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High-performance porous 3D graphene-based supercapacitors are one of the most promising and
challenging directions for future energy technologies. Microporous graphene has been synthesized by
the pyrolysis method. The fabricated lightweight graphene with a few layers (FLG) has an ultra-high
surface area of 2266 m? g™* along with various-sized micropores. The defect-induced morphology and
pore size distribution of the fabricated graphene are examined, and the results show that the micropores
vary from 0.85 to 1.9 nm and the 1.02 nm pores contribute 30% of the total surface area. The
electrochemical behaviour of the electrode fabricated using this graphene has been studied with various
concentrations of the KOH electrolyte. The highest specific capacitance of the graphene electrode of
540 F g7* (close to the theoretical value, ~550 F g™%) can be achieved by using the 1 M KOH electrolyte.
This high specific capacitance contribution involves the counter ion adsorption, co-ion desorption, and
ion permutation mechanisms. The formation of a Helmholtz layer, as well as the diffusion of the
electrolyte ions, confirms this phenomenon. The symmetrical solid-state supercapacitor fabricated with
the graphene electrodes and PVA-KOH gel as the electrolyte exhibits excellent energy and power
densities of 18 W h kg~ and 10.2 kW kg~?, respectively. This supercapacitor also shows a superior 100%
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1. Introduction

The ever-increasing human population has led to large energy
consumption while fossil fuel energy sources simultaneously
decrease.' To overcome these crises, renewable energy sources
have become promising as they cover more than 30% of the
energy requirement.> High power density, safe and
environment-friendly energy storage systems must store their
energy uninterruptedly.®> Among the various energy storage
systems, supercapacitors are far superior to batteries in terms of
their power density, long cycling life, and durability.*®
Supercapacitors that store energy electrostatically are known
as an electric double-layer capacitors (EDLCs) and those based
on faradaic reactions are known as pseudocapacitors.>” Its light
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coulombic efficiency after 6000 cycles.

weight, large surface area (theoretically ~2180 to ~3100 m* g ),
excellent conductivity, and fast charge-discharge phenomena,
with a limited specific capacitance of ~250 F g~ ', have enhanced
the popularity of high surface area-based porous carbon for
EDLCs.**® Competing with various carbon-based materials,
graphene exhibits a high theoretical specific capacitance of
~550 F g7, with excellent conductivity, mechanical durability,
high selectivity, and high surface area (~2630 m* g~ ), but in
practice, its experimental specific capacitances have been
limited to ~300 F g~ *.481°

Efforts have been made to achieve high specific capacitance
in graphene-based supercapacitors, such as doping with various
elements and forming composites with metal oxides or con-
ducting polymers. 3D graphene foam is a carbon-based material
that can improve the flexibility and number of pores for electron
transport in comparison to 2D graphene sheets due to the
reduction of agglomeration."™* The porous carbon structure
with adequate nanopores allows for numerous active sites and
defects, which are preferable for charge accumulation,
contributing to achieving high-performance supercapacitors.***
Porous 3D graphene is considered an ‘electric sponge’ that can
absorb electrolyte ions. Therefore, graphene with optimum pore
sizes is  favorable for making high-performance
supercapacitors.>®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Various templates have been used to acquire nanopores in
the carbon chain of graphene, which require acid etching of the
templates and impurity removal, making it expensive and
complicated.>>** In this regard, currently, blowing or copoly-
merization methods are widely used to achieve foam/nanosized
pore architectures of functional materials due to their low cost,
simpler operation, and large-scale production. This method is
composed of three major steps. Initially, the precursors and
blowing agents are mixed thoroughly. At the intermediate stage,
the foam is formed by nucleation or external effort in which the
blowing agent and the precursors pass through gas-liquid
phases to form a soft fluid-like foam due to a chemical reaction.
Finally, the desired product is stabilized by solidification or
crystallization. The pyrolysis of organic precursors or decom-
position of inorganic salts used in this study is an example of
blowing away trapped gases to produce a porous structure.

Besides the electrodes, the electrolyte nature, such as the
solution concentration and cation/anion size, plays a crucial
role in the performance of supercapacitors. Carbon materials
with suitable pore size distribution and high surface area are of
research interest to improve the capacitance of electrodes,
particularly those with a pore size less than 1 nm (i.e. less than
the solvated ion size), by dissolving electrolyte ions in the sub-
nanometer pores.>'* Therefore, several methods such as acti-
vation and carbonization have been adopted to develop porous
materials. Based on the International Union of Pure and
Applied Chemistry (IUPAC) classification, the nature of pores
can be divided into three categories, namely macropores
(>50 nm), mesopores (2-50 nm), and micropores (0.2-2 nm).*®
Nanosized micropores can be subdivided into two types: ultra
micropores (<0.7 nm) and supermicropores (>0.7 nm).*® In this
study, we will concentrate on developing microporous graphene
to provide a high-performance supercapacitor.

In this report, we prepare a porous graphene-based electrode
material via the copolymerization method. A high surface area
with uniformly distributed micropores with defects is obtained
from the fabricated graphene electrodes. The electrodes exhibit
high specific capacitance, equal to their theoretical value, using
an optimized KOH electrolyte. Furthermore, we produce a solid-
state supercapacitor based on the electrodes and analyze the
capacitance contribution and charge storage mechanism.

2. Experimental

Porous graphene was fabricated by the decomposition reaction
of a dextrose and NH,Cl mixture in an argon atmosphere. The
mixture was slowly heated (@4 °C min™") at 950 °C for 4.5 h.
The solid dextrose was transformed into a fluid-like state above
150 °C, and the NH,CIl decomposed into NH; and HCI gases at
350 °C. These gases slowly and steadily polymerized the fluid-
like state to a thin bubble-walled polymer or soft fluid-like
foam. After reaching ~550 °C, this thin polymer was trans-
formed into a graphitic layer via the carbonization process. At
a temperature of 950 °C, the formed excessive gasses burst the
graphitic layer to form a lightweight, high-surface area and
porous graphene foam. The behaviour of the graphene made in
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this study and its supercapacitor will be shown and discussed in
the following sections.

3. Results and discussion
3.1 Microstructural observation of the fabricated graphene

The porous nature of graphene foam was confirmed by field
emission scanning electron microscopy (FESEM) and trans-
mission electron microscopy (TEM). The FESEM images (Fig. 1a
and b) reveal a sponge-like architecture composed of both open
and closed pores. The closed vent foams are composed of pores
separated by discrete gas release pockets, as shown in Fig. 1a,
whereas individual graphene sheets are bent and randomly
coiled without any agglomeration, and are damaged to form an
open vent foam (Fig. S1a and b¥). This porous graphene struc-
ture observed from FESEM consists of ~1.6 pm average-sized
pores including curved concave sheets with ripples (Fig. 1b
and S1a, bt). All the graphene sheets have rugged surfaces with
sizes varying from 7 to 11 pm. This type of structure is devel-
oped due to the corrugation of polymers at high temperature."”

It is difficult to observe the micropores and mesopores from
the above FESEM micrographs. However, such pores can be
observed in the TEM images. The microstructure of sheet-type
porous graphene (~6 pm dimension) composed mainly of
mesopores (average pore size of 9 nm) and surrounded by
micropores (average pore size of 1.9 nm), according to Aboav-
Weaire's and Lewis' law,'® was observed from the TEM images
(Fig. 1c-e and S2a-cf). The graphene sheets show multiple
hexagonal carbon architectures with atomic vacancy defects
(Fig. 1f and g). A few concave-like circular graphene layers with
an interplanar spacing of 0.39-0.43 nm are formed due to the
eruptive species at high temperatures, confirming the presence
of stacked multilayer graphene with surface defects
(Fig. S2d-ff) rather than amorphous carbon.” Few-layered
graphene (FLG) with clear straight edges is also identified
from the HRTEM images with a calculated interplanar distance
of 0.37 nm, which reveals that typically 5-6 graphene layers are
restacked, as shown in Fig. S2g and h.}

3.2 Structural study of the fabricated graphene

The presence of (002) peaks at 23.4° along with additional (100)
and (101) peaks at 41.8° and 43.2°, respectively, in the X-ray
diffraction (XRD) spectra confirms the well crystallized gra-
phene layers (Fig. S31).'**° Based on Lorentzian fitting, the (002)
peak is the combination of several peaks with d spacings that
vary from 3.42 to 4.16 A, which confirms FLG (~5) (Fig. S3f
(inset)),* corroborating the observation of the TEM micro-
graphs (Fig. S2g and ht). The calculated crystallite width D
(13.25 A) and crystallite size L (68 A) are similar to those of the
graphene produced by the exfoliation of graphitic oxide.>* The
slightly sharper intensities of those peaks (Fig. S31) are attrib-
uted to defects, especially pores, which is consistent with the
TEM results (Fig. 1g).

Fig. 2a presents the Raman spectra in the range of 1000 to
3000 cm ™, to investigate the defects, the number of layers, and
the porous nature of graphene.” Two overlapped broad peaks
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(a and b) FESEM images of the porous graphene. (c) TEM image of the porous graphene (yellow circles highlight micropores and red circles

highlight mesopores). (d and e) Statistical pore size distribution of the micropores and mesopores. (f) HRTEM images of the porous graphene
layer. Inset shows the FFT of the porous graphene layer. (g) Filter image of the rectangular red-marked area in (f).

appear at 1325 cm™ " (D band) and 1584 cm™ ' (G band), with
a broad 2D band appearing at 2694 cm ™, attributed to sp>
bonded C-C chains and rings, defects, and the 2nd order zone
boundary of phonons, respectively.>**¢ It has been well estab-
lished that a high intensity of the D band indicates the presence
of enormous defects at the edges and grain boundaries.””* The
five peaks are combined to create overlapped D and G bands

(Fig. S4at) attributed to the existence of the D' (1604 cm ™) band
caused by defects.?***?” Other peaks located at 1180 cm™* (D*
band) and 1517 cm™' (D* band) are assigned to the sp?
configuration and amorphous carbon, respectively.?®

In other words, the 2D band can also be used to analyze the
number of layers (stacking) as well as defects.?**>** Four broad
peaks originating from the Lorentzian fitting of the 2D band,
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(a) Raman spectra of the porous graphene. (b) N, adsorption—desorption isotherm. (c) NLDFT pore size distribution. (d and e) C 1sand O 1s

XPS spectra of the porous graphene. (f) Schematic representation of a porous graphene layer.
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denoted as G' (2533 cm™ %), G’ (2672 cm™ '), D + D’ (2839 cm 1),
and 2D’ (2907 cm™') as shown in Fig. S4b.?* Graphene with
sufficient defects can only show the D + D’ peak, whereas the 2D’
peak appears due to momentum conservation restriction.*>?*
The full width at half maximum (FWHM) of the 2D band and
the Lp/Ig ratio clarify the stacking nature of the fabricated
graphene.” It is well established that the I,p/I; ratio is >2 for
monolayer graphene, 1-2 for bilayer graphene, and <1 for
FLG."** The L,p/Ig ratio is found to be 0.10 (Fig. 2a), confirming
that it is FLG.?* In addition, as the number of defects increases,
the intensity of the D band increases, and that of the 2D band is
suppressed.*” This will cause the I,p/I; ratio to decrease.

The crystallite size, L,, defect concentration, and Ny, were
calculated from Ip/Ig (area ratio) to determine the charge
storage ability of the graphene electrode.*®** The integrated
intensity ratio of the D band and G band (Ip/I) is calculated to
be 1.43, which is higher than the reported value of porous
graphene foam.** The calculated L, and N, vary from 2.4 to 3 nm
and 1.44 x 10"* to 1.8 x 10"> em™ ", respectively, confirming the
presence of highly crystallized graphene (ESI Note 17). The
intensity ratio of the D and D’ bands is found to be 3.2, revealing
the presence of boundary defects.* Theoretically, the estimated
carbon concentration (N) in graphene is 3.9 x 10" cm™?
therefore, the very low carbon concentration (0.04% carbon)
present in our graphene trivially affects the supercapacitor
performance. Thus, XRD and Raman spectroscopy (Fig. 2a and
S3, S47) confirm that the fabricated porous graphene is mainly
nanocrystalline and defective.

The specific surface area and pore size distribution of the
porous graphene were analyzed using N, adsorption-desorp-
tion isotherms at a relative pressure (P/P,) ranging from 0.01 to
1.0 STP (standard temperature and pressure). Fig. 2b shows the
N, adsorption-desorption isotherm of the porous graphene,
which manifests a type I isotherm with a H, hysteresis loop
according to the IUPAC classification.****” At P/P, < 0.15, the
excessive inclination of the isotherm indicates the existence of
a microporous structure, whereas a negligible hysteresis loop at
a relative pressure P/P, of 0.15-0.8 STP confirms the presence of
mesoporosity.***® The porous graphene produced in this study
achieves a total BET surface area (Sgpr) of 2266 m”> g~ with
a total pore volume of 1.05 cm® g~ '. Sger is the combination of
the micropore surface area (Smicro) and external surface area
(Sext)- Therefore, the ¢-plot method was applied to calculate
Smicro and Sex at P/P, ranging from 0.1 to 0.27 STP
(Fig. S5at),**** and it was found that Syicro and Sexc are 1585 and
681 m” g™, respectively. Based on the BJH model, the average
mesopore width is ~2.06 nm (Fig. S5bt).

The pore size distribution determination of the fabricated
graphene was carried out using nonlocal density functional theory
(NLDFT) and the result is shown in Fig. 2c, where the porous
graphene shows predominantly microporous nature rather than
mesoporous nature (Fig. S5c¢T). Based on the NLDFT calculations,
the pore width of the fabricated graphene is distributed between
0.85 nm and 1.9 nm, which is compatible with the TEM obser-
vations (Fig. 1d, e and S5ct).*> The pore volumes based on the
NLDFT calculations range from 0.21 cm® g~' to 0.16 cm® g%,
corresponding to pore widths of 0.85 nm to 1.9 nm (Fig. S5c and
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Table S17). The total micropore area of the fabricated graphene
calculated from NLDFT is 1603 m> g~ (71% of the total BET
surface area). It should be noted that the pore width is 1.02 nm
from the NLDFT calculations and graphene possesses a large
pore volume as well as a high surface area that can access a large
number of electrolyte ions such as K" (hydrated ion size of 0.33
nm) and OH™ (hydrated ion size of 0.30 nm) (Fig. S5c-e and
Table S1t).%*

X-ray photoelectron spectroscopy (XPS) examination was
carried out to investigate the presence of defects as well as the
vacancies of the porous graphene. The C 1s spectra of the
fabricated graphene (Fig. 2d) consist of C=C, C-OH, C-O-C,
and C=O0 peaks at 283.73, 284.52, 285.95, and 286.81 eV,
respectively. High-temperature treated graphitic structures are
more prone to absorbing atmospheric moisture. The water
molecules present are more reactive at the defect sites, grain
boundaries and edges, resulting in the functional groups shown
in the XPS spectra. It has been reported that single or multi-
carbon vacancies in the hexagonal lattice and nearest
neighbor plane create a chemical shift that causes peak
broadening (due to the presence of defects**) and a blue-shift of
the C 1s peak.” Therefore, the peak at 285.15 eV is assigned to
non-conjugated carbon bonding (nc-C) and/or C-H hydrogen
bonding, which are known as graphite defects.***” Additionally,
the peak at 283.04 eV is attributed to the point defects at the
pentagon and heptagon rings.*® Excluding the peaks related to
the functional groups, the total defect concentration of the
fabricated graphene is ~31%, in which nc-C and point defects
related to pentagon and heptagon rings contribute 9% and
22%, respectively. Fig. 2e shows the O 1s spectra in which the
peaks at 529.83, 530.89, 532.21, and 531.59 eV correspond to
quinone, C-OH, C=0, and C-O-C.* The results of the Raman
and XPS analyses (Fig. 2a, d, and e) confirm that the boundary
defects are the dominant defects in the fabricated graphene.

3.3 Electrochemical examinations of the graphene electrode

The electrochemical performances of the porous graphene
electrodes were studied by cyclic voltammetry (CV) and the
galvanostatic charge-discharge (GCD) method using a three-
electrode cell system with different concentrations of the KOH
electrolyte, where the porous graphene, platinum, and Ag/AgCl
were used as the working electrode, counter electrode and
reference electrode, respectively. The electrode material shows
nearly rectangular I-V (current-voltage) characteristics at a 1 V
potential window when the electrolyte concentration varies
from 0.1 M to 6.0 M, indicating capacitor-like behaviour
(Fig. 3a). It is also observed that the current response increases
with the KOH concentration from 0.1 to 1.0 M, leading to
a more rectangular /-V curve and an increase in specific
capacitance.*® However, the reverse phenomenon is observed
when the KOH concentration further increases to 6 M. This
synergistic behaviour is not only controlled by the Helmholtz
model but also depends on the Gouy-Chapman-Stern model
and space charge (quantum capacitance) model. According to
the Helmholtz model, the surface charge of the electrode is
proportionate to the counter ion adsorption of the electrolyte

RSC Adv, 2022, 12, 27082-27093 | 27085
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Fig. 3 (a) Cyclic voltammetry of the electrode with different electrolyte concentrations at a 10 mV s~! scan rate. (b) Capacitance vs. square root
of scan rate. (c) Rate-independent specific capacitance calculated from (b). (d) Galvanostatic charge—discharge comparison with different
electrolyte concentrations at a current density of 2 A g~*. (e) Capacitance vs. square root of discharge time. (f) Rate-independent specific

capacitance calculated from (e).

(formation of a monolayer), whereas the Gouy-Chapman-Stern
model describes the total charge balanced by the addition of
a diffusion layer. Therefore, the total capacitance is the
combination of the Helmholtz layer capacitance (Cy), diffuse
layer capacitance (Cp), and quantum capacitance (Cg).***" It was
reported that lower ionic conductivity upsets the specific
capacitance for lower concentrations of the electrolyte, whereas
the diffusion layer contributes predominantly at high molar
concentrations.'®*>* The behaviour in Fig. 3a follows the
previously published literature. The CV curves tend to attain an
extended ellipsoid shape from a rectangular shape, as indicated
in Fig. 3a and S6a-e.f In addition to electrolyte concentration,
such shape changes strongly depend on the viscosity of the
electrolyte and the pore sizes of the electrode. During an
increase in scan rate, the current (I) increases linearly (I = Cy,
where v is the scan rate and C is the EDL capacitance) for all
KOH concentrations, resulting in almost symmetrical cathodic
and anodic current responses, confirming the scan rate-
independent charge storage (Fig. S6a-et).>® The calculated
specific capacitances, Cgp, of the electrode are 60, 68, 348, 352,
and 216 F g~ ' at the KOH concentrations of 0.1, 0.5, 1.0, 2.0, and
6.0 M at a scan rate of 5 mV s, respectively (Fig. S6ff). This
behaviour indicates that the optimum amount of charge storage
requires the effective accumulation of ions on the porous gra-
phene surfaces, which would result in specific capacitance
enhancement. When the scan rate increases to 100 mV s, the
capacitance retention reduces from 52% to 34% for KOH
concentrations ranging from 0.1 to 6.0 M. The capacitance
retention decreases due to insufficient time to accumulate ions
into the porous surface at high scan rates.

27086 | RSC Adv, 2022, 12, 27082-27093

Comparative GCD studies also support the better perfor-
mance of the electrode using 1.0 M KOH (Fig. 3d and S7a-e¥). It
exhibits a lower voltage drop and extended charge-discharge
time in comparison to those with the other electrolyte concen-
trations. Fig. 3d shows that at all electrolyte concentrations, the
GCD profiles are almost triangular due to the good coulombic
efficiency. Defective microporous graphene enhances the
faradaic/non-faradaic reaction sites on the surface/near-surface
region, constrains the ion diffusion path, and improves the
conductive pathways. The calculated specific capacitances, Cyp,
from the GCD curves are shown in Fig. S7f,f where the current
density varies from 2 to 30 Ag . At 2 A g, the Cj;, values are
69, 100, 540, 453 and 265 F g~ * for 0.1, 0.5, 1.0, 2.0 and 6.0 M
KOH, respectively (Fig. S7ff). The enhanced specific capacitance
using 1.0 M KOH is due to the optimized number of the charged
ions stored in the porous surface. When the electrolyte
concentration increases from 0.1 to 1.0 M, ion migration within
the electrode layer would be easier, leading to the feasible
formation of a double-layer, resulting in an increase in Cgp. It is
observed that the K' ions in an aqueous solution have some
interaction with water molecules as well as OH™ ions through
the influence of van der Waals forces and Coulomb forces,
respectively. This phenomenon would affect ion activity;
therefore, the electrolyte ions might possess trivial charges due
to their fragile interaction with water molecules. Besides the ion
activity, the ion mobility depends on the ionic radii, counter
ions, solvent nature, etc. in accordance with the Stokes-Einstein
relation.”®*® Consequently, by further increasing the concen-
tration (up to 6.0 M), the ion activity may be reduced by the
reduction of water hydration, leading to reduced ion mobility.
As a result, K" ions accumulated inside the pore decrease,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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causing a reduction in Cgp.>” Therefore, an optimal electrolyte
concentration (1.0 M) produces higher specific capacitance. The
specific capacitances of the electrode at 10 A g~ " are about 29%,
59%, 51%, 50% and 40% of the values at 2 A g’1 for 0.1, 0.5, 1.0,
2.0 and 6.0 M KOH, respectively (Fig. S7f). That is, the electrode
at low current density has higher specific capacitance compared
to those at higher current densities for all electrolyte concen-
trations. This is due to the time limitation of ion accumulation
at the electrode surface.

The CV and GCD performances (Fig. 3a, d and S6, S77) of the
electrode are well in agreement with each other, although the
calculated specific capacitances differ due to the different
measurement techniques.® The total capacitances are the
combination of the rate-independent (EDL) capacitance
contribution, m,, and faradaic contribution, m,, as given by the
following equation:®

C=m + e

N

where C represents the total capacitance in (F g ') and ¥y
represents the scan rate (V s~ ).

Fig. 3b presents the variation in the specific capacitance of
the electrode with the scan rate at different electrolyte concen-
trations. The capacitive contributions, m,, are calculated by CV
using eqn (1), when /¥ = 0 for the different concentrations of
the electrolyte, as shown in Fig. 3c. It indicates that the highest
capacitive contribution (130 F g~') is at 1.0 M KOH (Fig. 3c).
Similarly, the capacitive contribution can also be calculated by
GCD analysis. Fig. 3e indicates the variation in specific capaci-
tance with the discharge time at different electrolyte concen-
trations. At y = t 2, the capacitive contribution can be
calculated from eqn (1), when ¢*> = 0. Fig. 3f presents the
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capacitive contribution varying with electrolyte concentration.
The use of the 1 M KOH electrolyte contributes the highest
capacitance (151 F g~ ') in comparison to the other concentra-
tions of the electrolyte. It is indicated that the rate-independent
capacitance dominates over the faradaic contributing capaci-
tance due to the inconspicuous redox reaction (Fig. 3¢ and f).
Therefore, from the consideration of capacitance domination,
regardless of electrolyte concentration, the porous graphene
electrode always shows EDLC-type behaviour.

To understand the electrolyte concentration effect on the
behaviour of the porous graphene electrode, EIS measurement
was carried out at a frequency range of 0.1 Hz to 0.1 MHz. Fig. 4a
shows the Nyquist plot of the electrode with varying electrolyte
concentration at —0.5 V. It exhibits that in all concentrations,
the impedance spectra show a semicircle in the higher
frequency range and inclination in the lower frequency range,
revealing that the capacitance is hybrid. All the measured EIS
results are fitted by an equivalent circuit, as shown in Fig. 4b,
where the intercept along the Z' axis represents the internal
resistance (R;) and the diameter of the semicircle represents the
charge transfer resistance (R.) (CPE = constant phase element
and W = Warburg element). Since R, is independent of elec-
trolyte concentration, R, can play a crucial role in the charge
storage mechanism. The value of R is extracted based on the
equivalent circuit when the applied voltage varies from 0 to —1V
(Fig. 4b, c and S8t). It shows that R, varies independently of
voltage. For the 0.1 M concentration, R, exhibits the highest
value (~15 Q). On further increasing the concentration, the R
decreases to ~10 Q when the electrolyte concentration is 1.0 M
and remains almost the same for higher concentrations (6.0 M).
As shown in Fig. 4a, when the concentration increases from 0.1
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(a) Electrochemical impedance spectra of the porous graphene material at a voltage of —0.5 V for varying electrolyte concentration

(symbols represent the measured data and the solid line represents the fitted data based on an equivalent circuit). (b) Equivalent circuit diagram to
fit the EIS spectra. (c) Variation of R, with potential for the different concentrations of the electrolyte. (d) Comparison of the Bode plots of the
porous graphene at various concentrations of the electrolyte. (e) Variation of relaxation time with potential for the different concentrations of the

electrolyte.
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to 6.0 M, the lower frequency region of the EIS curve becomes
more vertical (i.e. the slope increases with increasing concen-
tration), indicating that the EDL controls the charge storage.
Fig. 4d presents the Bode plot of the electrode at —0.5 V when
the electrolyte concentration varies from 0.1 to 6.0 M to visu-
alize the characteristic frequency (knee frequency, f;). This knee
frequency is the critical frequency at a phase angle of 45° in
which the capacitive and resistive behaviours become the same
for energy storage devices. Therefore, the relaxation time
constant 7, (1/27tfy) can be calculated, which is when a super-
capacitor device requires a minimum discharge time with
~50% efficiency.*® Fig. 4e presents the variation of the calcu-
lated relaxation time constant with potential, indicating that
below 1.0 M, the tendencies of t, variation become similar,
whereas it becomes constant in the case of 6.0 M. In 2.0 M,
above —0.4 V, 1, varies constantly and then starts to rise with
increasing potential below —0.4 V. A similar phenomenon is
observed in 1.0 M, where 7, varies constantly up to —0.6 V and
starts rising to reach a maximum value at —1.0 V. These results
confirm that the electrode at high electrolyte concentration has
a good charge-discharge capability due to its higher conduc-
tivity and minimum time to discharge all energy with an effi-
ciency higher than 50%. From the above phenomena, it is
concluded that the electrodes at 1.0 M and 6.0 M KOH possess
the lowest R.; due to their higher conductivity, while that at
6.0 M KOH, there is stable 7, variation.

3.4 Charge storage mechanism of the supercapacitors

The predicted specific capacitance can be calculated based on
a measured BET surface area as follows:*

C=

measured BET surface area x therotical specific capacitance

theoritical surface area
(2)

where the surface area and specific capacitance are in terms of
m?® ¢ " and F g, respectively. The electrode with the 1.0 M
KOH electrolyte possesses the highest specific capacitance (540
F g7 "), exceeding the theoretically predicted capacitance value
(474 F g™") from eqn (2), as shown in Fig. S7f.f Such a high
specific capacitance may be due to the high surface area (almost
equal to the theoretical surface area), optimized pore size, and
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defects of the fabricated graphene. A previous report indicated
that the surface area-dependent specific capacitance varies
linearly with pore width, and the electrode material with a pore
width less than 0.7 nm contributes maximum EDL capacitance
due to the non-solvated ion situated in the pore.®>** In this
manner, by using NLDFT calculations at A = 0, we have ob-
tained the lowest and highest pore width of 0.85 and 1.9 nm,
respectively (see ESI Note 27). The highest micropore surface
area of 765 m> g " is obtained for the pore width of 1.02 nm at 2
= 0. Therefore, the specific capacitance contribution was
calculated based on the micropore surface area of the porous
graphene, revealing that the electrode contributes a maximum
specific capacitance of 182 F g~ " at 1.0 M KOH, which reduces to
23 F g~ when the concentration reduces to 0.1 M, at a 1.02 nm
pore width, due to the reduction of solvated ions (Fig. 5a). When
the concentration increases 3 times (6 M), the capacitance
reduces to half (89 F g~ ') of that at 1.0 M at 1.02 nm due to the
increase in solvated ion repulsion.

The possible reason for the decrease in d spacing due to K*
ions is given below. The two adjacent graphene layers can be
stacked in either AA stacking or AB stacking via van der Waals
interactions, with binding energies of —0.054 and 0.047 eV per
atom for AA and AB, respectively.®® Density functional theory
(DFT) calculations indicates that the interlayer distance
between adjacent layers is controlled by the hydrated K ions
and aromatic ring, known as cation-m interaction.*>***> The
calculated hydration energy for K'(H,0), is —43.3 kcal mol %,
whereas other hydrated cations such as Na' (hydrated ion size
of 0.358 nm) and Li" (0.382 nm) have the hydration energies of
—68.2 and —94.9 kcal mol™', respectively. The interaction
energy between the graphene sheets is —39.6 kcal mol ™", which
is close to the hydration energy of K" ions.*. Consequently, K"
ions can easily commutate inside the graphene layers during
the charge/discharge process. By contrast, the extended
d spacing of graphene can accumulate a large number of
hydrated K' ions. Therefore, hydrated K' ions intercalate into
the graphene sheets and drag the two graphene layers closer to
each other due to the energy difference between K'(H,0)s and
the graphene interaction energy, resulting in a slight decrease
in interlayer spacing with the structural changes of
K'(H,0)6.>%¢ The hydrated K" ions might also enter the pore
due to the cation-m interaction, although robust repulsion

Fig.5 (a) Capacitance contribution based on the surface area associated with each pore size at a current density of 2 A g, (b) Schematic of the

hydrated K* ion behaviour inside the graphene layers.
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forces between the two hydrated cations prevent further cation
insertion.***® Therefore, step by step, a narrower spacing
between graphene layers is filled by hydrated K" ions to reach an
optimum value and finally prevent pore filling.® These
phenomena are shown in Fig. 5b. For lower concentrations,
water molecules may fill the pore due to the difference between
the hydration and interaction energies. Fig. 3a shows the
reduced CV of 6.0 M KOH in comparison to those of 1.0 and
2.0 M KOH. This may be explained by the fact that a sufficient
number of electrolyte ions are blocked from entering the gra-
phene pore, i.e. the ion sieving effect.®” Therefore, the specific
capacitance is influenced by the suitable pore size associated
with the surface area, type and concentration of electrolyte ions,
and the hydration size of the ion.

To further investigate the charge storage mechanism, the
electrolyte ion diffusion coefficient is studied, which is one of
the parameters of the ion adsorption/desorption phenomenon.
Since porous electrodes are accompanied by void space, the
diffusion coefficient in the bulk electrolyte (Dyyy) is different
from the in-pore diffusion coefficient of the electrolyte. There-
fore, the calculated effective diffusion coefficient (D.s) associ-
ated with each pore size is represented in Fig. 6a and S9t during
the intercalation and deintercalation processes. The pores are
initially filled by the electrolyte, i.e. Dpyx = Degr (initial voltage,
—1.0 V), and then D.g reduces when the voltage changes from
—1.0 to —0.9 V in all concentrations during the intercalation
process (Fig. 6a), which implies the formation of a Helmholtz
layer. With the voltage rising up to —0.8 V, the increase in D
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reveals the formation of the diffusion layer, confirming that the
charge storage is dominated by the diffusion of electrolyte ions.
It is also shown in Fig. 6a that D.¢ becomes steady at a potential
of —0.7 to 0V, confirming that the ion accumulation reaches its
maximum value, attributed to the limit in the diffuse layer
thickness. A similar behaviour can be seen during the dein-
tercalation process in all electrolyte concentrations: as the
Helmbholtz layer formed initially, the increasing voltage from
—0.3 to —1.0 V led to a steady change in D¢ with potential due
to the reduction of the diffusion layer thickness, which confirms
that the charges depleted in the pores (Fig. 6a and S97). Such
behaviour is observed for other pores, proving that the forma-
tion of the Helmholtz layer and diffusion layer is independent
of the pore size (Fig. S97). The overall D.s variation decreases
with increasing electrolyte concentration (1.0 to 6.0 M) due to
the increase in the viscosity of the electrolyte following the
Stokes-Einstein relation.

During the charge-discharge process, electrode charges are
balanced by the electrolyte ionic charges within the pores via
the adsorption of counter ions, desorption of co-ions, and ion
permutation.®® Various experimental methods such as in situ
NMR, eQCM, in situ XRT, in situ SAXS, and simulations can
provide the possible charge storage mechanism via the change
in cation and anion concentrations.’>**7° For higher electrolyte
concentrations, porous electrodes are filled with the bulk elec-
trolyte, whereas the electrode image forces at lower concentra-
tions attract both cations and anions, resulting in an initial
increase in the ion concentration inside the pore. As the

S 19
0 -1 0
Potential (V)

-ve ion
desorption

+ve & -ve
ion
permutation

@
+ veion
adsorption

@

(a) Effective diffusion coefficient variation with potential at varying electrolyte concentrations associated with the pore size of 1.02 nm

(solid symbols represent intercalation and open symbols represent deintercalation). (b) Variation of the charge storage parameter X with
potential. (c) The schematic charge storage mechanism of the porous surface.
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potential increases, positive/negative ion permutation domi-
nates for higher concentrations of the electrolyte, while co-ion
desorption takes the lead for lower concentrations of the
negative electrode.”®® To understand the charge confinement
inside the pore, the parameter X can be calculated using the

equation:*>**

X (Der, Defro) =
Deff( V) - Deff( VO)
[Derr(K+)(V) — Derion) (V)] — [Deﬂ‘(w)(Vo) — Desrion) (Vo)

where D.g(V) and D.(V,) are the diffusion coefficients of the
ions in the electrolyte at the potentials V and Vj, Degx+)(V) and
Degron-)(V) are the diffusion coefficients of the cation, K*, and
anion, OH™, at potential V, and Degx)(Vo) and Degon-)(Vo) are
the diffusion coefficients of the cation and anion at potential Vj,
respectively. Ideally, a positive value of X represents counter ion
adsorption, while a negative value indicates co-ion desorption,
and zero indicates the ion permutation mechanism. Fig. 6b
presents the calculated X of the porous graphene at a pore size
of 1.02 nm in all electrolyte concentrations during the charging
process. Initially, at a potential of —1.0 V, equal amounts of K"
and OH ™ are filled inside the pore. At a —0.9 V potential, in all
concentrations, the calculated X reaches a positive value, which
implies K" ion adsorption inside the pore. With further increase
in potential (—0.8 V), X becomes negative in all concentrations
except 1.0 and 2.0 M, implying that OH™ ions move outside the
pore. The more positive response of X at 1.0 and 2.0 M with
—0.8 V is responsible for more K* ion accumulation inside the
1.02 nm pore. When the potential reaches —0.7 V, the positive X
for the concentrations of 0.1, 0.5, and 6.0 M corresponds to K"
ion adsorption, whereas the negative X for the concentrations of

] (3)
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1.0 and 2.0 M is responsible for OH™ ion desorption. With an
increase in potential from —0.6 to 0 V, X varies near the zero
region, revealing that K" and OH ™ ion permutation takes place.
It should be noted that the ion adsorption and desorption
mechanisms occur for the potential range between —1.0 and
—0.6 V, whereas the ion permutation mechanism is seen in the
potential range between —0.6 and 0 V due to the non-
equilibrium state of the K' and OH™ ion concentrations
inside the pores, although the overall charge balance is present
for different pores (Fig. S107). OH™ ion desorption happens at
the pore sizes of 0.85 and 1.02 nm, whereas K" ion adsorption
takes place in 1.9 nm pores to achieve overall charge balance,
and ion permutation occurs in 1.6 nm pores in the 0.1 M KOH
concentration (Fig. S10at) with a potential increase from —0.9 V
to —0.8 V; thereafter, ion permutation takes place up to 0 V. In
the case of the 0.5 M concentration, the total charge balance
occurs via K" ion adsorption in 0.85 nm pores and OH™
desorption in 1.02, 1.6, and 1.9 nm pores in the potential range
of —0.9 V to —0.7 V (Fig. S10b¥). A different charge storage
phenomenon is observed in the 1 M electrolyte concentration.
At this concentration, initially, K* ions adsorb in the pore sizes
of 0.85 and 1.02 nm, and subsequently, OH™ desorption takes
place in the pore sizes of 1.6 and 1.9 nm when the potential
varies from —0.9 V to —0.8 V, as shown in Fig. S10c.T By further
increasing the potential to —0.4 V in 1.0 M KOH, alternative
desorption of OH™ and adsorption of K" take place together in
the pore sizes of 0.85 nm and 1.02 nm; meanwhile, the reverse
phenomena occur in the pore sizes of 1.6 nm and 1.9 nm,
respectively, for the sake of total charge balance (Fig. S10ct),
while adsorption phenomena are shown in the pore sizes of
0.85, 1.02 and 1.9 nm and equivalent desorption is observed in
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(a) Cyclic voltammetry of the symmetrical supercapacitor with porous graphene electrodes and PVA-KOH-based electrolyte at various

scan rates. (b) Galvanostatic charge—discharge of the supercapacitor at various current densities. (c) The specific capacitance of the super-
capacitor. (d) Ragone plots of the supercapacitor. (e) Nyquist plots of the supercapacitor. (f) Long cycling performance of the supercapacitor. A

light-up LED using the supercapacitor (inset).
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the 1.6 nm pores for 2.0 M KOH, as shown in Fig. S10d.}
Similarly, for 6.0 M KOH, adsorption is seen in the 0.85 and
1.6 nm pores, and equivalent desorption is revealed in 1.02 and
1.9 nm pores (Fig. S10et). Based on the above discussion, the
schematic charge storage mechanisms for the adsorption of
counter ions, desorption of co-ions, and ion permutation are
presented in Fig. 6c. Therefore, it can be concluded that the
alternate adsorption-desorption of K" and OH ™ ions for the 1 M
concentration provides higher specific capacitance.

For energy storage applications, a symmetrical solid-state
supercapacitor has been fabricated, where two identical
porous graphene electrodes made in this study are used as the
cathode and anode and a PVA-KOH-based polymer gel is used
as the electrolyte. Fig. 7a presents the CV curves at various scan
rates from 5 to 200 mV s~ ' with a potential window of 1.5 V. It is
indicated that all the CV curves show a nearly rectangular
shape, confirming that the device exhibits an EDLC nature. A
similar behaviour is found for the GCD characteristics, where
all the GCD curves display a linear voltage response at various
current densities from 0.1 to 3 A g~ (Fig. 7b). According to the
calculation of the GCD profile, the supercapacitor shows
a specific capacitance of 58 F g~ " at 0.1 A g~ . When the current
density increases to 3 A g™, the device exhibits a specific
capacitance of 31 F g~ with a retention of up to 53% (Fig. 7c).
For lower current densities, ion movement is slower during
charging, resulting in a large amount of charges accumulating
on the porous surface. When the current density becomes high,
ions move faster, leading to a short time for charge accumula-
tion on the porous surface, resulting in lower specific capaci-
tance. Fig. 7d presents the Ragone plot of the supercapacitor,
indicating linear variation. It delivers an energy density of
18 W h kg " at a 300 W kg~ ' power density, and a maximum
power density of 10.2 kW kg ' at a 7 W h kg~ energy density.
The Nyquist plot confirms the internal and charge transfer
resistances of the device (Fig. 7e). It shows an internal resis-
tance of ~2.73 Q and a charge transfer resistance of ~16.6 Q.
The resistance values of this gel electrolyte supercapacitor are
higher than those of the ones with liquid electrolytes. Fig. 7f
presents the cycling stability and coulombic efficiency of the
supercapacitor. It delivers almost 100% capacitance retention
and coulombic efficiency after 6000 cycles. The electrodes of the
supercapacitor with a porous structure and defects provide
additional active sites for electrolyte ions, leading to improved
charge storage. Such stable performance may be caused by
stable ionic charge movement and accumulation in the pores.

4. Conclusions

Microporous graphene was successfully synthesized at 950 °C
via the pyrolysis method. BET surface area and NLDFT calcu-
lations confirmed that the fabricated graphene possesses a high
surface area of 2266 m” g~ with pore sizes in the range of 0.85
to 1.9 nm. The electrode made using this porous graphene
exhibited a maximum specific capacitance value of 540 F g~ * at
2 A ¢! using a 1.0 M KOH electrolyte. By varying the KOH
electrolyte concentration, the specific capacitance of the elec-
trode was also changed. The effective diffusion coefficients of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the electrolyte ions were used to confirm the charge storage
mechanism, which was the adsorption, desorption, and
permutation of electrolyte ions. A symmetrical solid-state
supercapacitor device fabricated with the above-mentioned
electrodes and PVA-KOH-based electrolyte exhibited the
energy and power densities of 18 W h kg™ " and 10.2 kW kg,
respectively, with a capacitance retention and coulombic effi-
ciency of 100% after 6000 cycles. This study not only presents
a high-performing supercapacitor but also provides its charge
storage mechanism. This can establish the direction of fabri-
cating new electrode materials with optimized pores and suit-
able electrolytes to produce high-performance supercapacitors.
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