. Impedance data simulated
using an electrical equivalent circuit shows much lower
(0.79 Ωcm2) charge transfer resistance, a short Warburg range
signifying high diffusive ionic transport, and a knee frequency
value of 11 Hz consistent with high rate capability in ionic
liquid gel electrolyte. The near saturation behavior of real
capacitance at lower (~ 10 mHz) frequency further confirms
in-depth permeation of ions in the interior regions surrounding
the graphene platelets. From Bode analysis, the figure of merit
with characteristic response time of 1145ms and capability for
high pulse power density of 27 kWkg−1 has been shown. The
charge–discharge data show that the graphene supercapacitor
by availing high (~ 2 V) stable potential in ionic liquid gel
electrolyte greatly boosted the energy density to
33.3 Whkg−1 at power density of 3 kWkg−1 with minimal
decrement to 24.7 Whkg−1 at high ~ 3 Ag−1 discharge current
density. Facilitated by flat solid-state cell assembly, by the
integration of graphene supercapacitor device with solar cells,
direct storage of light-generated electricity is demonstrated
which is highly relevant to emergent flexible, wearable, and
low-cost disposable electronics for highly adaptable energy
storage. The graphene supercapacitor in the solid-state design
showed long-term charge holding capability of up to 3 h
11 min self-discharge (50%) times and various charge release

rates dependent on the load current density. The observed
discharge rates of 520, 260, and 145 s at current density of
0.11, 0.35, and 0.69 mAcm−2, respectively are adequate to
power most emergent portable electronics.
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