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ABSTRACT
This paper reports a facile carbonization method of a biopolymer to synthesize reduced graphene oxide 
with excellent electrochemical properties for use as a supercapacitor electrode. Oil palm lignin is used as 
the biopolymer-based graphene precursor, and a carbon dioxide laser is used to carbonize the material 
via lithography. Using Raman Spectroscopy, the characterization of the resultant graphene (OP-LSG) 
revealed D, G, and 2D peaks corresponding to multilayer graphene. Scanning Electron Microscopy of OP-
LSG revealed three-dimensional particle-like fibrous and porous nanostructures with an enhanced surface 
area. In a three-electrode setup in ferrocyanide electrolyte, cyclic voltammetry showed the electrode 
coated with OP-LSG achieving a specific capacitance as high as 108.044 mF/cm2 at a scan rate of 0.01 V/s. 
The galvanostatic charge-discharge of OP-LSG revealed energy and power density values of 15 µWh/cm2 

and 597 µW/cm2 at a scan rate of 0.01 V/s. The OP-LSG electrode retained 97.5% of its initial capacitance 
after 1000 charge-discharge cycles.
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INTRODUCTION
Supercapacitors, or ultracapacitors, are 

capacitors that can achieve high power outputs 
at lower operating voltages [1]. They are able to 
bridge the gap between rechargeable batteries and 
electrolytic capacitors by having a higher power 
input and output, as well as many more charge 
and discharge cycles than the former but a higher 
energy density than the latter [2]. Supercapacitors 
do not use the conventional solid dielectric, 
instead, they use either electrostatic double-layer 
capacitance or electrochemical pseudocapacitance, 

or both. There are three types of supercapacitors, 
Electric Double Layer Capacitors (EDLC), 
pseudocapacitors, and hybrid supercapacitors. 
Although all three types of supercapacitors are 
constructed of similar components, i.e., anode, 
cathode, separator, electrolyte, and current 
collectors, their energy storage mechanism differs 
based on the configuration of electrodes (i.e., 
anode, cathode) used. EDLC has electrodes that 
are made from carbon-based materials. True to its 
name, the energy storage mechanism in EDLC is 
via a Helmholtz double layer between the surface 
of the electrode and the electrolyte. In contrast, 

http://creativecommons.org/licenses/by/4.0/.


N. Naidu Loganathan et al. / LSG from Oil Palm Lignin for Supercapacitors

J. Water Environ. Nanotechnol., 6(4): 356-366 Autumn 2021 357

pseudocapacitors store charges electrochemically 
by swapping out the carbon-based electrodes in 
EDLC to redox-active materials, to allow reduction 
and oxidation within the electrode, intercalation or 
electrosorption. Hybrid supercapacitors combine 
both EDLC and pseudocapacitors’ characteristics, 
by using a combination of a redox-active electrode 
and a carbon-based electrode.

Electrodes play a significant role in determining 
the performance of the supercapacitor. EDLC 
possesses better power densities and capacitance 
due to the large surface area of the carbon-based 
electrodes [1]. Capacitance can be further increased 
by swapping the conventional carbon electrodes 
to materials with better physical properties, 
i.e., enhanced porosity and larger surface area 
such as graphene, due to its excellent properties 
such as high electron mobility and excellent 
electrical conductivity, owing to its honeycomb 
arrangement in a monolayer thickness atom [3,4]. 
These properties, combined with the large specific 
surface area, make graphene a better material for 
the fabrication of supercapacitor electrodes than 
traditional carbon-based materials [5].

However, the synthesis of pristine graphene via 
traditional methods, i.e., mechanical exfoliation, 
chemical exfoliation, chemical vapor deposition 
(CVD), is not viable due to multiple factors. 
Mechanical exfoliation is not scalable for mass-
production as it requires layer-by-layer exfoliation 
of graphite using an adhesive [5,6] with process 
optimization limited to force control of the 
exfoliation [5,7]. Chemical exfoliation requires 
graphite to be submerged in an alkaline solution to 
chemically induce separation between the graphene 
layers. This method produces graphene which is 
not uniform, affecting the electron mobility of the 
material [5]. In CVD, graphite is heated to ultra-
high temperatures, effectively transforming it into 
a gaseous state. The gas is then used to grow a thin 
film of graphene on a substrate [5,8]. Although 
CVD is deemed the most feasible method for mass 
production, it requires high initial investments and 
running costs. 

Hence, studies have been done on reduced 
Graphene Oxide (rGO) synthesized by reduction 
of a carbon precursor. Previously, researchers 
have utilized both chemical and electrochemical 
reduction routes to synthesize multilayer graphene 
[9]. Although the electrochemical route resulted in 
good graphene yield, the process still requires an 
exfoliation step and reducing agents to synthesize 

graphene. Recently, laser lithography has been used 
to scribe and reduce graphene oxide to rGO using a 
carbon dioxide laser [10]. The high-heat laser pulse 
uses a photo-thermal effect to excite the oxide bond 
of graphene oxide [11,12], effectively converting 
the sp3 carbon atoms to sp2 carbon atoms. A critical 
fluence rate is required to start the carburization 
process to burn the oxygen-containing functional 
group from the graphene oxide layer, leaving 
behind the rGO with a three-dimensional structure 
[10,13,14]. This process comprises both reduction 
and exfoliation of the graphene oxide into a single 
step, without the need for any additional reducing 
agents. This method is economical as it does not 
require binders, post-treatment, or chemical 
processing. 

The three-dimensional structure of the rGO 
results in a higher specific surface area and porosity 
than conventionally synthesized graphene e.g., 
CVD, mechanical exfoliation. Polymers have been 
widely used in the development of supercapacitor 
components due to their excellent characteristics 
[15–18]. Most studies have used synthetic polymers 
such as polyimide as a precursor for graphene 
synthesis via laser lithography [14,19–21]. However, 
in recent years, development has been focused on 
using biopolymers such as cellulose and alginate as 
precursors in rGO synthesis, due to their low cost 
and sustainability. Lignin, which comprises the 
lignocellulosic biopolymer that provides strength 
to the cell wall of plants along with cellulose and 
hemicellulose, is a promising biopolymer [22]. 
Multiple types of lignin e.g.., pulpwood lignin, Kraft 
lignin, lignosulfonate, [23–26] have previously 
been used in the development of supercapacitor 
components. In this paper, we report the synthesis 
of rGO from an oil palm lignin precursor via laser 
lithography, and its subsequent application as a 
viable supercapacitor electrode material due to its 
unique three-dimensional structure with higher 
specific surface area and porosity as compared 
to previously researched forms of lignin. The use 
of oil palm lignin as a precursor for synthesizing 
graphene has not been reported previously in any 
studies.

MATERIALS AND METHODS
Lignin powder is extracted from oil palm 

fronds using a rotary digester machine based on a 
soda pulping process [27]. 500 g of biomass is added 
to the digester, followed by 30% (w/v) aqueous 
sodium hydroxide and water. The ratio of biomass 
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to water to aqueous sodium hydroxide is 1:6:2. The 
digester is set at 170°C, and the mixture is cooked 
for 3 hours at 10 to 11 bars. Upon completion 
of the pulping process, the pulp is left to cool 
overnight. The pulp is then filtered with a metal 
sieve, followed by vacuum-assisted filtration via a 
Buchner funnel, to remove residues. The resultant 
material, black liquor, is highly alkaline, with a pH 
value between 13 to 14. The lignin is precipitated 
from the alkaline black liquor by acidification using 
20% (v/v) sulfuric acid. Once the solution’s pH level 
has been reduced to 2, it is stored overnight in a 
refrigerator for layer separation.

The precipitated lignin is centrifuged at 3500 
rpm for 10 minutes to eliminate excess water and 
dried inside an oven at 50°C for five days to remove 
residual moisture. The material is then ground to 
form lignin powder and refluxed with n-pentane 
via Soxhlet apparatus for 6 hours at 40°C. This 
step is required to remove lipophilic non-lignin 
materials such as wax and lipids from the powder. 
The lignin is filtered and washed with distilled 
water acidified using sulfuric acid until the solution 
reaches a pH level of 2 to remove n-pentane and 
non-lignin phenolic compounds from the pulping 
and purification process. The thoroughly purified 
lignin is dried inside an oven for 24 hours to 
produce ready-to-use lignin powder.

The lignin solution for laser lithography is 
prepared by diluting 10 grams of the lignin powder 
in 100 milliliters of distilled water. The solution 
is then stirred magnetically on a hot plate for 30 
minutes to ensure uniform and homogenous lignin 
dispersion. The resulting lignin solution has a 10 
percent concentration of lignin. 

The lignin solution is subsequently dropped cast 
on the substrate. 20mm by 20mm glass substrates 
are decontaminated using ethanol solution, and the 
electrical conductivity of the substrate is measured 
using a multi-meter to ensure the surface of the 
substrate is non-conductive. The lignin solution 
is then dropped cast to cover the entire surface 
of the substrate. To ensure a uniform layer of 
solution on the substrate and to remove excess 
solution, the Doctor Blade technique is performed 
by placing a sharp blade at a fixed distance from 
the surface of the substrate to ensure a coating 
with even thickness. The coated substrate is then 
dried at 50°C for 20 minutes to prepare the surface 
for subsequent coating layers. Once the drying is 
completed, the substrate is cooled down to room 
temperature before subsequent applications of 

lignin coatings are performed using the same 
method described above. The process is repeated 
until ten layers of lignin films are deposited on the 
glass substrate.

Next, laser lithography is performed on the 
coated substrate using a CO2 laser under ambient 
conditions [14]. A V460 Universal Laser Engraver 
machine is used for the laser lithography process. 
The scribing is done using a raster scan method 
with the laser configuration set at 18 W power, 50% 
speed, and 500 pulses per inch (PPI) resolution. 
The coated substrate darkens upon laser scribing, 
an indication that graphene has formed through 
the carburization process.

Material characterization of the resulting 
OP-LSG via Raman spectroscopy was done 
using a Horiba Jobin Yvon HR800 Raman 
Spectrometer, to determine the chemical structure, 
phase, polymorphy, crystallinity, and molecular 
interactions of the OP-LSG. The sample was 
scraped from the glass substrate and analyzed using 
the Raman spectroscope. The laser wavelength for 
the spectroscope was set at 532nm [10,28], and the 
achromatic lens was focused on the OP-LSG. The 
surface morphology of the sample was obtained 
using a Zeiss Supra 55 VP Field-Emission Scanning 
Electron Microscope. The Scanning Electron 
Microscopy (SEM) was performed on both the 
lignin-coated glass substrate and the OP-LSG, to 
compare the different surface morphologies pre- 
and post-laser lithography.

For the electrochemical performance 
analysis of the OP-LSG, a Metrohm DropSens 
C110 screen-printed electrode (SPE) setup was 
used [29,30] to analyze OP-LSG’s viability as a 
supercapacitor electrode. The SPE setup is made 
up of three electrodes, a working electrode (WE) 
made of carbon with a diameter of 4 mm, a 
reference electrode (RE) made of silver, and an 
auxiliary/counter electrode (CE) made of carbon. 
The working electrode’s surface is modified 
with 10 µL of OP-LSG mixed with a complex 
solution, as shown in Fig. 1(a) below. The complex 
solution is made by diluting 2% (3-Aminopropyl) 
triethoxysilane, APTES, in pure Ethanol. 5mM 
of 16-Mercaptohexadecanoic acid and 50mM 
N-Hydroxysuccinimide were subsequently added, 
and the solution was stirred at room temperature 
with 200mM 1-Ethyl-3-(3-dimethylaminopropyl) 
carbodiimide added to the solution. This complex 
solution allows the dispersion of the OP-LSG for it 
to be coated on the surface of the WE in the SPE. 
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The surface modification is performed in a fume 
hood, to prevent impurities in the electrode surface. 
The diameter of the modified working electrode is 
4mm, with a working electrode active surface area 
of 0.1257cm2 for interaction with the electrolyte.

The electrochemical analysis is performed 
using a three-electrode configuration to measure 
the potential of the working electrode versus the 
reference electrode [31,32], as the two-electrode 
setup only allows the measurement of the potential 
difference between the anode and cathode. A 5nM 
ferrocyanide electrolyte is used, as shown in Fig. 
1(b) below [24,33] to ensure no unwanted reaction 
between the electrode and electrolyte. 

Electrochemical Impedance Spectroscopy (EIS) 
was then performed on this setup using a Metrohm 
Autolab PGSTAT302N potentiostat/galvanostat, to 
determine the conductivity and the impedance of 
the OP-LSG electrode based on a phase angle plot 
and Nyquist Impedance plot of 1 MHz to 50 Hz 
with 10 frequencies per decade, and a 0.1 VRMS. A 
potentiostat Cyclic Voltammetry (CV) scan from 
0mV to 5mV was performed on the three-electrode 
setup using the same instrument to determine the 
capacitance of the electrode. The voltage window, 
which is the difference between the upper and 
lower vertex, was kept at 1 V. A Galvanostatic 
Charge-Discharge (GCD) test to determine the 
charge-discharge and cycling stability of the 
OP-LSG electrode was performed on the three-
electrode setup using the same instrument, at 0A, 
with an upper vertex of 1mA and a lower vertex of 
-1mA and a scan rate of 1 to 50mA per cm2.

The areal specific capacitance of the OP-LSG 

electrode is calculated from the CV curves based 
on Equation S1 below:
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Fig. 1. (a), The SPE chip with surface modified OP-LSG working electrode, carbon counter electrode, and silver reference electrode. 
(b), The modified SPE chip in a ferrocyanide electrolyte solution for electrochemical performance testing of the OP-LSG electrode.
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S = Surface area of the electrode (in cm2)
dV
dt

 = Slope of the GCD Curve
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of the graphene edges and dis-ordered structures 
[35–37]. The use of laser would result in structural 
edge defects and a corresponding D-band peak 
[33,38]. Hence, the D-peak observed here is most 
likely from the over-carburization of the lignin at 
the edge of the glass substrate, since the coating 
would be thinner there. Due to the thinner lignin, 
the edge of the substrate would undergo a higher 
degree of graphitization, leading to the defective 
structure indicated in the OP-LSG Raman plot.

On the other hand, the intensity of the 2D 
peak and the G peak in the Raman plot indicates 
the successful conversion of lignin into multilayer 

graphene [39]. The D band to G band ratio has 
previously been used to identify the degree of 
crystallization and the defect density of carbon 
materials [40]. For OP-LSG, the ratio of ID/IG is 
0.81. This indicates the presence of defects in the 
three-dimensional structure of the OP-LSG. A 
potential source of defect present in the OP-LSG, 
other than the substrate edge defect, could be the 
under-graphitization of the lignin coating in the 
glass substrate. The lower layers of the lignin coating 
could experience a lower degree of graphitization 
during the laser lithography process, hence the 
presence of under-graphitized lignin in OP-LSG. 
With the Raman plot indicative of the formation 
of three-dimensional graphene in the OP-LSG, 
it is important to view the corresponding surface 
topology and the material’s morphology.

As can be seen from Fig. 3 (a), (b), (c), the 
FESEM images of the lignin coating pre-laser 
lithography indicate a tightly packed structure 
with irregularities. These irregularities could be 
attributed to lignin molecules that were not fully 
dispersed in the solution. There are also voids 
indicated in the structure of the lignin, possibly due 
to the evaporation of water in the lignin coating 
layers before the laser lithography process [41,42]. 
Figs. 3 (d), (e), (f) show the presence of a fibrous 
structure on the surface of the OP-LSG, at different 
resolutions.

The three-dimensional OP-LSG has a high 
degree of porosity due to the carburization of the 
lignin when the carbon dioxide laser beam strikes 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Raman spectrum plot of OP-LSG.
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the lignin molecules, which converts the sp3 carbon 
atoms in the lignin molecular structure into sp2 
carbon atoms. The heat generated by the localized 
laser beam initiates the carbonization process, 
which causes the oxygen functional group to burn 
off from the graphene oxide bonding, resulting 
in a reduced three-dimensional graphene oxide 
structure [13,23,43]. This can be seen in Fig. 4 (a) 

below, where the OP-LSG has a three-dimensional 
particle-like fibrous and porous structure, with 
some nanostructures. The presence of these 
pores in the OP-LSG makes it a good candidate 
for supercapacitor electrodes [40,44], as porous 
structures increase the specific surface area of the 
material, which is essential for ion diffusion and 
facilitates a higher surface contact area between the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. SEM Imaging Microscopy of lignin-coated substrate versus OP-LSG. (a), Lignin at 100 µm resolution. (b), Lignin at 20 µm 
resolution. (c), Lignin at 8 µm resolution. (d), OP-LSG at 100 µm resolution. (e), OP-LSG at 20 µm resolution. (f) OP-LSG at 8 µm 

resolution.

Fig. 4. SEM Imaging Microscopy of OP-LSG at (a), 20 µm resolution. (b), 80 µm resolution.
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electrolyte and the electrode [45–47].
As can be seen in Fig. 4 (b) above, OP-LSG 

has a unique surface topology and morphology, as 
compared to the rGO derived from kraft lignin [23] 
and pulpwood lignin [24], although a similar laser 
lithography process was employed. The FESEM 
images of both kraft lignin and pulpwood lignin-
derived rGO indicate the presence of a sheet-like 
structure with large pores. In comparison, OP-LSG 
has a fibrous surface topology with nanoparticle 
fibers and dense, compact pores. This would 
indicate a higher specific surface area for the 
OP-LSG, as compared to the other two rGOs. 
This would translate to better performance as a 
supercapacitor electrode.

As for the electrochemical performance of the 
cell, Fig. 5 above shows the Nyquist plot and the 
phase angle versus the frequency plot of OP-LSG 
from the EIS, compared to the bare carbon WE. 
The Nyquist plot indicates the impedance of the 
material from 1 MHz to 10 Hz. Based on the plot, 
OP-LSG WE have a much lower resistance than the 
bare carbon WE. The three-dimensional porous 
and fibrous structure has contributed to much 
higher conductivity, as evidenced by the significant 
drop in impedance. This is possibly due to the 
higher rate of electron transfer, as compared to the 
carbon WE.

The OP-LSG has a lower phase shift as compared 
to the carbon WE based on the phase angle versus 
frequency plot. This would translate to lower power 
loss for the OP-LSG electrode, as compared to the 
bare electrode of the SPE. A supercapacitor with 
an OP-LSG electrode could potentially have lower 
power consumption, with a better power factor. 
Additionally, since the phase shift is lower, the 
response time of the OP-LSG electrode will also 

be faster than the bare carbon electrode, due to the 
lower lagging factor.

The Cyclic Voltammetry (CV) curves for the 
OP-LSG electrode under various scan rates from 
0.01 V/s to 0.5 V/s, as shown in Fig. 6 above, 
provide insights into the electrochemical properties 
of the electrode in the electrolyte solution at 
different potentials. The CV curves exhibited a 
quasi-rectangular shape, as expected of an EDLC 
supercapacitor, at scan rates of 0.01 V/s to 0.1 V/s. 
At a scan rate of 0.2 V/s, the curve has a quasi-
rectangular shape, but with a more prominent 
‘hump’. This is probably attributed to the saturation 
of ion concentration at the electrode surface as the 
potential increased. However, at a scan rate of 0.5 
V/s, the curve appears to narrow, with a sharp-
pointed tip near the 1.0 V potential. This likely 
indicates that the point of electrolysis has plateaued, 
and the supercapacitor has started behaving akin to 
a pseudocapacitor. This could mean the capacitance 
is due to the electrolyte, rather than the electrode 
as expected of an EDLC supercapacitor, with the 
electrode undergoing an oxidation and reduction 
process in the electrolyte [48].

Table 1 below shows the specific capacitances of 
OP-LSG at different CV scan rates. OP-LSG has the 
highest specific capacitance of 108 044 µF/cm2 at 
a scan rate of 0.01 V/s. At a higher scan rate of 0.5 
V/s, the specific capacitance decreases to 627 µF/
cm2. This is due to the reduction in the diffusion of 
ions into the electrode pores at higher scan rates, 
hence reducing the contact area between electrode 
and electrolyte [23,49]. However, the specific 
capacitance of OP-LSG is still higher than other 
lignin precursor supercapacitors such as Kraft 
lignin, which has a specific capacitance of 880.25 
µF/cm2 at a scan rate of 0.01 V/s [23].

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Electrochemical Impedance Spectroscopy of OP-LSG versus bare carbon Working Electrode. (a), Nyquist plot (b), Phase angle 
versus frequency plot
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Fig. 7 above shows the Galvanostatic Charge-
Discharge (GCD) curve of the OP-LSG electrode, 
to determine the charge-discharge characteristics 
of the electrode, besides the electrode’s energy 
density, power density, and capacitance retention 
rate. Based on the GCD curve, at current densities 
of 0.01 and 0.05 A/cm2, the curve is triangular, 
indicating the effective ion deposition on the 
OP-LSG electrode surface and interface of the 
ferrocyanide electrolyte. At current densities of 
0.0001 to 0.005 A/cm2, the curves have nonlinear 
profiles, due to internal resistance in the electrode 
[50]. This could most likely be caused by lignin 
molecules that were not fully carburized during the 
laser lithography process, due to the thick lignin 
coating on the glass substrate.

The supercapacitor’s energy density and power 
density at different scan rates are listed in Table 2 
above. The supercapacitor achieved a maximum 
energy and power density of 15 µWh/cm2 and 597 

µW/cm2 at a scan rate of 0.01 V/s.
The GCD curves were further plotted to 

determine the characteristics of the supercapacitor 
for a charge-discharge cycle in order to determine 
its cycling stability. Fig. 8 Inset (a) below shows 
the charge-discharge trend of the electrode at 
the 1st cycle, whereas Fig. 8 Inset (b) shows the 
charge-discharge trend at the 1000th cycle. The 
supercapacitor has a leaner curve for the 1000th cycle 
compared to the 1st cycle, which has a somewhat 
larger curve, indicating that the supercapacitor’s 
charge-discharge rate has become faster after 
multiple charge-discharge cycles. This could be 
attributed to a reduction in the resistance of the 
electrode, due to losses in the lignin layer resulting 
in the internal structure of the OP-LSG electrode 
supporting more immediate ion transfer [10]. The 
specific capacitance was calculated at 380 µF/cm2 
for the 1st charge-discharge cycle and 372 µF/cm2 
for the 1000th cycle, giving a capacitance retention 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Cyclic Voltammetry curve of the OP-LSG electrode collected at scan rates from 0.01 to 0.5 V/s.

 
 

Scan Rate Area of CV Curve Areal Specific Capacitance 
0.01 V/s 2.72 x 10-4 AV 108044 μF/cm2

0.02 V/s 2.09 x 10-4 AV 41619 μF/cm2 
0.05 V/s 2.04 x 10-4 AV 16235 μF/cm2 
0.1 V/s 1.48 x 10-4 AV 5886 μF/cm2 
0.2 V/s 1.17 x 10-4 AV 2335 μF/cm2 
0.5 V/s 7.88 x 10-4 AV 627 μF/cm2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

Table 1. Specific capacitance of OP-LSG coated electrode at different CV scan rates, 0.1257 cm2 electrode area, and a 1V voltage window.
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rate of 97.8% over 1000 charge and discharge 
cycles. This can also be seen in Fig. 8 below, where 
the capacitance retention was constant for the first 
500 cycles and started to drop slightly after the 
500-cycle mark.

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Scan Rate Energy Density Power Density 
0.01 V/s 15.01 μWh/cm2 596.93 μW/cm2 
0.02 V/s 5.78 μWh/cm2 414.94 μW/cm2 
0.05 V/s 2.25 μWh/cm2 423.89 μW/cm2

0.1 V/s 0.82 μWh/cm2 294.32 μW/cm2 
0.2 V/s 0.32 μWh/cm2 166.76 μW/cm2 
0.5 V/s 0.09 μWh/cm2 62.67 μW/cm2 

 
 

 

 

 

 

CONCLUSIONS
Laser lithography of oil palm lignin has 

successfully synthesized reduced Graphene Oxide 
(OP-LSG) with better physical and electrochemical 
properties compared to other lignin-derived 

Fig. 7. Galvanostatic charge-discharge curve for the OP-LSG coated electrode

Table 2. Energy density and power density of OP-LSG coated electrode at different scan rates.

Fig. 8. Capacitance retention of OP-LSG for 1000 charge-discharge cycles. Inset (a), GCD Curve at 1st cycle. Inset (b), GCD curve at 
1000th cycle.
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rGOs. This is because of OP-LSG’s unique surface 
morphology consisting of a three-dimensional 
fibrous surface topology with nanoparticle fibers 
and dense, compact pores, unlike the sheet-like 
structures with large pores of the other lignin-
derived rGOs. The fibrous nanoparticles with 
compact holes in the surface contribute to an 
overall higher surface area in OP-LSG. Based on 
the electrochemical performance analysis of the 
OP-LSG electrode in a three-electrode setup, OP-
LSG has the highest specific capacitance of 108.044 
mF/cm2 at a scan rate of 0.01 V/s, with energy and 
power densities of 15 µWh/cm2 and 597 µW/cm2 
at a scan rate of 0.01 V/s. Moreover, the OP-LSG 
electrode retained 97.5% of its initial capacitance 
after 1000 charge-discharge cycles. OP-LSG is 
indeed an excellent material as a supercapacitor 
electrode due to its high performance in terms of 
specific capacitance, energy density, capacitance 
retention, and power density. Further optimization 
is required to achieve a power density comparable 
to graphene derived from commercial polymers 
such as polyimide.
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