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The successful application of porous graphene (PG) is hindered due to the lack of efficient and cost-
effective method for its synthesis. Herein, we report a facile and eco-friendly method to produce PG
through a low temperature solvothermal method. The structural and morphological characteristics of PG
samples were investigated thoroughly. The as synthesized material is found to be a few layers thick (~4
—6 layers) with a surface area of 420 m?g~! and consisting of hierarchical pores on the surface of the
sheets. A high specific capacitance of 666 Fg~! was obtained at a scan rate of 5mV s, apart from longer
cyclic stability with 87% retention of initial capacitance value after 10000 cycles for the PG 28 sample.
The fabricated supercapacitor displayed an energy density of 26.3 Wh kg~! and power density of 6120
W kg~ Density functional theory calculations were also carried out to qualitatively support the
enhanced capacitance by providing theoretical insight from electronic structure and density of states of
PG. These results open a new avenue for greener synthesis of high-quality PG using environmentally
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friendly solvents, without the use of toxic chemicals, for excellent supercapacitor performance.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Porous Graphene (PG) is a type of spongy graphenic material,
which possesses different properties compared to that of graphene.
After the discovery of graphene, many researchers have tried to
modify the parent graphene structure and created a new type of
planar sheet structure consisting of pores viz PG, formed by the
removal of sp? bonded carbon atoms. Depending on their pore di-
ameters they are classified as microporous (diameter <2 nm),
mesoporous (diameter from 2 to 50nm), and macroporous
(diameter >50nm) materials [1]. The pore sizes also vary from
atomic to nanoscale dimensions, based on the fabrication methods
used. Microporous structures can be used in catalysis, water and air
purification whereas the mesoporous and macroporous structures
are generally used in adsorption of large hydrophobic molecules,
chromatographic separations, and electrochemical capacitors [2].

Although there are several reports on the synthesis of PG and its
utilization for charge storage, they involve use of strong oxidants,
templates or chemical activation. An overview of the recent liter-
ature reveals that in such methods the production cost is high, the
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yield is poor, capacitance is less, or capacitance retention is low
apart from lower energy and power densities [3—8]. These factors
limit its applicability in a real-world market. In most of the cases,
the planar graphene sheets readily agglomerate owing to either van
der Waals or capillary forces due to which it hinders the efficient
transport of electrons across the channels and hence, the effective
utilization of the planar sheet is not possible to improve the elec-
trochemical performance of the material [9]. In this paper, for the
first time, we report the synthesis of PG with high surface area by a
low-cost and eco-friendly method for mass production, employing
an energy matching solvent system consisting of a mixture of 1:1
ethylene glycol and water (EG + H;0). Study of its supercapacitor
performance in terms of specific capacitance and cyclability has
also been carried out. The superior electrochemical activity
observed has been mainly attributed to the high surface area of
graphene sheets and its hierarchical porous structure which is
highly beneficial for the efficient storage of charges and transport of
ions, which in turn enhances the supercapacitor performance. We
have also carried out first principles density functional theory (DFT)
calculations to show the enhancement of charge bearing capacity of
PG over graphene.
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2. Experimental section
2.1. Materials

All the chemicals used were of analytical grade and were used
without any further purification. Deionized water was used for
washing and preparation of graphene oxide (GO) suspension and
PG.

2.2. Methods

2.2.1. Synthesis of GO

GO was synthesized according to the improved Hummers'
method, reported elsewhere [10]. A calculated amount of graphite
was mixed with 9:1 mixture of H,SO4: H3PO4. KMnO4 was added in
batches of little amount with continuous stirring to avoid over-
heating and then the reaction mixture was maintained at 50 °C for
12 h. The dark brown suspension formed was poured into 200 mL
ice water followed by the addition of 30% H,O, till the efferves-
cence ceases, changing the color of the suspension from dark
brown to brilliant yellow. The suspension was successively washed
with water, 30% HCl and ethanol and finally dried at 50 °C for 10 h
to get GO.

2.2.2. Synthesis of PG

The obtained GO was dispersed in a mixture of 1:1 EG + Hy0
(1 mg/mL) and was ultrasonicated for 2—3 h in an ultrasonic bath.
Then, the exfoliated GO dispersion was put into a stainless-steel
autoclave of 100 mL capacity and further heated to 160°C for
16—32 h (these samples were named as PG 16 to PG 32, respec-
tively). After the autoclave gets cooled down to room temperature,
the black products were collected and were repeatedly washed
with water. Finally, the products were dried at 80°C for 6h to
obtain PG (Scheme 1).

2.2.3. Characterization

The structural and morphological characterizations of GO and
PG were done by XRD (Rigaku MiniFlex 600 X-Ray diffractometer)
with Cu K, radiation (A= 15418 A), FESEM (Zeiss Ultra 55 field
emission scanning electron microscope) and TEM (JEOL-TEM 2100
and FEI Tecnai G2). Raman spectra were recorded on a STR 500
confocal micro Raman spectrometer (Airix corp.) with the use of
532 nm laser source. Brunauer-Emmet-Teller (BET) surface area
analysis was done by recording nitrogen adsorption/desorption
isotherms at 77 K (BEL SORP II, Japan). Prior to the analysis samples
were degassed at 200°C in vacuum for 2 h. X-ray photoelectron
spectroscopy (XPS) data were taken in the range of 1-1200eV
(Omicron Nanotechnology) to investigate the surface chemical
composition of the PG sheets. AFM analysis was done by using SPM
9600 atomic force microscopy (Shimadzu) in tapping mode.

2.2.4. Electrochemical measurements

The working electrodes were made by mixing the active mate-
rial PG, acetylene black and PVDF binder in a weight ratio of 8:1:1.
Initially, active material and acetylene black were mechanically
mixed together using a mortar and pestle and later a few drops of
PVDF binder dissolved in NMP was added and mixed to get a slurry-
like ink. The slurry-like ink was coated on one side of a Toray carbon
paper of 2 x 2 cm? area using layer by layer brush coating tech-
nique. The coated carbon paper was heated at 60°C for 8 h to
reduce the effect of the binder used. The supercapacitor setup
consisted of coated PG as working electrode material, 2 M KOH as
an electrolyte, a filter paper soaked in the electrolyte as a separator
and stainless-steel panels as current collectors [11,12]. The mass
deposited on single carbon paper was found to be approximately

equal to 3 mg. The electrochemical properties of single electrode
were evaluated by coating the above stated slurry like ink on a Ni
sheet of 1cm? area using Doctor's blade technique followed by
drying and employing a 3-electrode method. The mass deposited
on the sheet was approximately 0.5 mg, as measured by a high
precision weighing balance with a readability of 0.0001 g. Here, the
coated Ni sheet served as the working electrode, saturated calomel
as reference electrode, platinum wire as counter electrode. Cyclic
voltammetry (CV), Galvanostatic charge-discharge (GCD), and
electrochemical impedance spectra (EIS) analyses were performed
using a computer controlled IVIUM electrochemical workstation.
The specific capacitance values from the CV curves were calculated
according to equation (1) [11,13].

nA

Cs:Amexv

(1)
where C, = specific capacitance (F g~1), A is the integrated area of
the CV curve, AV is the maximum potential window (V), m is the
deposited mass on one single electrode (g), and v is the scan rate (V
s~1). A factor of n = 2 is multiplied owing to the formation of series
capacitance in a 2-electrode cell, for 3-electrode system, n=1.

The specific capacitance values from the GCD curves were
calculated using equation (2) [11,13].

G=nx 1220 (2)
where C, = specific capacitance (F g~ 1), # is the applied current
density, At is the discharging time, AV is the maximum potential
window to discharge the cell, n=2 for 2-electrode system and
n=1 for 3-electrode system.

The energy density and power density of the prepared super-
capacitor were calculated according to equations (3) and (4),
respectively [14].

Energy Density (Wh kg™!) = %CSV2 (3)

Power Density (W kg™ ') = tE (4)
d

where, C, = specific capacitance (F g '), V is the maximum poten-
tial window, E is the applied Energy density, t; is the discharging
time.

The specific capacity (mAh g~ ') values were also calculated from
the CV data according to equation (5)

Qs=CsxV x36 (5)

where, C, = specific capacitance (F g1), V is the maximum poten-
tial window.

2.2.5. Computational details

Electronic structure and density of states (DOS) calculations of
pristine graphene and porous graphene were carried out within the
framework of DFT using Quantum ESPRESSO package [15]. Ultra-
soft scalar relativistic pseudopotentials with parametrized func-
tional of Perdew, Burke and Erzenhoff were used to approximate
the exchange-correlation energy functional [16]. The pseudopo-
tential representing the ionic core implements a generalized
gradient approximation considering 2s*2p? as valence electrons of
carbon. Fully relaxed supercells of 5x5x 1 and 10 x 10 x 1 di-
mensions of primitive cell were used to simulate various pore
concentrations. A vacuum layer of 12 A was maintained to separate
the adjacent periodic images of the sheet. K mesh of 9 x 9 x 1 (for
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Scheme 1. Mechanism of formation of PG.

self consistent field calculations) and a denser grid of 36 x 36 x 1
(for obtaining DOS) were used to sample integrations over the
Brillouin zone of the supercell. The electronic structure of the 2D
sheet was determined along I' - M - K - T" high symmetry path.
Electronic wave functions represented by plane wave basis set were
truncated with an energy cutoff of 50 Ry and charge density with a
cutoff of 400 Ry.

3. Results and discussion
3.1. Structural and morphological analysis

Fig. 1 shows the XRD patterns of the synthesized GO and PGs. In
GO there is a characteristic peak at 9.4° corresponding to the (001)
crystal planes. The interlayer spacing of the GO is around 0.94 nm as
compared to the pristine graphite of 0.34 nm, which clearly in-
dicates that the high degree of oxygenation has occurred in the
sample. In PG, the (001) crystal planes disappear and new peaks are
observed at 20—25° and 40—45° range, which correspond to the
characteristic (002) and (100) planes of the graphene respectively
[17].

The calculated d-spacings from the Bragg's law is given in
Table 1 and the d-spacings are close to the value of graphite i.e.;
0.34nm calculated from the XRD peak of graphite (Fig. S1)
depicting the restoration of the graphite moiety. The XRD peaks of
the PG are broad in nature, suggesting the stacked nature of the
sheets and thickness of few layers. From the XRD peaks and
Scherrer equation, the average number of layers was calculated
using equation (6) [18].
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Fig. 1. XRD patterns of the prepared GO and PG samples.

L
N==+1

at (6)
where N is the number of layers, L is the crystallite size obtained
from Scherrer equation and d is the d-spacing between the planes.
The number of layers calculated using the formula was found to be



M. Sethi et al. / Journal of Alloys and Compounds 799 (2019) 256—266 259

Table 1
20 values and their corresponding d-spacing values for synthesized GO and PG.

Sample name 20 values (°) d-spacing (nm)
GO 9.40 0.94

PG 16 22.42 0.396

PG 20 22.90 0.388

PG 24 23.00 0.386

PG 28 23.61 0.376

PG 32 22.53 0.394

~4—6.

Fig. 2a shows the FESEM image of the PG sheets, showing the
crumpled and wrinkled structure indicating the soft, flexible and
porous morphology and stacked nature consistent with XRD re-
sults. The SEM and TEM image of GO are shown in Fig. S2.

In order to confirm the generation of pores on the sheets,
0.05 mg PG sample was dispersed in 5 mL of ethanol and ultra-
sonicated for 2 min and one drop of this dispersion was drop casted
on to the carbon sheet and was vacuum dried in order to remove
the solvent. The TEM image revealing the porous nature and SAED
pattern of PG sheet is shown in Fig. 2b. The EDX pattern is given in
Fig. S3 showing only C and O as elements present.

Raman spectroscopy is a potent technique to characterize the
graphene samples in terms of crystal disorders, defects, and hy-
bridization [9]. The Raman spectra of GO and PG samples are shown
in Fig. 3. In all the samples the D band (formed due to the breathing
mode of k-point phonons of Ajg symmetry) and G band (formed
due to the first order scattering of the E»; mode) are present con-
firming the defect formation and restoration of graphite moiety in
the PG samples [19].

In the Raman spectra of graphite used for synthesis (Fig. S4),
there is presence of D, G and 2D bands at 1353.4, 1580 and
2710 cm~! respectively. The very low intensity of D band indicates
lesser number of defects in graphite samples. After the onset of
reduction process, the progressive increase in the intensity of the D
band, the broadening of G band and blue shifting of the peak from
1580 cm™! for GO to 1590—1599 cm ™! for PG samples indicate the
formation of defects and decrease in number of layers in the
samples [19]. For a better view, magnified display of Raman shift of
the D and G bands is shown in Fig. S5. The relative intensity ratio
(Ip/Ig) of the D and G bands is a measure of the defects formed in
the sample and is inversely proportional to the average size of the
sp?> domains [17]. The calculated (Ip/lg) values for GO and PG
samples are tabulated in Table 2.

GO

PG 16
T 2 PG 20
s 8 PG 24
a o PG 28

PG 32

Intensity (a.u.)

—— NS

" 700 1050 1400 1750 2100 2450 2800
Raman shift (cm™)

Fig. 3. Raman spectra of GO and PG samples showing D and G bands.

Table 2
D and G band positions and their corresponding Ip/I¢ ratio values for GO and PG.
Sample name D band position G band position Ip/Ig ratio
GO 1351.0 1580.0 0.76
PG 16 1347.4 1590.0 0.94
PG 20 13474 1590.0 1.01
PG 24 1351.0 1594.0 1.07
PG 28 1351.0 1599.0 1.10
PG 32 1347.4 1594.8 1.05

Analysis of values in Tables 1 and 2 reveals that there is an in-
verse trend in the D and G band positions of Raman spectrum and
XRD traces of PG 32 sample. This may be explained as follows:
Compared to other samples, PG 32 was formed with a reaction time
of 32 h. This larger duration of reaction can cause better exfoliation
and hence increased distance between planes of graphene crys-
tallite. Accordingly, XRD trace of this sample showed higher d-
spacing and reduction in the 2-theta value. Due to the same reason,
the sample undergoes better reduction and possesses lesser extent
of defects. This will result in lower value of D-band in Raman

Fig. 2. FESEM image of (a) PG sheets, (b) TEM image of the PG sheet showing numerous pores on the sheet (inset shows the SAED pattern of PG).
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spectrum. However, the variation of these values is not regular or
linear and there can also be several other reasons contributing to
these effects. More detailed studies are needed to understand this
behavior and to make any conclusive remarks on this trend.

The surface area is an important parameter for PG. All the pre-
pared samples were analyzed for their surface area. Fig. 4a shows
the N, adsorption-desorption isotherm of the PG samples, which
conform to the characteristic type-IV isotherm with hysteresis loop
in the P/P° range of 0.4—1.0. These results suggest the presence of
mesopores in the samples. The calculated surface areas of the
samples by using the BET method were found to be 126, 185, 269,
420 and 338 m?g~! for PG 16, PG 20, PG 24, PG 28 and PG 32
respectively. Among the tested samples, PG 28 exhibited highest
surface area as well as good restoration of graphitic moiety as
indicated by the G band intensity in the Raman spectrum. These
features contribute to high charge storage and transportation
characteristics. In view of this, the PG 28 sample has been selected
as the best sample for electrochemical characterizations. A com-
parison of the surface area of the PG materials reported in the
literature is given in Table S1.

The pore size analysis of the PG 28 sample has also been done
and is shown in Fig. 4b. As can be seen from the plot, the sample
possesses hierarchical porous structure with pores of microporous
(1.7 nm) and mesoporous (3.5 and 9.8 nm) nature. The creation of
hierarchical porous structure at high temperatures is in accordance
with the literature [20]. Such hierarchical porous structure and high
surface area of the sample help higher charge storage and thereby
increases the capacitance value [21].

AFM analysis was carried out in order to know the surface
topography of the PG sample. The 3D image shown in Fig. 5a shows
some deep cavities which corroborates the porous nature of the
sample. The 2D topographic image shown in Fig. 5b shows some
voids/pits in the plane which confirms the porous nature of the
material. The topographic image of one selected area and its cor-
responding measured height profile is represented in Fig. 5¢ and d.
The topographic images confirm the successful synthesis of the PG.

The chemical composition of the PG 28 sample was analyzed by
XPS technique. The survey spectrum of the PG 28 sample is shown
in Fig. S6, wherein only carbon (87.7 at. %) and oxygen (12.3 at. %)
were present suggesting the high purity of the sample. The low
content of the oxygen in the sample indicates that appreciable
reduction has occurred in the PG 28 sample. The deconvoluted C 1s
spectra (Fig. 6a) shows the existence of a sharp peak at 284.5 with a
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flat tail towards higher binding energy, depicting the restoration of
sp®> moiety in the sample [22]. The peaks at binding energies of
2859 and 288.5eV correspond to the C—O and C=O species,
respectively in the sample [23,24]. The deconvoluted O 1s spectra
(Fig. 6b) reveals two peaks at binding energies of 531.2 and
532.8 eV which may be ascribed to the C=0 and C—O species,
respectively [19,25].

3.2. Role of solvent mixture in the reduction of GO to PG

It is known that solvothermal reduction of GO proceeds in two
stages: 1) Partial reduction that depends on the solvent polarity and
2) Further reduction to fully restore sp? structure of graphene. This
second stage is strongly depending on solvent surface energy
which controls the agglomeration of partially reduced GO. The
solvent which can keep the GO well dispersed is believed to facil-
itate efficient reduction and thus the reduction of GO is highly
susceptible to surface energy of solvents [26]. It has been derived
through appropriate theoretical considerations that for maintain-
ing such good dispersal of GO, surface energy of the solvent should
be in the range of 70—80 mJ/m? or slightly higher [27]. In our study,
we have employed ethylene glycol-water binary mixture for the
reduction of GO by solvothermal approach. The surface tension of
water and ethylene glycol were calculated using equations (7) and
(8), respectively.

=) e () g

Y= vo(lf%)n (8)

where, B=235.8 x 1073 N/m, b= —0.625, p = 1256, T is the tem-
perature of the solvent, T. is the critical temperature, n is an
empirical factor which is equal to 11/9 for organic liquids and v, is a
constant for each liquid which is given in equation (9).

KTc
Yo = V2/3 (9)

where k is a universal constant (2.1 x 10~7), V is the molar volume
of the liquid and T¢ is the critical temperature of the liquid. For
ethylene glycol the value of y, was found to be 1.5135 J/m?. The

Pore diameter (nm)

Fig. 4. (a) BET surface area, (b) pore size distribution of PG 28.
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Fig. 5. AFM image of PG 28 (a) 3D image, (b) 2D image showing the formation of pores, (c) topographic image and (d) height profile of the PG 28 corresponding to the white line

drawn in (c). The value of Ra is 0.9 nm and Rq is 1.2 nm.
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Fig. 6. XPS data of PG 28 (a) deconvoluted C 1s and (b) deconvoluted O 1s spectra.

calculated surface tension values for water and ethylene glycol at
our solvothermal condition of 433 K are 46.5 mJ/m? and 21.6 mJ/m?
respectively. For a solution of an organic compound (here ethylene
glycol) and water, the surface tension can be expressed as in
equation (10) [28,29].

Ymixing = X- Yethylene glycol +Y- Ywater (10)
where, X and y represent the mole fractions of ethylene glycol and

water, respectively. In our experiment the surface tension of binary
mixture (equal volumes of ethylene glycol and water) was found to

be 40.4 m]/m? at 433 K. The surface energy can be calculated from
surface tension values and the same for pure water, pure ethylene
glycol and binary mixture are 89.8, 65.0 and 79.4 mJ/m?, respec-
tively. Hence, it is evident that the surface energy of water is on the
higher side and that of ethylene glycol is on the lower side of
required range for an efficient reduction process, whereas the
surface energy of the solvent mixture we used falls in the required
range. Thus, the binary solvent mixture that we used is supposed to
facilitate efficient reduction of GO under the employed sol-
vothermal condition.

Further, under the prevailing conditions, the oxygen containing
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groups such as; carboxylic, carbonyl, and hydroxyl groups are
believed to decompose into CO or CO, which can be entrapped into
the hydrogel leading to the formation of the pores. Also, the over-
lapping and coalescence of graphene sheets can lead to the for-
mation of pores in the resulting reduced graphene sheets, as
reported previously [30,31].

3.3. Electronic structure analysis by DFT

For graphene based supercapacitors, the total capacitance is the
resultant of double layer capacitance and quantum capacitance as
though they were combined in series [32]. Graphene has a large
surface area due to which it can accommodate electrolyte ions and
in turn increase the double layer capacitance. Hence, the limiting
factor is the finite quantum capacitance which is dependent on the
electronic structure [33,34]. The optimized structure of pristine
graphene is a 2D sheet with carbon atom forming hexagonal rings
with C—C bond length of 1.42 A consistent with the previous re-
ports [32,34]. The electronic structure of pristine graphene reveals
a zero band gap at K point (Dirac point) with no states visible near
the Fermi level in the DOS plot indicative of the vanishing gap
(Fig. 7a). The major drawback of pristine graphene in super-
capacitor application is the low quantum capacitance which is a
direct consequence of lack of states near the Fermi level [33,34]. To
simulate various defect concentration 10 x 10 x 1 supercell with a
single pore arising out of missing carbon atom (Fig. S7); 5x 5 x 1
supercells with one and two pores were considered. The carbon

Y

T

W

I" DOS (states/eV)

atoms closer to the vacancy appear strained with C—C bond dis-
tance of 1.39 A while the carbon atoms further away from the pore
do not exhibit any such strain (C—C bond distance remains ~1.42 A).

Fig. 7b reveals the appearance of a defect band, lying 0.035 eV
above the valence band maximum (VBM) at K point and 0.084 eV
below the conduction band minimum (CBM). The density of states
shows a prominent sharp peak exactly at the Fermi level due to the
flat defect band. The partial density of states reveals that the carbon
atoms in close vicinity of the point defect (shown in darker color in
Fig. S7) is responsible for the increase in DOS near the Fermi level as
the electronic structure becomes more localized in the area near
the defect. The states formed have major contribution from the ‘p’
orbitals and minor contribution from ‘s’ orbitals (Fig. S8). It is
believed that flatter bands and creation of higher density of states
near the Fermi level leads to greater amount of accumulation of
electrical charges there by increasing the supercapacitance of the
material as quantum capacitance is directly proportional to the DOS
around the Fermi level [32,34]. The electronic structure of a
5 x 5 x 1 supercell with a single pore reveals opening of the band
gap with the mid gap defect level with a width of 0.399eV,
appearing 0.644 eV (K — M-d') above the VBM and 0.369 eV below
the CBM (at K point). This appears as an asymmetric peak in the
DOS plot (Fig. 7c). When the number of pores is further increased to
2 per sheet, the mid gap defect level disappears and the bands
introduced by the carbon atoms closer to the missing carbon atom
appears just beneath the CBM overlapping with it (Fig. 7d). An in-
direct band gap (K+3 — M) of 1.156 eV is observed. The abundant

ol |

0S (states/eV)

0S (states/eV)

Fig. 7. Electronic structure and DOS of a) pristine graphene; b) 10 x 10 x 1 supercell of porous graphene with a single pore; c) 5 x 5 x 1 supercell of porous graphene with a single
pore; d) 5 x 5 x 1 supercell of porous graphene with double pores. The energies are shifted with respect to Fermi level which is set to zero.
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states near the Fermi level and widened band gap increases the
capacitance of the PG sheet improving its supercapacitor perfor-
mance [34]. Thus, the high surface area of PG 28 sample leads to
high double layer capacitance and the tuning of electronic structure
and DOS due to the formation of large number of pores enhances its
quantum capacitance and in turn the combined effect leads to high
specific capacitance of the material.

3.4. Electrochemical measurements

The electrochemical performance of the PG 28 sample was
studied by a conventional 3 electrode method by using 2 M KOH as
electrolyte employing CV, GCD and EIS. The electrochemical char-
acterization was done in both negative and positive potential range.
Fig. 8a shows the CV curves at scan rates ranging from 5 to
200 mV s~ in the potential range —0.6 V to 0.2 V. The obtained CV
curves are nearly rectangular in shape suggesting the EDLC
behavior of the sample. The calculated specific capacitance values
calculated following equation (1) are, 484, 473, 412, 356, 267, 156
and 85 Fg~! for the scan rates 5, 10, 20, 30, 50, 100 and 200 mV s,
respectively.

The GCD curves at different current densities ranging from 1 to
12Ag ! are shown in Fig. 8b. The symmetrical nature of charge-
discharge curves is suggestive of the good electrochemical trait of
the material. The calculated specific capacitance values from the
GCD data as per equation (2) are 437, 380, 326, 250, 232, 220, and
158, and 128 Fg~! for the current densities of 1, 1.5, 2, 2.5, 3, 4, 5,
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and 6 Ag~!, respectively. The Nyquist plot of the PG 28 sample is
displayed in Fig. 8c. The high frequency region is shown as an inset
displaying the lower arc part of the plot. The very small semicircle
at high frequency region and flat tail parallel to the Y-axis in the low
frequency region are characteristic of good capacitive property of
the material. The fitted equivalent circuit is also shown as an inset
of Fig. 8c. As can be seen from the figure, the fitted plot is well
matched with the experimental plot, confirming the validity of the
determined equivalent circuit [35].

The admittance plot for PG 28 is shown in the inset of Fig. 8c.
Knee frequency for the material can be determined from this plot.
From the knee frequency value, the relaxation time constant can be
obtained. Above the knee frequency the capacitor would be resis-
tive in nature. Hence, the capacitor would be more useful below
this knee frequency. The calculated knee frequency for the present
material is 25.1 kHz and the corresponding time constant value is
39.8 ps. The result indicates that the material would be an efficient
capacitor for a good range of frequency. The cyclic stability study is
an important parameter as for as practical application of the
supercapacitor. Hence, we tested the PG 28 sample for 10000 cycles
at a constant scan rate of 100mVs~! (Fig. 8d). The test showed
retention of 87% of the initial capacitance value even after 10000
cycles, suggesting the good stability of the material. The good
performance executed by the material is mainly attributed to the
porous nature of the sample. Further, the material exhibited a
maximum energy density of 34.2 Wh kg~! and a maximum power
density of 2400 Wkg~! in the studied range of current density

Cycle number

Fig. 8. Electrochemical results of PG 28 in the negative potential range. (a) CV curves at various scan rates, (b) GCD curves at various current densities, (c) Nyquist plot: high
frequency region and equivalent circuit as insets and (d) Cyclic stability test at a scan rate of 100mV s~ for 10000 cycles.
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Fig. 9. Electrochemical results of PG 28 in positive potential range (0—0.5V) (a) CV curves at various scan rates and (b) GCD curves at various current densities.

(Table S2).

The electrochemical analysis of PG 28 sample in the positive
potential range of 0 V—0.5V is shown in Fig. 9. The CV curves at
various scan rates ranging from 5 to 50mVs~! is displayed in
Fig. 9a. It is evident from the nature of the CV curves that they show
pseudocapacitive trait in the positive potential. The pair of redox
peaks observed here is due to the presence of oxygen functional-
ities present in PG sample as it is not completely reduced. They
show redox reactivity in the positive potential range. Such results
have also been reported in the literature [36,37]. For example,
Oyedotun et al. (2017) have reported such kind of CV pattern for
carbon nanorods in the positive potential range of 0—0.4 V [36]. The
calculated specific capacitance values for the PG 28 material are,
666, 581, 556, 542, and 457 Fgfl at the scan rates of 5, 10, 20, 30,
and 50 mV s~ ', respectively.

The GCD curves at different current densities ranging from 2 to
12Ag ! are presented in Fig. 9b. The charge-discharge curves are
also showing pseudocapacitive characteristics like that in the CV
curves. The calculated specific capacitance values from the GCD
data are, 567, 501, 480, 427, 392, and 373Fg~! for the current
densities of 2, 3, 4, 6, 8 and 12 Ag™’, respectively. The calculated
maximum energy density and maximum power density of the
material from this GCD data in the studied range of current density
are 159 Wh kg~ ! and 2569.2 W kg~ ! respectively. (Table S3).

Further, to evaluate the contribution of blank electrode to the
specific capacitance value of the material in both negative and
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t
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S
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positive potential windows, we measured the CVs for blank elec-
trode and the blank electrode coated with the active material
(Fig. 10). The results very clearly demonstrate that the contribution
from the blank electrode in both the potential windows is
negligible.

The electrochemical performance of the fabricated symmetrical
supercapacitor employing PG 28 electrodes is presented in Fig. 11.
The CV curves at various scan rates ranging from 5 to 200 mV s~}
are displayed in Fig. 11a. The obtained CV curves are nearly rect-
angular in shape suggesting the EDLC behavior of the sample. The
calculated specific capacitance values are, 297, 259, 207, 179, 145,
122, and 73Fg~! for the scan rates 5, 10, 20, 30, 50, 100, and
200 mV s~ respectively. The GCD curves at different current den-
sities ranging from 1.5 to 6 Ag~! is shown in Fig. 11b. The near
symmetrical charge-discharge curves are an indication of good
electrochemical performance of the material. The calculated spe-
cific capacitance values are 189, 121, 110, 80, 77, 70, and 61 Fg~! for
the current densities of 1.5, 2, 2.5, 3, 4, 5, and 6 Ag~, respectively.
The calculated maximum energy density and maximum power
density of the material from this GCD data in the studied range of
current density are, 26.3 Wh kg~ and 6120.0 W kg, respectively.
(Table S4).

Fig. 11c shows the Nyquist plot of the PG 28 sample. The high
frequency region shows a semicircle and an inclined line in the low
frequency region. The lower radius of the semicircle depicts the low
resistance and high capacitive nature of the PG 28 active material.
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Fig. 10. CVs of bare Ni sheet and PG 28 coated Ni sheet in (a) negative and (b) positive potential windows at a constant scan rate of 50 mVs~".
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Fig. 11. Electrochemical results of symmetrical supercapacitor fabricated from PG 28 electrodes. (a) CV curves at various scan rates, (b) GCD curves at various current densities, (c)
Nyquist plot inset: equivalent circuit and (d) cyclic stability test at a scan rate of 100 mV s~ for 5000 cycles.

The inset in Fig. 11c shows the fitted equivalent circuit determined
according to the Randle equivalent circuit fitting method [38]. The
fabricated supercapacitor is tested for its stability by cycling tests
(Fig. 11d). It is evident from the figure that the supercapacitor has
retained 93% of the initial capacitance value even after 5000 cycles,
indicating a fairly high stability of the material. The good perfor-
mance executed by the material is mainly attributed to the porous
nature of the sample. We have compared the specific capacitance
values of PG 28 material with those of the recently reported in the
literature (Table S5). We can see from the Table that our material
exhibits highest capacitance amongst all other materials and it also
has a merit of being synthesized using an eco-friendly and facile
method.

4. Conclusion

In summary, we report here a greener approach for the syn-
thesis of PG samples without addition of any toxic reducing agents
and employing a 1:1 binary mixture of ethylene glycol and water as
solvent in a solvothermal approach. The samples were thoroughly
analyzed for the structural, morphological and elemental compo-
sitions. Morphological analysis revealed the formation of porous
structure on the surface of the sheets. Among the synthesized PG
samples, PG 28 showed a high surface area of 420 m? g~ with hi-
erarchical porous structure and mean pore diameter of 3.4 nm ac-
cording to BET analysis. The DFT calculations showed that the

introduction of defects in the form of pores led to the increase in
the DOS near the Fermi level due to introduction of 2p states of the
carbon atoms in the close vicinity of the vacancy defects leading to
the increase in the capacitance value. The PG 28 sample exhibited
an impressive high capacitance value of 666 Fg~! at a scan rate of
5mVs~! in the positive potential range of 0—0.5V. The symmet-
rical supercapacitor fabricated using the PG 28 electrodes retained
93% of its initial capacitance value even after 5000 cycles of charge
-discharge process and exhibited a maximum energy density of
26.3 Wh kg~! and maximum power density of 6120 W kg~ ! in the
studied current density range. The impressive result shown by the
material is mainly due to the high surface area of the sample with
hierarchical porous structure which not only provided the open
channels but also provided the conductive path for the efficient
charge storage and transport of ions.
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