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Abstract

In this work we report an economic, eco-friendly, high yielding and facile one-pot method for the large scale synthesis of
few layer graphene (FLG) nanosheets directly from graphite in aqueous medium using a regenerative catalyst, sodium
tungstate. This method is fast and makes use of environment friendly chemicals and microwave radiation. The
as-synthesized FLG nanosheets are characterized by field emission scanning electron microscopy (FESEM), transmission
electron microscopy (TEM), X-ray diffraction (XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and
Brunauer-Emmett-Teller (BET) surface area analysis. Raman analysis indicates the as-synthesized graphene is bilayered
with a smaller domain size of 3.9 nm which is responsible for higher specific surface area of FLG nanosheets
(1103.62 m* g"). Moreover, XPS analysis of FLG nanosheets show a high C:O ratio (~9.6) which is best among the
graphene prepared from green chemicals. The electrochemical performance of as-synthesized FLG nanosheets is analysed by
cyclic voltammetry (CV), chronopotentiometry and electrochemical impedance spectroscopy (EIS) in neat
1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF,) electrolyte. The superior capacitive performance with large
capacitance (219 F g), high energy density (83.56 W h kg™") and excellent cyclability (3000 cycles) exhibited by these
graphene nanosheets makes it an excellent candidate for suercapacitor material.

Introduction

Graphene, a one-atom thick sheet of carbon atoms in a closely packed two-dimensional honeycomb lattice, has gained
extensive consideration in recent years due to its unique properties."® Due to the fast charge carrier mobility, high
mechanical strength and large theoretical surface area of graphene they find potential applications in the field of energy
storage.7’ 8 Numerous physical and chemical methods have been developed to prepare high quality graphene since its
discovery in 2004. High quality monolayer graphene can be obtained by mechanical exfoliation of graphite?, epitaxial
growth® '°, chemical vapour deposition (CVD)'!, thermal exfoliation'? and liquid-phase exfoliation of graphite'*'* have been
reported. However, all of these methods either fail to achieve complete exfoliation to individual graphene sheets or the yield
is very low. Chemical exfoliation of graphite and subsequent reduction is scalable and economical but require multi-step
processes including separation and purification steps, generate large amounts of waste and only produce graphene with a
relatively low C:O ratio which indicates a disruption in its long range order and limit its practical application.'®'® The
extensive usage of reducing agents in this approach may have detrimental effect on the environment. Recently, the direct
electrochemical exfoliation of graphite into graphene nanosheets has been reported.'” 2* However, these methods have major
disadvantages, including the requirement of costly chemicals such as ionic liquids and/or hazardous reagents such as
phosphoric acid, lithium perchlorate etc, high voltages, low quality, multilayer graphene formation and difficulty in scaling
up. However, a unified green approach for the one-pot synthesis of graphene in large scale using microwave radiation has
not been reported yet.

Herein, we report a microwave based facile one-pot method for the large-scale synthesis of graphene sheets directly from
graphite in aqueous medium. The major benefits of present work include: fast, green and no usage of toxic solvents, direct
conversion of graphite into graphene, regeneration (reoxidation) of catalyst in the reaction cycle with water as the only by-
product of the reaction. Direct high yield conversion of graphite to graphene is possible because effective intercalation and
exfoliation is possible under microwave irradiation as the precursor, graphite and the reaction medium, water are good
microwave absorbers. The microwave radiation heats the reactants through selective transfer of energy resulting in multiple
breaking of graphite by repeated oxidation reactions aided by the catalyst. Meanwhile there is a simultaneous increase in
self-generated pressure inside the sealed reaction vessel aiding in exfoliation of intercalated graphite. This results in
shortening of the reaction time from several hours to a few minutes with an effective energy economy. The as-synthesized
graphene was studied as an electrode material for supercapacitors in neat EMIMBF, electrolyte. The high surface area
coupled with ideal bimodal pore size distribution of as-synthesized graphene nanosheets results in a high specific
capacitance of 219 F g’ and an energy density of 83.56 W hkg™'.
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Experimental
Materials

Graphite flakes (CAS Number 7782-42-5), sodium tungstate dihydrate (CAS Number 10213-10-2), 1-ethyl-3-
methylimidazolium tetrafluoroborate (CAS Number 143314-16-3), nafion (CAS Number 31175-20-9) and isopropanol
(CAS Number 67-63-0) were procured from Sigma Aldrich. Hydrogen peroxide (CAS Number 7722-84-1) was procured
from Merck India.

Synthesis

FLG nanosheets were synthesized from natural graphite flakes by using microwave irradiation. Graphite flakes were mixed
with sodium tungstate and hydrogen peroxide in the ratio (1:0.1:4) and the mixture solution was sonicated for 1 hour. Then
the mixture was refluxed in a high temperature microwave sintering furnace (2.45 GHz, 0-1.95 kW) at a power of 1200 W
for 100 s. Under microwave irradiation, the precursors exfoliated rapidly, accompanied by sparks and violent fuming. After
the microwave treatment, the suspension was ultrasonicated and centrifuged to remove the unreacted graphite. The
supernatant was filtered and the solid obtained was washed repeatedly with distilled water and freeze dried for further use.

Characterization

The morphological analysis of FLG nanosheets was done by field emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM) using Zeiss Ultra 55 field emission scanning electron microscope and JEOL TEM-
2100, respectively. X-ray diffraction (XRD) measurements were conducted using a D8 Advance (Bruker) X-ray
diffractometer with Cu Ko radiation (A=1.5418 A). Brunauer-Emmett-Teller (BET) surface area analysis was done by
recording nitrogen adsorption/desorption isotherms at 77 K on a Micromeritics ASAP 2020 apparatus. Prior to analysis,
samples were degassed at 200 °C in vacuum for 24 h. The specific surface area (SSA) was calculated by the BET method
based on adsorption data in the relative pressure (p/p°) range of 0.05 to 0.3. The total pore volume was measured from the
amount of nitrogen adsorbed at a relative pressure (p/p°) of 0.99. The pore size distribution (PSD) was analyzed using a
non-local density functional theory (NLDFT) method with a slit pore model from the nitrogen desorption data. X-ray
photoelectron spectroscopy (XPS) data were taken on an AXIS Ultra instrument from Kratos Analytical in the range of
1-1300 eV to investigate the surface chemical composition of the obtained product. Raman spectra were collected using Seki
Technotron STR 300 laser Raman spectrometer using laser excitation at 514.5 nm.

Fabrication of the supercapacitor

The supercapacitor electrodes have been fabricated as follows: As-synthesized FLG nanosheets and EMIMBF, (1:1 w/w)
were dispersed in isopropanol by ultrasonication (SONICS Vibra Cell) with 5% nafion solution as a binder. The electrodes
were prepared by coating graphene dispersion (~6.5 mg of active material/electrode) on 2 cm x 2 c¢m sized Toray Carbon
Paper (Alfa Aesar) using layer-by-layer brush coating technique. Coated carbon paper was heated in vacuum oven at 80 °C
for 6 h to reduce the effect of binder used. The supercapacitor setup consists of FLG-coated carbon paper as electrodes,
polypropylene membrane (Celgard) as separator, EMIMBF, as electrolyte and the stainless steel sheets as current collectors.
Separator rinsed with EMIMBF, was sandwiched between two electrodes. This assembly was further sandwiched between
current collectors. All the electrode preparation steps were carried out under glovebox conditions of < 0.1 ppm of water and
oxygen content.

Electrochemical measurements

Electrochemical performances of the supercapacitor cells were tested by cyclic voltammetry (CV), galvanostatic
charge/discharge and electrochemical impedance spectroscopy (EIS) on a computer controlled VERSA STAT 3 (Princeton
Applied Research) potentiostat/galvanostat. All of the experiments were carried out in a two-electrode system. The potential
range for CV measurements and galvanostatic charge/discharge tests was 0-3.5 V. EIS tests were carried out in the
frequency range of 100 kHz-1 mHz by impressing a small 10 mV amplitude of ac signal.

Results and discussion
Synthesis of FLG

Graphite flakes, sodium tungstate and 30% hydrogen peroxide were mixed in the ratio 1:0.1:4 in a quartz round bottom
flask. The plausible mechanism for the synthesis of FLG is intercalation of oxygen containing groups in between graphene
layers and exfoliation. Hydrogen peroxide in the presence of sodium tungstate and microwave radiation intercalates epoxy
moieties along the basal plane of stacked graphitic structure as shown in Fig. 1.2" > The numerous localized defects in the
n-structure of graphite serve as seed points for the oxidation process. Here, sodium tungstate plays a dual role i.e., it aids in
oxidation as well as generation of defects in the nt-structure of graphite. The co-operative alignment of epoxy groups leads to
lattice constraints and initiates C-C unzipping. Epoxy diffusion is the key step for growth of defects as well as oxidative
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cutting of graphene resulting in smaller domain size.”> Meanwhile, the extended m-system and structural imperfections in
graphite results in localized heating on microwave irradiation due to Joule heating.?* The free movement of delocalised -
electrons results in ionisation of the surrounding atmosphere and generates microplasmas.” This results in superheating
which contributes to a local deoxygenation reaction of intercalated graphite. Once the incipient graphenic structure is large
enough for efficient Joule heating, it will act as another molecular heater, accelerating the deoxygenation and exfoliation.”®
The self-accelerated process was reflected by an abrupt volume expansion and a rise in temperature. The intercalation and
deoxygenation reactions proceed simultaneously. The yield of graphene is about 58 wt.% with respect to the initial graphite
precursor which is almost 5 times higher than the previously reported yields by similar greener methods.>’
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Fig. 1 Representative scheme of action of sodium tungstate on graphite and its regeneration.
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The surface morphology of as-synthesized FLG was studied using FESEM and TEM. The low magnification FESEM image
(Fig. 2a) clearly shows that the graphene sheets are uniformly exfoliated. The rapid deoxygenation reaction during
exfoliation results in separation of graphitic layers which gives a fluffy morphology to the resulting graphene nanosheets.
The high magnification FESEM (Fig. 2b) image shows thin and wrinkled platelets of graphene nanosheets that are
transparent to the electron beam. Fig. 3a is a low magnification TEM image which shows many wrinkles and folded regions.

The high magnification image (Fig. 3b) reveals thin transparent sheets folded at the edges which is a featured structure of
graphene nanosheets.

1 pm* EHT = 10.00 kV Signal A = InLens
WD = 8.8 mm Mag = 25.00 K X

EHT = 10.00 kV Signal A = InLens
WD = 88 mm Mag = 26712 K X

Fig. 2 FESEM image of graphene nanosheets (a) low magnification and (b) high magnification.
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Fig. 3 TEM image of graphene nanosheets (a) low magnification and (b) high magnification.

A X-ray diffraction pattern of graphite and few layer graphene nanosheets has been displayed in Fig. 4. Graphite has an
intense crystalline peak at ~26.5° corresponding to reflections from (002) plane. This sharp peak is due to the highly ordered
stacking in graphite. In graphene this peak is replaced by a broad peak centered at 20 = 24.6°, corresponding to the graphitic
(002) profile with an interlayer spacing of 3.57 A which is higher than that of graphite (3.33 A). The broad nature of the
peak can be attributed either to the small size of the layers or a relatively short domain order of the stacked sheets.® The
average domain height (L) can be approximately determined to be 0.89 nm by using the Scherrer’s equation® (ESI). It is
known that the thickness of individual single layer graphene is 0.4 nm.! This suggests that most of the graphene should exist
as bilayered nanosheets.
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Fig. 4 XRD pattern of as-synthesized FLG nanosheets (inset shows the XRD pattern of graphite flakes).

The Raman spectrum of graphene provides valuable information regarding the presence of sp>-sp® hybridization, the
crystallite size, crystal disorder, defects, edge structure, number of graphene layers, etc.”® The Raman spectrum of graphite
(Fig. 5a) shows a sharp peak at 1581 cm™, corresponding to the two-fold degenerate E,, mode at the zone centre. This peak
is a characteristic of all sp? hybridized carbons and is called the G band. The disorder induced D band arising from the
breathing mode of «-point phonons of A, symmetry is related to the defects, i.e., edges and folds in graphene sheets. >
The D-band is found at 1351 cm™ with a very low intensity, suggesting that the graphite used is nearly defect free. The 2D
band at 2729 cm™ is attributed to the highest optical branch phonons near the k-point at the Brillouin zone boundary.** The
generation of defects by sodium tungstate was confirmed by running a control experiment wherin graphite flakes were
treated with only sodium tungstate under microwave irradiation (1200 W for 100 s). The increase in intensity of D band
confirms the generation of defects (Fig. 5a). Significant changes in the Raman spectra were observed on moving from
graphite to graphene (Fig. 5b). Specifically, the G-band broadened significantly and displayed a blue-shift to 1589 ¢cm™ and
the D band grew in intensity. The upshift in G-band indicates transformation of many layered graphite into few layered
graphene nanosheets.*® The increase in intensity of D band is due to the forced removal of oxygen at high temperature which
creates strains and/or topological defects and results in smaller sp> domains.*® The ratio of the G band to D band intensity
(R) can be related to the in-plane crystallite size, L, by equation (1).%’

Lo(nm) = == M

The as-calculated domain size of FLG nanosheets is 3.9 nm. Thus, the blue-shift of the G band and relatively intense D band
indicate small stacks of quite disordered graphene sheets. The second-order Raman feature, namely the 2D band is
red-shifted to 2710 cm™. The 2D band is very sensitive to the stacking order of the graphene sheets along the c-axis as well
as to the number of layers. The number of layers of graphene sheets can be distinguished from the relative intensity ratio of
Lp/lg, where Lrp and I are the relative intensities of 2D and G bands respectively. The intensity ratio Ip/Ig of >2, 1-2, and
<1 correspond to single-layered, double-layered and multi-layered graphene, respectively.*® An Lp/lIg intensity ratio of 1.1
verifies bilayered graphene nanosheets.
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Fig. 5 Raman spectra of (a) graphite and control experiment; (b) FLG nanosheets.

The chemical composition of FLG nanosheets was analyzed by X-ray photoelectron spectroscopy (XPS). The wide survey
XPS spectrum and its Cls, Ols peaks are shown in Fig. 6 (a), (b) and (c) respectively. It indicates FLG nanosheets mainly
contain carbon (95.72 at.%) and oxygen (4.1 at.%). The low oxygen content indicates almost complete deoxygenation. High-
resolution Cls spectrum shows well-defined sharp peak at 284.5 eV with an asymmetric tail towards higher binding energy.
It indicates that the sample contains high concentration of sp® carbon.”® The sharpness of Cls peak is indicative of low
content of other functional groups.* The deconvolution of Cls spectrum reveal two main oxygen component peaks present
in FLG nanosheets, C-O-C at 286 eV and carboxylate at 288.8 eV, respectively and a n-n* satellite peak at 291.2 eV
(assigned to 7 electrons delocalised at the aromatic network of graphene).*’ The deconvolution of Ols peak gives two peaks
at 532 and 533.5 eV which are attributed to C=0 and C-O, respectively.** Furthermore, FLG nanosheets has a high C/O



atomic ratio of ~9.6 almost four times higher than that reported for microwave assisted synthesis of graphene.* It is worthy
to note that the at.% of carbon in FLG nanosheets is higher than the values reported for chemically and thermally reduced

graphene oxide.

44,45
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Fig. 6 XPS spectra of as-synthesized FLG nanosheets (a) wide scan spectrum; (b) Cls spectrum and (c) Ols spectrum

The surface area and porosity of as-synthesized FLG nanosheets was analysed by N, gas adsorption-desorption isotherms.
7a) exhibits a characteristic type-IV pattern with a pronounced hysteresis in the p/p° range 0.4-1.0,
implying the presence of a large number of mesopores in FLG nanosheets. . The specific surface area was estimated using
the Brunauer-Emmett-Teller (BET) method which was found to be 1103.62 m” g, roughly 3 times higher than the graphene
prepared by exfoliation of GO in microwave irradiation.** The observed increase in surface area of FLG nanosheets
compared to graphene synthesized by similar methods is due to the smaller graphene domains where significant contribution
for the specific surface area comes from the edge part.”’ As evaluated by BET measurements, the surface area of FLG
nanosheets arising from micro- and meso-pores were estimated to be 61.1% and 31.9% of the total measured area,
respectively. The pore size distribution (PSD) plot (Fig. 7b) indicates bimodal pore size distribution i.e., micropores of 1.81
of 3.9 nm. This type of porosity integrates both high capacitance (microporosity)*® and fast kinetics
(mesoporosity).*” ** High surface area and bimodal pore size distribution of FLG nanosheets are the highlights of our
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Fig. 7 (a) Nitrogen sorption isotherm of FLG nanosheets measured at 77 K and (b) PSD curves of FLG nanosheets
calculated by BJH method

In addition to obtaining high quality graphene nanosheets through the proposed synthetic route sodium tungstate shows an
excellent regeneration capability of 100% as demonstrated by at least 3 recycling experiments for more practical
applications. The mechanism of regeneration of catalyst is as shown in Fig 1. The percentage yield of graphene remains
unchanged at 62 wt.% from 1R to 3R. From Raman analysis (Fig. 8), it is confirmed that the Ip/Ig ratio and Lp/Ig ratio is
preserved for 1R indicating the domain size and the layer number of graphene nanosheets remains unchanged. However for
3R the Ip/Ig ratio changes to 1 indicating increase in domain size of graphene nanosheets whereas the layer number remains
unchanged. Results are summarized in Table 1.

12
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Fig. 8 Raman spectra of FLG nanosheets obtained from fresh and regenerated sodium tungstate catalyst

Na,WO,.2H,0 % Yield Ip/lg Lp/lg
Fresh 58 wt. % 1.12 1.11
IR 58 wt. % 1.12 1.11
3R 58 wt.% 1 1

Table 1 Percentage yield, Ip/Ig and I,p/I ratios of FLG nanosheets obtained from fresh and regenerated sodium tungstate
catalyst.

Electrochemical studies

The electrochemical analysis has been carried out using the best practice method, a two-electrode supercapacitor setup and
performance is reported in terms of mass of the active electrode material. EMIMBF, with a wide electrochemical window of
3.5V, was selected as the electrolyte for FLG based supercapacitors. CV is considered as an ideal method for characterizing
the capacitive behaviour of any material. Fig. 9 shows the CV curves of FLG electrodes at a scan rate of 10-100 mV s in
the potential range of 0-3.5 V using neat EMIMBE, electrolyte. It can be seen that the CV curve of FLG electrodes at a low
scan rate of 10 mV s™' exhibit a sharp rectangular shape with no pseudocapacitive peaks visible, indicating the capacitive
response of FLG nanosheets stems from only electrical double-layer formation and not electrochemical
oxidation/reduction.*” *° Even at higher scan rates of upto 100 mV s™' the CV curves maintain a rectangular shape indicating
excellent rate capability and low ionic resistance.’’ The tiny amount of oxygen functionalised groups present on the surface
of FLG nanosheets have no pseudocapacitive contribution because in the case of ionic liquid (IL) electrolyte the presence of
oxygen surface groups has no significant effect on the performance of FLG nanosheets because protons are not available.”
The gravimetric specific capacitance, C, (F g), was calculated according to equation (2)

Cs=— )

where / is the average current (A) during discharge (from V ,, to zero volts), m is the total mass of the active material in two
electrodes (g) and dV/dt (V s™) is the scan rate. A highest capacitance value of 212 F g was obtained at a scan rate of
10mVs™.

13
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Fig. 9 Cyclic voltammograms of FLG based supercapacitor at scan rates of 10-100 mV s in the range of 0-3.5 V

To further evaluate the electrochemical properties galvanostatic charging and discharging of the FLG electrodes in neat
EMIMBEF, electrolyte was performed. The charge-discharge curves (Fig. 10a) display linear response at different current
densities (1-10 A g') between 0.0 and 3.5 V and are symmetrical that are very typical of pure double-layer capacitors. Even
at a high current density of 10 A g, the charge-discharge curve still possess good symmetry revealing that the FLG
electrode shows excellent electrochemical reversibility.* >> The gravimetric specific capacitance, C, (F g, was calculated
according to equation (3)*

41
C=—w (3)

Mac

where I is the constant current (A), m is the total mass of two electrodes (g) and dV/dt (V s) is the slope obtained by fitting
a straight line to the discharge curve over the range of V (the voltage at the beginning of discharge after correcting for iR
drop) to 7% V. A maximum capacitance of 219 F g was obtained for applied current density of 1 A g”. The specific
capacitance of as-synthesized FLG based electrodes is higher than most of the values reported so far in two electrode
configuration in IL electrolyte.’® *” Furthermore, as the current density increases the capacitance decreases indicating the
strong dependence of the specific capacitance on the current density (Fig 10b). This is because at high current density
diffusion of electrolyte ions is limited and hence interior surface of the electrode are inaccessible due to concentration
polarization phenomenon.”® * Even under a high current density of 10 A g, nearly 86.75% of the initial capacitance is
maintained for FLG electrodes in EMIMBEF, electrolyte. These results indicate that FLG electrodes allow rapid ion diffusion
and have extremely good rate capability.

The higher electrochemical properties of FLG electrodes can be explained by PSD and effective-specific surface area
(E-SSA). For IL electrolyte systems the ion-accessible surface area is strongly influenced by the relative sizes of the pores
and the IL ions. FLG nanosheets has a bimodal pore size distribution (micropores of 1.81 nm and mesopores of 3.99 nm) and
IL ion EMIM" has a diameter of 0.75 nm. As the pore size in FLG nanosheets is higher than the ion size of the electrolyte
ions easy accessibility of the electrode surface by electrolyte ions is possible. This results in increased ion-accessible surface
area which in turn improves the charge storage. Also the mesoporous channels facilitate rapid ion transport at high scan rates
thereby decreasing the resistance for charge diffusion.

Cycle life is one of the most important requirements in practical applications of supercapacitor. Fig. 10 (c) shows the cyclic
stability of FLG electrodes at a constant current density of 5 A g for 3000 cycles. More than 95% of its initial capacitance
is retained even after 3000 cycles which indicates both good high-rate performance and excellent stability of FLG electrodes.
There is no significant difference in iR drop after long cycles which also indicates the good stability of the electrode. In
order to evaluate the device performance of FLG based supercapacitor, the energy density (E) and power density (P)
calculated from galvanostatic discharge curves are plotted on the Ragone plot (Fig. 10d). The energy density E (W h kg™)
and power density P (kW kg™') were calculated according to equations (4)*° and (5)°' respectively.

14
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_ 1000 X Cg X V2

T 4x2x3600 (C))
where C; is the specific capacitance of the cell, V' is the cell voltage after correcting for iR drop.
E
Pt ®)

where #, is the discharging time.

FLG electrodes show maximum performance with a highest energy density of 83.56 W h kg' at a power density of
1.66 kW kg' at 1 A g which gradually reduces to 61.57 W h kg at 15.3 kW kg at a current density of 10 A g as
depicted in the Ragone plot (Fig. 10d). The wettability of FLG electrodes and large electrochemical voltage window of
EMIMBF, are the vital factors which contribute to high the energy density. When compared with other graphene based
electrodes reported in the literature, in EMIMBE, electrolyte, FLG based electrodes possess comparable energy density with
superior power capability.*® This implies that we have a supercapacitor capable of storing 72.67 W h kg™ (equivalent to that
of Ni metal hydride battery) and can be recharged in less than 40 seconds.*
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Fig. 10 (a) Galvanostatic charge-discharge curves of FLG nanosheets at constant current densities of 1-10 A g™ in neat
EMIMBE, electrolyte; (b) Specific-capacitance change as a function of current density; (c) Specific capacitance change at a
constant current density of 5 A g as a function of cycle number and (d) Ragone plot relating energy density to power
density of FLG based electrode in neat EMIMBE, electrolyte.

As an attempt to understand the fundamental behaviour of electrode materials for supercapacitors EIS analysis was also
performed. EIS of FLG electrodes in EMIMBF, electrolyte has been measured in the frequency range from 100 kHz-1 mHz
at an open circuit potential with an ac amplitude of 10 mV. Shown in Fig. 11 is the Nyquist plot of FLG electrodes in neat
EMIMBEF, electrolyte. The intersection of the curves at the X-axis in the high frequency region corresponds to the equivalent
series resistance (ESR) of the electrodes. The ESR of FLG material is 0.13 Q which signifies the high conductivity of as-
synthesized FLG nanosheets. The low ESR is responsible for the high power capability of FLG electrodes.®* Charge transfer
resistance within the FLG nanosheets is low which is evident from the smaller diameter semicircle (0.2 Q) indicating higher
diffusion rate of ions into the pores.** The steep Warburg region indicates fast ion transport through the pores and efficient
access of electrolyte ions to the electrode surface.”” The nearly vertical line in the low frequency region indicates pure
double layer capacitive behaviour.” In a typical double layer capacitor the ‘knee’ frequency, i.c., the transition point from
Warburg region to low frequency region, corresponds to the double layer charge saturation. The Nyquist plot reveals the
‘knee’ frequency is located at around 72.57 Hz suggesting that most of its stored energy is accessible at frequencies as high
as 72.57 Hz. Moreover, higher knee frequency indicates easier accessibility of electrolyte ions into pores and hence a better
rate performance of FLG electrodes.®® These observations are consistent with the results obtained from cyclic voltammetry
and charge discharge studies. The obtained impedance spectra was also analysed by an equivalent circuit (inset in Fig. 12)
consisting series and parallel combinations of equivalent series resistance (Ry), electrical double layer capacitance (Cy),
charge transfer resistance (R, Warburg diffusion element (W), leakage resistance (Rje,) and mass capacitance (C;) using
ZsimpWin 3.21 commercial software.’” As shown in Fig. 12, the fitting curves coincide well with their corresponding
curves, implying that the equivalent circuit model reasonably reflects the electrochemical processes occurring on/within the
graphene nanosheets. The mean error of modulus is less than 5%, indicating that these fitting values are highly accurate. The
slight offset in the simulated Nyquist plot as compared to the originally measured Nyquist plot of FLG electrodes in the low
frequency range can be explained as follows: The diffusion resistance is responsible for the Nyquist plot to be inclined to the
-Z" axis in the low frequency region. Since the FLG based supercapacitor has very low diffusion resistance due to an ideal
pore size distribution the low frequency region shows an almost ideal capacitive behaviour more than that expected from
simulation results. The ideal pore size distribution is also responsible for the high penetrability of ac signal inside the FLG
electrode and hence there is lesser frequency dispersion than expected from the simulated electrode.
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Fig. 11 Nyquist plot of FLG based supercapacitor in EMIMBF, electrolyte. (Amplitude: 10 mV; Range 100 kHz —1 mHz)
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Fig. 12 Equivalent circuit simulation results from the Nyquist plot of FLG electrodes (inset shows the equivalent circuit used

New Journal of Chemistry

1.2 S
1.0 4 =

n
0.8 -

]
0.6 - =
]
0.4 ]
]
0.2 - .. 72.57 Hz
L
00 T T T T I
0.0 0.4 0.8 1.2
Z' ()

19|™ Original Curve " G Ry
““le Fitted Curve ‘
L0 " e o
R r G
n
0.8 - ®
me
0.6 - e
L
0.4 - I}
8
-
0.2 -
0.0 A
0.0 0.4 0.8 1.2

Z'(Q)

to simulate the FLG based supercapacitor).

18

2.0

Page 18 of 20



Page 19 of 20

New Journal of Chemistry

Conclusion

In conclusion, we report a microwave assisted green method for the synthesis of high quality graphene nanosheets directly
from graphite flakes in aqueous medium using a regenerative catalyst, sodium tungstate. The method is highly efficient,
producing more than 50% yield, which is approximately 5 times more than the previously reported yields.”’ Raman
spectroscopy analysis reveals that the graphene nanosheets are bilayered, with a domain size of 3.9 nm which is responsible
for the large specific surface area (Sgpr = 1103.62 m? g™'). X-ray photoelectron spectroscopy analysis indicates that the as-
synthesized graphene has negligible oxygen functionality (4.1 at.%) and a high C/O ratio (~9.6). The as-synthesized
graphene nanosheets showed excellent electrochemical performance in terms of high capacitance (219 F g'), high energy
density (83.56 W h kg'') and power density (15.29 kW kg™) as well as an excellent cyclability (3000 cycles). This can be
attributed to the high conductivity and effective usage of the entire electrode surface area by electrolyte ions due to an ideal
pore size distribution. They show a high frequency capacitive response with a knee frequency of 72.57 Hz which can be
accounted for by the large and accessible surface area of graphene nanosheets. Hence, this green approach is a viable low-
cost route for the large scale synthesis of high quality graphene nanosheets directly from graphite for supercapacitor
applications.
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