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Electrochemical performance of a symmetric supercapacitor device
designed using laser-produced multilayer graphene
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Abstract:  We report an economical approach for the fabrication of laser-produced graphene (LPG) electrodes, which results in an
improved electrochemical performance. Polyimide polymer was used as the starting material for LPG synthesis and was irradiated
under ambient conditions with a CO, laser. The prepared LPG samples were characterized by Raman spectroscopy and FTIR, which
validated the formation of multilayer graphene containing sp® hybridized C=C bonds. FE-SEM revealed three-dimensional (3D)
sheet-like structures, while HR-TEM images showed lattice planes with an interplanar spacing of approximately 0.33 nm, corres-
ponding to the (002) plane of graphene. Their electrochemical performance showed a remarkable areal specific capacitance (C,) of
51 mF cm > (170 F g ') at 1 mA cm ™ (3.3 A g') in a three-electrode configuration with 1 mol L™ KOH as the aqueous electrolyte.
The LPG electrodes produced an energy density of ~3.5 uWh cm ™ and a power density of ~ 350 uW cm 2, demonstrating signific-
ant energy storage ability. They also had an excellent cycling stability, retaining 87% of their specific capacitance after 3 000 cycles
at | mA/em’. A symmetric supercapacitor fabricated with LPG electrodes and the 1 mol L™ KOH electrolyte had a specific capacit-
ance of 23 mF cm > and showed excellent retention after 10 000 cycles, showing LPG’s potential for use in supercapacitors.
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1 Introduction specific capacitance and energy density of SCs des-
) pite their many benefits. Generally, charge storage
In recent times, the energy sector has faced un- . . )

) mechanisms in SCs take place by forming an electro-
precedented challenges due to ever-growing energy . )
. : static double layer (EDL) at the interface between an
consumption and concerns over environmental sus- o
D electrode and an electrolyte and/or pseudocapacitive
tainability. Consequently, the development of effect-

ive energy storage technologies has become cruciall’ process””. The electrode materials must exhibit favor-

Electrochemical energy storage technology is of ut-
most importance in limiting the inherent inconsisten-
cies of renewable energy sources and effectively
meeting the escalating demands of contemporary soci-
ety. Among the several energy storage technologies,
supercapacitors (SCs) have gained a lot of attention
because of their quick charging and discharging kinet-
ics, substantial power density, extended lifespan, low
input impedance, and environmental toughness. Re-
searchers are continually engaged in enhancing the
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able chemical kinetics, high chemical activity, re-
duced ion-diffusion path lengths, increased surface
area, and numerous active sites for electrochemical re-
actions. For instance, Wang et al. synthesized 3D hier-
archical a-MnO, nanotubes assembled hollow urchins,
which provide electro-active sites and thereby find po-
tential in improving the device performance'.
However, the electrochemical performance of SCs is
affected by structural deterioration and inadequate

contact between the electrode-current collector con-
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tact. Therefore, developing novel electrode compon-
ents that can provide superior specific capacitance
without any structural degradation is of utmost im-
portance'. The emergence of carbon-based nanoma-
terials, specifically graphene, has drawn much atten-
tion as electrode material in SCs due to extensive sur-
face area (hypothetical specific area of surface (SSA)
of 2675 m’/g), higher porosity, superior electrical
conduc divity, outstanding thermal stability and
charge storage capability (hypothetical capacitance
per unit mass of 550 F/g)””. Wang et al. demon-
strated the synergistic effect of binder-free Prussian
blue/ reduced graphene oxide (rGO) flexible elec-
trodes which deliver a high specific capacitance of
286 F g ' and long-term cyclic durability®®. Li et al.
demonstrated a controlled synthesis of nitrogen and
phosphorous co-doped carbon coated on rGO as an
anode material which resulted in a high energy dens-
ity of 107 Wh kg™' and ultra-durable cyclic stability™".
Mi et al. demonstrated the synthesis of ultrafine
amorphous Sb nanoparticles on rGO as anodes in so-
dium ion capacitors, which exhibited a Na" ion stor-
age capacity of 83.5 mAh g ' showing high perform-
ance of Na-ion energy storage devices''”.

Numerous methodologies have been employed to
fabricate graphene throughout the years, including the
micromechanical exfoliation graphite, epitaxial
growth on silicon carbide, Hummer’s method, chem-
ical vapor deposition, and its modified techniques for
large-area graphene synthesis!""'?. Nevertheless,
many of the widely used techniques exhibit draw-
backs, such as the need for intricate setups, the use of
harsh chemicals, high temperatures, the dependence
on costly and hazardous solvents, and finally, exten-
ded processing times'"”!. Another challenge emerges in
the electrode fabrication process, which usually re-
quires, activated carbon and a binder, lowing the spe-
cific capacitance and consequently, impacts the SC
device performance. To address these challenges asso-
ciated with graphene synthesis and fabrication of elec-
trodes, recently a new technique based on laser has
been developed.

Recently, the utilization of laser technology to

transform graphene oxide (GO) into graphene has
gathered significant interest in areas of miniaturized
as well as flexible systems of energy storage. This
process involves the interaction of a laser beam with
GO, resulting in the reduction of GO into graphene!'*.
In 2014, Rice University researchers created Laser-In-
duced Graphene (LIG), a revolutionary synthesis
method in which a CO, laser was exposed to Polyim-
ide film. The intense heat generated by the laser con-
verts the surface of polyimide into Graphene. This
phenomenon involves the photothermal conversion of
sp’ carbon atoms of polyimide to sp” hybridized car-
bon atoms of graphene!>'*. The resulting graphene
synthesized using this method is useful for large-scale
production, having a highly porous multi-layer 3D
structure which makes it suitable for energy storage
applications. Furthermore, enhanced electrochemical
performance in SCs requires 3D porous structures
which corresponds to the availability of highly con-

ducting paths, transfer

[17,18]

providing high charge
rates . Laser induced graphene (LIG) is widely
sought-after as an electrode material thanks to its ex-
cellent mechanical strength, proficient electrical con-
ductivity, enhanced surface area, as well as remark-

(9 micrometer-size

able porosity For instance,
graphene electrodes were developed on GO sheets
through nano-writing by utilizing a femtosecond laser.
This advancement opens up new possibilities for us-
ing graphene-derived materials in electrical micro-

electronics™”

. Similarly, scalable manufacturing of
graphene-derived planar supercapacitors was  re-
vealed by El-Kady et al., after utilizing a commercial
LightScribe DVD burner which resulted in outstand-
ing results”!. In another study, Peng et al. synthes-
ized B-doped graphene utilizing direct laser treatment,
resulting in an increased areal capacitance®. Consid-
ering the exceptional performance of supercapacitors
enhanced by laser-scribing technology for electrode
synthesis and their direct utilization in SCs without
adding any binder has opened new insights for future
consumer electronics in SC applications.

This study involves the growth of laser-pro-
duced graphene (LPG) by employing a CO, laser for

its use as electrodes in supercapacitor applications.
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Structural investigation of LPG was performed using
Raman spectroscopy, Fourier transform infrared spec-
troscopy (FTIR), field-emission scanning electron mi-
croscopy (FESEM), high-resolution transmission elec-
tron microscopy (HRTEM), and X-ray photoelectron
spectroscopy (XPS). Using a three-electrode arrange-
ment, the electrochemical performance of these elec-
trodes is systematically evaluated. The electrochemic-
al evaluation comprises crucial measurements using a
three-electrode setup performed in 1 mol L' KOH
electrolyte. Charging/discharging cycles are assessed
to evaluate the stability and durability of the electrode.
Moreover, a symmetric supercapacitor device has
been constructed to evaluate the efficacy of LPG as an
electrode constituent in a cutting-edge supercapacitor

application.

2 Experimental

2.1 Synthesis of laser-produced graphene (LPG)

The commercially flexible and non-conductive
polyimide (PI) film, TapeCase, which has a thickness
of 5.0 mil was used as the substrate as well as the car-
bon source. The CO, laser beam parameters are as fol-
lows: wavelength (1) ~10.6 um, maximum operating
power of 40 W, and a scanning rate of 400 mm/s. Op-
timized laser power and head speed for synthesizing
LPG are 9.0 W and 120 mm/s, respectively. Fig. 1 de-
picts a schematic representation of LPG on PI using a
CO, laser. In this manner, multiple electrode pairs
were inscribed onto a polymer sheet followed by cut-
ting into single units (2 cm x 1 ¢cm) and characterized
subsequently. The whole process of fabrication was
carried out under ambient conditions.
2.2 Material characterization

The Raman spectrum of LPG was carried out us-
ing a Raman Spectrophotometer (RIMS-U-DC) with

CO, Laser
(A=10.6 pm)

— &

Polyimide
(thickness ~170 pm)

Fig. 1

an excitation of 532 nm. The laser spot size was
nearly 1 pm, and the laser power was kept below
1 mW (to avoid local heating). FT-IR measurements
of the LPG sample were conducted incorporating Per-
kin Elmer FTIR spectrometer which operates in the
spectral region 400 to 4 000 cm'. An analysis of the
morphology of the electrode was done by HR-FESEM
(JSM-7900F, Jeol from Japan), operated at 15 kV po-
tential. HRTEM from JOEL, model JEM-2100F, man-
ufactured in Tokyo, Japan, was used to conduct the
structural analysis. The operating voltage for the mi-
croscope was 200 kV. The LPG sample was mixed
with ethanol and subjected to ultrasonicated for
15 min. Subsequently, 5 pL solution was carefully
drop-casted on a copper grid coated with carbon and
left to dry at ambient temperature for the TEM obser-
vation. Nitrogen adsorption/desorption isotherms at
77 K using an Anton Paar (Autosorb 6100 FKM MP-
AGQG) equipment to perform Braunauer-Emmett-Teller
(BET) surface area study. The material was degassed
in a vacuum for 3 h at 200 °C, before BET analysis.
The pore size distribution was assessed using the Bar-
rett-Joyner-Halenda (BJH) method. XPS measure-
ment was obtained on AXIS Supra + manufactured by
Kratos Analytical Ltd. using a monochromatic Al K,
X-ray source.

2.3

trode configuration

Electrochemical measurements: Three-elec-

Various electrochemical techniques, including
cyclic voltammetry (CV), galvanometric discharge-
charge (GCD), and electrochemical impedance spec-
troscopy (EIS) were employed to analyze the elec-
trode’s electrochemical behavior. The electrochemic-
al response was evaluated with the help of the EC
(EC-Lab

V11.42). The experiments were initially conducted in

Biologic  electrochemical — workstation

Laser-produced graphene Multilayered graphene
(LPG)

Illustrative scheme of the LPG formation process
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a 3-electrode arrangement using 1 mol L™ potassium
hydroxide (KOH) electrolyte. In this setup, a platin-
um wire was used as the counter electrode, a satur-
ated calomel electrode (Ag/AgCl) served as the refer-
ence electrode, and LPG was employed as the work-
ing electrode. CV experiments were conducted within
the voltage range of 0 to 0.7 V at various scan rates
ranging from 5 to 100 mV/s. The areal specific capa-
citance (C,) (in mF/cm’) based on CV measurements

can be calculated by equation (1)),

1 Vi :
_2><S><v><(vf—vi)jv.l(v)dv M

where, C, = specific areal capacitance (mF cm™), S

S

denotes the electrode’s active area (in cm®), V; and V;
signify the initial and final potential, v represents
voltage sweep per second (in V/s), and /(V) refers to
the current (in milliamperes). f‘;’l (V)dV equals poly-
gon region calculated from CV curves.

The GCD measurements of LPG electrodes were
carried out at 0 to 0.7 V voltage at different values of
current per unit area (1 to 2.5 mA/cm’). The specific
areal capacitance (C,), energy density (E,) (WWh/cm®),
and power density (P,) (WW/cm®) according to the
GCD test were evaluated by equations (2—4) respect-

ively™!
i
[ — 2
€= Sxavia @
1 (AVY
Eo= 3% X380 ®)
P.= £ %3600 )
*TAt

where, C, = specific capacitance in mF/cm’; [ = dis-
. dv . .
charge current in A/cm’; Edenotes discharge time,

and S refers to the overall active area of electrodes.
The EIS tests were conducted within the fre-
quency region of 0.1 Hz to 1 MHz in the three-elec-
trode setup with a sinusoidal amplitude of 10 mV.
2.4 Fabrication of two-electrode device: Symmet-
ric supercapacitor
The super-capacitive characteristics of the LPG
electrode were evaluated by fabricating a symmetric
SC device using a Swagelok cell assembly. The LPG
powder was removed from the polyimide surface by

scratching using a wired spatula and subsequently col-

lected for electrode formation. Thereafter, a slurry
PVDF
(polyvinylidene difluoride) as a binder, and activated

was prepared containing LPG powder,

carbon in the ratio 8 : 1 : 1 by weight. All these com-
ponents were combined using agate pestle and mortar
quantity of NMP (1-methyl-2-
pyrrolidone) solvent to form a thick slurry. After that,

and a small
the slurry was drop cast on a pair of circular-shaped
graphitic paper with a diamter of 15 mm and was kept
in an air oven at 80 °C to dry overnight. A Whatman
filter paper as a separator of the same dimensions as
that of electrodes was dipped in 1 mol L' KOH elec-
trolyte for 30 min. After that, the electrodes and the
separator were assembled into the Swagelok cell, and
a tiny dose of 1 mol L™' KOH aqueous electrolyte was
introduced for the two-electrode device
ments as depicted in Fig. 7b. The CV and GCD were
recorded in a voltage range of 0 to 0.8 V. The EIS test
was conducted over a wide frequency range from
0.1 Hz to 1 MHz, with a 10 mV sinusoidal amplitude.
The C, E,, and P, were evaluated using the following

measure-

equations™*.
2xIxAt
I A 5
S XAV )
C,xAV?
== 6
o 2x3.6 ©
E, %3600
Po= = (7)

where I represent the charging and discharging cur-
rent, At denotes the rate of discharge, S represents the
active area of the electrode material and AV signify

voltage window.

3 Results and discussion

Raman spectra were taken to validate the nature
of hybridization and to investigate the level of dis-
order, as well as the quantity of layers in LPG. The
Raman spectrum of LPG within 1000 to 3 000 cm™'
range is depicted in Fig. 2a. The spectrum primarily
contains D and G peaks and their overtones with no
additional peaks are observed™. The G-peak centered
at approximately 1570 cm™', assigned to in-plane vi-
brations of E,, phonons of sp” hybridized C-atoms in

the Brillouin zone center™. The D-peak is centered
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Fig.2 (a) Raman spectrum of LPG. (b) FT-IR spectra of LPG.

around 1 348 cm™', associated with disordered graphit-
ic structures due to the sp’ bonds"*”. Furthermore, the
2" order scattering of the D-band, named as the 2D
band that appears at approximately 2 677 cm ', is util-
ized for the analysis of the stacking order in
graphene®. Additionally, the number of layers and
defect amount have been estimated using the intensity
ratios Il and I,/I.. The I, ratio (~0.8) confirms
the presence of lattice defects in the LPG electrodes,
possibly due to the vacancies, dislocations, and struc-
tural irregularities resulting from the high-energy laser

231 Moreover, the 3D porous structure of

pulses
LPG contains dangling bonds, and other functional
groups containing oxygen (such as epoxides, hy-
droxyls, or carbonyls) bonded to the graphene lattice,
which provides additional active sites for charge stor-
age as well as facilitating ion adsorption thereby im-
proving the electrochemical properties of LPG"?!. The
formation of multilayer graphene was confirmed by
the 1, value, which is 0.5 (less than 1), permitting
ion penetration into the stacked layers of graphene™’.
Additionally, the size of the crystallite (L,) was com-

puted using the following equation

L, (nm) = (2.4 x 10“°)Aiaser([—D)_ (8)

Ig
here, A represents the excitation wavelength of the
laser. The aforementioned equation is obtained from
the “Tuinstra Koenig Relation””*. The average L, was
estimated as 24 nm, implying that laser-fabricated
graphene has a significantly large crystallite size. This

indicates high structural order and improved electric-

al conductivity, which facilitates faster charge trans-
port and thus improves the overall electrochemical
performance””!. Similar findings were reported by Lin
et al., revealing the presence of defects in graphene
material synthesized via laser-induced method'".

Fig. 2b displays the FTIR spectra of LPG, which
were obtained to examine the presence of functional
groups. The LPG powder was scratched and mixed
with potassium bromide (KBr) in a 1 : 100 ratio by
mass and transformed into a transparent palette by ap-
plying suitable pressure. The observed absorption
peak at 1647 cm™' corresponds to C=C bonds which
are distinctive characteristics of graphene®”. The ad-
ditional vibrational peak at 3430 cm ' suggests the
appearance of a stretching mode associated with hy-
droxyl groups (O—H)""\. The spectral peaks at 2 921
and 2 850 cm™' are indicative of the vibrational modes
associated with the C—H bond in asymmetric (aCH,)
and symmetric (sCH,) modes, respectively”™. Addi-
tionally, the peaks observed at 1384, 1 096 cm’', and
in the range of 800550 cm ™' are attributed to the ex-
istence of C—O—H, C—O and other functional
groups containing epoxy or ether at the boundaries of
multilayer graphene”. Sindhu et al. reported similar
results in LIG, identifying oxygen-containing func-
tional groups that contribute to material’s electro-
chemical properties*”.

Fig. 3a depicts the FESEM image of as-synthes-
ized LPG. Notably, LPG possesseds the characteristic
3D multilayer structures. At higher magnification, as

shown in the inset of Fig. 3a, the randomly oriented
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B Map sum spectrum

Fig. 3 (a) FESEM micrographs of as-prepared LPG and its magnified image in the inset. (b) EDS layered image of LPG. (c) Corresponding elemental map-
ping of LPG. (d) EDS spectrum of LPG. (e) TEM image of LPG. (f) HRTEM lattice fringes and the inset shows an enlarged image of

atomic columns with an interplanar spacing of 0.33 nm

sheet-like structures of LPG are stacked together by
weak Van der waals’ forces. The particular morpho-
logy boosts the surface area of LPG, which enables
the electrodes to accumulate more charges and also
helps in forming an EDL. Furthermore, these 3D tex-
tures provided supplementary adsorption sites for
KOH ions, resulting in enhanced -electrochemical
characteristics'*!!. Fig. 3b, ¢ represent the EDS layered
image of LPG and the corresponding elemental map-
ping respectively, which illustrates the presence of
carbon agreeing well with the Raman results. In addi-
tion, Fig. 3d displays the EDS spectrum of the LPG.
The spectrum detected mainly carbon atoms.
However, the appearance of Pt is due to the Pt coat-
ing on the surface of LPG for accurate detection of
elements in EDS mapping. The interlinked graphene
sheets demonstrate a porous morphology of LPG

which increases ion transport phenomenon and charge
storage properties.

Furthermore, the microstructural details of LPG
were examined by TEM and HRTEM. Fig. 3e shows
the TEM image of LPG, confirming the sheet-like
multilayer structures of graphene formed by CO,
laser. Additionally, the HRTEM micrograph depicted
in Fig. 3f demonstrates the existence of elongated and
curved ribbons or curved structures with width of
4-10 nm. The lattice fringes revealed the crystalline
phase of LPG. Based on the enlarged section of the
lattice planes as identified in the inset of Fig. 3f, the
interlayer distance (d) is calculated to be 0.33 nm,
which corresponds to (002) graphitic planar structure
of LPG, as confirmed by the XRD study'**. The equal
alignment of the atomic plane implies the regular ar-

rangement of carbon atoms in the atomic columns
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Fig. 4 (a) N, adsorption/desorption BET isotherm of LPG. (b) Pore size distribution of LPG

which lowers the resistance and promotes faster ion
transportm].

Nitrogen adsorption and desorption analysis were
conducted on LPG to examine the specific surface
area and pore size. Fig. 4a illustrates the characterist-
ic type IV isotherm featuring a hysteresis loop of type
H3, which signifies the porous characteristics of the

144 The BET-specific surface area for the

materia
LPG sample was calculated to be 224 m’/g, exceed-
ing previously reported values in the literature*. A
broad BJH pore size distribution spanning from 3 to
180 nm suggests the existence of both mesoporous
and microporous structures***”!. The pore volume of
LPG was determined to be 0.565 cm’/g, with a mean
pore diameter of 33 A, as illustrated by the pore distri-
bution plot depicted in Fig. 4b. The porous morpho-
logy, along with a high surface area, promotes rapid
ion transport and higher charge storage capacity, lead-
ing to superior electrochemical performance. Ryu et
al. calculated the BET surface area for the densified
LPG electrodes, which is estimated to be ~ 182 cm’/g
and pore size ~4 nm'*"!. Yuan et al. performed BET
analysis for fluorine and boron-doped LPG and found
a surface area ranging from approximately 164 to
210 m*/g and an average pore size of ~ 6.4 nm™**],

The XPS measurements are crucial to confirm
the elemental composition and chemical state of the
as-synthesized LPG samples. Fig. 5 displays the high-
resolution XPS profile of C 1s spectra, with fitting
performed using Shirley’s background. The spectral
peaks observed at 284.6, 285.3 and 288 eV can be at-

tributed to the C=C, C—0O and O—C=0 bonds, re-
spectively®. The predominant peak of 284.6 eV cor-
responds to the sp® hybridization of carbon atoms. The
appearance of other peaks indicates the existence of
oxygen-containing functional groups, such as hy-
droxyl and carbonyl, during the laser-induced process
or due to the environmental exposure””. These find-
ings provide evidence for the formation of 2D sp’ geo-
metry of carbon atoms which indicates graphene
formation using the laser-based method along with
oxygen-containing functional groups. These results
are well-aligned with Raman spectroscopy and FTIR.
The electrochemical characteristics of the materi-
al were carried out using a 3-electrode arrangement in
1 mol L' KOH electrolyte to assess their potential
utilization as supercapacitors. Fig. 6a exhibits the CV
curve of LPG with different sweep rates between
5 to 100 mV/s in the 0 to 0.7 V range. CV plot’s re-

sponse demonstrates capacitive characteristics, dis-

LPG c=C &
C1s 28466V

35

e

>

‘®

c

g

£

e ———
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Binding energy/eV
Fig. 5 XPS C 1s spectrum of LPG
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playing quasi-rectangular loops instead of an ideal
rectangular path. No redox peaks appeared in the
tested potential window, which indicates excellent ca-
pacitive properties. The region covered by CV curves
was employed to calculate the specific capacitances.
Fig. 6b depicts the variance of specific capacitance
and the voltage sweep rate. Moreover, the specific ca-
pacitance exhibits an inverse relation with sweep
voltage. This behaviour occurs due to the reduced ef-
ficacy of ion penetration into the LPG electrodes at el-
evated sweep rates. Whereas, when the voltage scan
rate is reduced, ions from the electrolyte effectively
and quickly enter the gaps between the layers of mul-
tilayer graphene, resulting in high specific capacit-
ance”!l. Also, as the sweep rate rises, the ohmic resist-
ance of aqueous electrolyte ions in the pores in-
creases, resulting in a decrease in the calculated value
of capacitance™”. Moreover, the presence of defects in
LPG may affect its electrochemical performance.
High porosity, along with substantial surface area of

LPG electrodes, contributes to its capacitive properties.

The electrochemical characteristics of the LPG
electrodes were further confirmed by GCD analysis.
Fig. 6¢ represents the GCD graph that exhibited a
quasi-triangular symmetrical distribution, suggesting
the strong reversibility of the electrode material,
which is also a typical feature of capacitive behavior
in supercapacitors”™. The GCD test of LPG was con-
ducted at various values of specific current in the
range 1 to 2.5 mA/cm’, within a similar potential
range as that of CV measurements. At 1 mA/cm’, the
areal capacitance was calculated as ~51 mF/cm’
(171 F/g). Furthermore, when increasing the value of
the specific current to 1.25 mA/cm’, the areal specific
capacitance is calculated to be ~24 mF/cm®. These
findings are well aligned with the CV results. Addi-
tionally, the decrease in specific capacitance are seen
with an increment in specific current (Fig. 6d). Simil-
ar findings were reported by Shaalan et al. while test-
ing the electrochemical performance of NiO-doped
LPG electrodes'*”. This behaviour may be ascribed to
the limited timeframe for the ions to permeate the in-
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Fig. 6 (a) CV curves of LPG at various scan rates from 5 to 100 mV s . (b) Variation of specific capacitance at different scan rates. (c) GCD curves for LPG

electrode at various current densities, and (d) variation of specific capacitance at different values of specific current
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ternal sheet-like structures of the multilayer LPG elec-
trode at a higher value of current. The asymmetry ob-
served in charge-discharge curves can be attributed to
the presence of oxygen-containing functional groups,
such as carbonyl (C=0), carboxyl (—COOH) and
hydroxyl (—OH). These groups participate in revers-
ible redox reactions, leading to an extended discharge
time. These side reactions are responsible for cou-
lombic efficiency exceeding 100%"*>.

To further investigate the ion storage mechanism,
the respective contributions of surface-controlled and
diffusion-controlled processes are estimated. The
methodology developed by Trasatti et al. evaluates the
charge storage processes by examining the voltam-

metric charge, which is produced through 2

SOuI'CCS[SG]

. The surface-controlled process (EDLC) oc-
curs at the interface, whereas, the other process signi-
fies the insertion/extrusion of ions in the bulk elec-
trode materials. Fig. 7a illustrates the percentage con-
tribution of specific capacitance. It represents a CV
plot at 50 mV/s and reflects the contributions from

both processes. Based on the analysis, it is evident

LPG@50 mV s™'
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Total current
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that the diffusion-controlled process is dominating in
LPG, accounting for 93% of the overall contribution,
while the surface-controlled process only contributes
7% (Fig. 7b). Fig. 7c displays a schematic diagram de-
picting the three-electrode setup and a detailed mech-
anism to gain insight into the migration of K* and
OH' ions into the multilayer graphene. The sheet-like
structure of 3D multilayer graphene enables the penet-
ration of K" and OH  ions into the randomly coiled
layered structures of LPG. However, recently, certain
research groups have made initiatives to control the
distribution of pore diameters in nanomaterials, to en-
hance the effective diffusivity and increase active sites
for the effective insertion of electrolytes into the lay-
ers of nanostructures””*,

Another crucial indicator for assessing the qual-
ity of the electrode is its cyclic performance. Fig. 8a
demonstrates the areal capacitance in accordance with
the cycle number of the LPG at 1 mA/cm’. Following
3000 cycles, the areal-specific capacitance LPG elec-
trode shows slight attenuation from 51 mF/cm’ to

44.3 mF/cm’, and the corresponding retention rate is

(b)

Capacitance contribution/%

M Diffusion controlled

M Surface controlled

K* and OH" ion diffusion in
multilayered LPG

Fig. 7 (a) Trasatti method analysis of capacitance contribution. (b) 3D pie chart showing percentage contribution of capacitance. (c) Schematic illustration of

three-electrode setup, and charge storage mechanism in LPG
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found to be 87% after 3200 cycles as presented in
Fig. 8b. During the initial cycles, the areal capacit-
ance increases, due to the increased accessibility of
electrolyte ions within the electrode. As the number of
cycles evolves, the areal capacitance of the electrode
material decreases due to the deterioration of the ma-
terial and an increased internal resistance, which
erodes its electrochemical performance. Fig. 8c dis-
plays the Ragone plot illustrating the relation between

specific energy and specific power. The LPG elec-
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trodes deliver a maximum of 3.5 uWh/cm® specific
energy at a specific power of 350 pWh/cm’, which is
better than the results reported in the previous study.
A comparative analysis of LPG with other materials is
given in Table 1.

The Nyquist plot obtained from EIS is shown in
Fig. 8d. The simulation was performed using Z view
4.0 software and the corresponding equivalent circuit
for the system containing electronic components. Z'

symbolizes the real impedance, while Z" stands for the
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Fig. 8 (a) Cyclic performance of LPG in three-electrode-configuration after 3 000 cycles at I mA cm 2. (b) Retention rate vs cycle number. (c) Ragone plot of
LPG at 1 mA cm . (d) Nyquist plot of LPG in the frequency range 0.1 Hz to 1 MHz

Table 1 Comparative analysis of electrochemical performance of different materials using three-electrode measurements

Material Synthesis method Speci(f“;;; iﬁ%t ance/ Er(lflr\%i?;%y/ Retention rate/(%) Reference

Laser-Produced Graphene (LPG) CO, laser on PI 51 35 93 This work
Graphene oxide (GO) Hummer’s method 35 1.3 85 [59]
Reduced graphene oxide (rGO) Modified hummer’s method 80 2.5 87 [60]
Activated carbon (AC) Activation of carbon precursors 40 2.0 85 [61]
MnO,/graphene composite Hydrothermal method 120 4.0 95 [62]
Conductive polymer (Polyaniline) Chemical polymerization of aniline 50 2.5 80 [63]
Transition metal oxide (RuO,) Sol-gel synthesis 200 5.0 90 [64]
Heteroatom-doped graphene Chemical vapor deposition (CVD) 90 35 92 [65]
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imaginary impedance. In addition, Z' represents the
resistance of the electrolyte (R,), the resistance of
charge transfer (R,), and the Warburg resistance
(W,z). Within the realm of intermediate and higher
frequencies, the arc diameter signifies the transfer of
charge (R,). On the other hand, in the higher-fre-
quency regime, the x-intercept reveals the overall res-
istance (R,), encompassing the resistance offered by
the electrode materials, the electrolyte’s ionic resist-
ance, and the resistance at the contact point between
the electrode and the current collector. The total in-
ternal resistance (R,) and charge transfer resistance are
found to be 3.5 and 3.7 Q respectively. In the middle-
frequency range, there is a diagonal curve which sig-
nifies the Warburg impedance (W). This curve indic-
ates the ion movement in the electrolyte, either
through diffusion or transportation. In the low-fre-
quency region, the electrode demonstrates capacitive
behaviour™”.

To determine the practical application of the
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LPG electrode, a symmetric SC was designed using a
Swagelok cell assembly in 1 mol L' KOH aqueous
electrolyte. Fig. 9a reveals the CV profile of the elec-
trode acquired at various scan rates varying from 5 to
100 mV/s. The symmetrical and quasi-rectangular pat-
tern indicate capacitive characteristics analogous to
the findings observed in the 3-electrode test. Fig. 9b
conveys the correlation between scan rate and specif-
ic capacitance, indicating a substantial decline in spe-
cific capacitance as scan rates increase. Fig. 9c, d dis-
play the LPG device’s charging-discharging profile at
different specific currents. The obtained maximum
specific capacitance of 23 mF/cm® (41 F/g) at
0.15 mA/cm® demonstrates significant improvement
compared to the recently reported values in the sci-
entific literature (Table 2). Fig. 10a shows the specif-
ic capacitance concerning the cycle number of the
LPG electrode material at 0.15 mA/cm’. After 10 000
cycles, the areal-specific capacitance and capacitance

retention are depicted in Fig. 10b, which suggests that
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Fig.9 (a) CV curve of LPG device at various scan rates from 5 to 100 mV s '. (b) Variation of specific capacitance at different scan rates. (c) GCD curves for

LPG electrode in device at various current densities, and (d) variation of specific capacitance at different values of specific current
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LPG electrodes deliver 95% capacitance retention.
The initial spike in specific capacitance is due to the
diffusion-controlled contribution, while a gradual de-
cline takes place in subsequent cycles. The highly por-
ous structure, significant surface area, and superior
electrical conductivity of graphene contribute to the

remarkable cyclic [sel,

stability of the electrodes
Fig. 10c displays the Ragone plot that shows the vari-
ation of specific energy with specific power exhibit-
ing a linear variation. The LPG electrodes deliver a
maximum

energy density of 2 pWh/cm® at

113 pW/em® power density and a maximum power

density of 2273 pW/cm® at 0.15 pWh/cm® energy
density. The C,, E, and retention rate of three-elec-
trode and device measurements are summarized in
Table 3.

The EIS investigations were displayed in the
form of a Nyquist plot (Fig. 10d), before and after
cycles 3000 cycles to examine the R, and R resist-
ances of the device. The EIS curves exhibit a consist-
ent pattern, involving a very small semi-circle, repres-
enting R, and a straight line, indicating W due to a

diffusion-controlled process at the interface. The ana-

logous circuit was simulated utilizing Zview software.

Table 2 Electrochemical performance of Graphene-based supercapacitors in two-electrode device

Electrode material (Graphene-based) Electrolyte Specific capacitance of device Reference
LIG microsupercapacitor PVA gel electrolyte 222 mF cm ™ at 0.05 mA cm™ [62]
Graphene on PI Aqueous electrolyte (KOH) 2.19 mF em ™ at 0.263 mA cm > [67]
LIG on PI Gel electrolyte 800 uF cm 2 at 10 mV/s [68]
LIG + MWCNT Gel electrolyte 11.17 mF cm 2 at 0.2 mA cm ’ [69]
LIG + PG Gel electrolyte 339 mF cm *at 15.6 pA cm? [1]
Densified LIG H,S0, gel electrolyte 19.5 mF cm ™ at 0.05 mA cm > [47]
LPG 1 mol L™ KOH aqueous electrolyte 23 mF cm” at 0.15 mA cm’ This work
40
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Fig. 10 (a) Cyclic performance of LPG device after 10 000 cycles at 0.15 mA cm . (b) Retention rate vs cycle number. (c) Ragone plot of LPG utilized in

device. (d) Nyquist Plot of LPG in the frequency range 0.1 Hz to 1 MHz before and after 10 000 cycles with circuit fitting using Zview software
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Table 3 Summary of maximum values of areal specific capacitance (C), energy density (E,), and retention rate of
LPG electrode in three-electrode configuration and device

Measurements

Three-electrode setup Device

Specific capacitance (C,)
Energy density (E,) (at power density)
Retention rate (%)

51 mF cm>
3.5 uWh cm 2 at (350 pWem ?)
87% (3 000 cycles)

23 mF cm™>
2 uWhem ™ at (113 pWem?)
95% (10 000 cycles)

The EIS results for the LPG device as a symmetric SC
device are well-aligned with the findings obtained
from 3-electrode analysis. Fig. 10d reveals that R, is
2 Q before and after cycles, whereas the R, decreases
from 1.5 to 0.5 Q after 3 000 cycles. The slight devi-
ation of the linear trajectory in the low-frequency
range following 3 000 cycles primarily arises from the
repulsive resistive impact caused by the presence of
occupied ions in the 3D sheet-like structures of the
LPG electrode.

4  Conclusion

Herein, a facile and economical approach was
developed for the synthesis of LPG. The fabricated
sample was examined using Raman spectroscopy, FT-
IR, FESEM, HRTEM and XPS. This confirms the
formation of multilayer graphene with few defects and
a highly porous nature. Moreover, the 3D sheet-like
structures in the multilayer LPG demonstrated im-
pressive capacitive properties. Using a three-elec-
trode configuration, the electrode exhibited a maxim-
um areal-specific capacitance of 51 mF cm’”
(170 F gy at | mA cm” in a 1 mol L™' KOH electro-
lyte. Furthermore, the LPG electrode material pro-
duces an excellent energy density of 3.5 uWh cm* at
a power density of 350 pW cm . The cyclic stability
of the electrodes was measured to be 93% after 1 000
cycles at 1 mA cm >, demonstrating highly stable
device performance. Furthermore, the LPG-symmet-
ric SC showed excellent performance with 23 mF cm
areal capacitance at 0.15 mA cm °. However, there is
potential for further enhancement of these SC elec-
trodes by developing composite materials or doping
with other pseudocapacitive/battery-like materials and
selecting suitable electrolytes. This study not only
presents a high-performance SC, but also provides

charge storage mechanism in LPG electrodes, unlock-

ing its potential as a cutting-edge electrode material in
SC applications.
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