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25
26
27 ABSTRACT
o 28

29  With the growing energy demand and limited resources, the development of cost-
30 effective and efficient materials is essential. Among these, carbon-based nanomaterials
31  offer promising characteristics for energy applications. Bio-based carbon nanomaterials
32 are particularly promising for energy storage devices like supercapacitors due to their
33  sustainability and performance characteristics. This study presents a cost-effective
34  method for synthesizing bio-based reduced graphene oxide (rGO)-like material using
35  persimmon fruit, a readily available resource in east Asia. A clean two-step thermal
36 process was employed to synthesize rGO-like material, eliminating the need for toxic
37  chemicals commonly used in conventional approaches. The material is derived from

38  persimmon and naturally doped with potassium, which contributes to enhanced
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supercapacitor performance. A systematic optimization of carbonization tempgraturé
(600-1000 °C) and heating rate (5—15 °C min™') was carried out using residual yield
analysis, Raman spectroscopy, XRD, and TGA, identifying 800 °C and 10 °C min™" as
the optimal synthesis conditions. Density Functional Theory (DFT) calculations were
performed to elucidate the electronic structure and validate the improved
electrochemical properties observed experimentally. The electrochemical performance
of the synthesized material, was investigated in acidic, basic, and neutral electrolytes,
using a three-electrode setup. The maximum Cs achieved was 302 F/g at a scan rate of
2 mV/s was achieved in acidic electrolyte. Furthermore, a symmetric supercapacitor
device fabricated using the synthesized material demonstrated a specific capacitance of
98 F/g, an energy density of 11 Wh/kg, and a power density of 89.8 W/kg at a current
density of 0.2 A/g. Remarkably, the device maintained its original capacitance even
after 5000 charge-discharge cycles. These results highlight the potential of potassium-
doped, biomass-derived rGO-like materials as effective electrode materials for

supercapacitor applications.

Keywords: Bio-material, Energy storage, Reduced graphene oxide, Supercapacitor.

1. Introduction

Research into energy storage devices has gained significant momentum due to the
increasing demand for high-performance electronics and renewable energy sources. '
Supercapacitors (SCs) have emerged as promising candidates for energy storage due to
their extended cycle life, high power density, and rapid charge-discharge rates. 3# The
performance of SCs is heavily influenced by electrode materials, with carbon-based
nanomaterials such as zero-dimensional carbon spheres, one-dimensional carbon
nanotubes, two-dimensional graphene, and three-dimensional hydrogels/aerogels being
extensively studied. >7 Among these, graphene stands out for its exceptional properties
including high surface area, porosity, two-dimensional structure, and excellent

electrical conductivity. 8

Research has shown that introducing metallic and non-metallic elements alters surface
properties and enhances conductivity. ° For instance, Morenghi et al. demonstrated a

graphene electrode coated with nickel nanoparticles achieving specific energy and
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1 power densities of 37 Wh/kg and 5 kW/kg, respectively.! Heteroatom ,doping
2 techniques such as solution-based doping, gas-phase doping, and others have been
3 employed to enhance electronic properties and tailor surface chemistry, although

4  natural metal doping remains less explored.

5  While graphene-based materials exhibit superior electrochemical performance, their
6 high cost, complex manufacturing processes, and environmental impact pose
7  challenges.® Recent studies have shifted toward developing scalable and cost-effective
8  synthesis methods for graphene-like materials, with a focus on structural design and
9 electrochemical optimization. Biomass, being rich in carbohydrates, fibers, and
10 minerals, is considered a sustainable and versatile precursor for carbon-based
11 materials.'’-!'> Biomass-derived graphene-based materials have garnered attention for
12 their affordability, renewability, and eco-friendliness. 3 For instance, Cao et al.
13 developed lignin-based aerogels with organized structures achieving an energy density
14 of 32 Wh/kg,!® and Wang et al. synthesized cellulose nanofiber/multi-walled carbon
15  nanotube composites with a specific capacitance of 114.8 F/g. 4 Akhavan et al. used a
16  modified Hummers' method to synthesize reduced graphene oxide (rGO) from various
17 industrial carbonaceous wastes, including fruit and agricultural residues.!> Similarly,
18  large-scale production of graphene-based materials has been reported from waste

19  tires,!'¢ plastics,!”!” and agricultural biomass?*-??> for supercapacitor applications.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

20 However, reports on the synthesis of graphene-like materials from biomass naturally

21 doped with functional metallic elements are still limited.

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 9:54:25 AM.

(cc)

22 In particular, potassium doping has emerged as a promising strategy for enhancing the
23 electrochemical performance of supercapacitor electrodes. Potassium incorporation is
24 known to increase electrical conductivity and facilitate fast ion
25  intercalation/deintercalation, resulting in improved specific capacitance and rate
26  capability. For example, potassium-doped Sr—Cu metal oxide (K-SrCu,0,) showed a
27  much higher capacitance of 438 F/g at 1 A/g, compared to just 14.5 F/g for the undoped
28  material, due to their better charge movement and activated tunnel-like structures.?
29  Additionally, potassium-assisted biomass carbonization contributes to the formation of
30  highly porous architectures with abundant active sites, further enhancing capacitance.
31 K-doping in electrolytes also improves ionic conductivity and expands the

32 electrochemical window, enabling higher energy and power densities.? These findings
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collectively underscore potassium’s multifaceted role in boosting both electrode, and

electrolyte performance, making it a valuable dopant in supercapacitor design.

In this context, producing rGO-like materials from unconventional, mineral-rich
biomass sources such as persimmon fruit is of growing interest. The Hachiya variety of
persimmon, heart- or acorn-shaped and native to east Asia, is rich in soluble tannins
and essential minerals including potassium, phosphorus, calcium, magnesium, and
zinc.22” Prior studies have shown that doping with elements such as magnesium,
potassium, and phosphorus significantly improves supercapacitor performance.*22° To
further highlight the electrochemical potential of biomass-derived carbon materials, a
comparative analysis of previously reported carbon-based electrodes is presented in
Table S1. This comparison demonstrates that the PrGO synthesized in this study—
without the use of any chemical activation agents or catalysts—exhibits a competitive
specific capacitance relative to other doped and activated materials, highlighting its

potential for energy storage applications.

This study focuses on synthesizing rGO-like carbon materials from Hachiya persimmon
fruit through a two-step thermal process. The resulting material is naturally doped with

potassium, which is the most abundant metal in persimmon compared to other elements.

Persimmon fruit is characterized by a high moisture content (~80.9%) and a tannin
content of approximately 3-4%.27.3031 The elemental analysis (per 100 g of persimmon
fruit) reveals a significantly higher potassium content (203 +24.10 mg) compared to
other elements, which are present in relatively low concentrations, such as phosphorus
(27 £2.66 mg), calcium (16 £4.33 mg), magnesium (11 + 1.80 mg), sodium (10 £ 0.80
mg), iron (0.27 £ 0.08 mg), manganese (0.25 +0.04 mg), copper (0.11 +0.03 mg), and
zinc (0.10 £ 0.02 mg). ¥ In addition, the total soluble solids, pH, protein, vitamin C, and
soluble tannin contents of cv. Hachiya are reported as 17.10%, 5.40, 600 mg/100 g, 12
mg/100 g, and 3.15 mg/100 g, respectively.?’

Consistent with this composition, our results indicate that after pyrolysis, potassium
remains present in significant amounts, whereas other metallic elements are retained
only at negligible levels. Furthermore, the relatively high potassium content (~2.15 at%)
suggests its important role in influencing the structural, electrical, and ion-transport
properties of the synthesized rGO. The electrochemical performance of the material

was first evaluated in a three-electrode setup using acidic, alkaline, and neutral
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1 electrolytes, and the optimized electrolyte (1 M H,SO,) was used to evaluate theS s o
2 supercapacitor performance in a two-electrode configuration. Additionally, Density
3 Functional Theory (DFT) analysis is conducted to elucidate the electronic structure and
4  confirm the role of potassium in enhancing charge storage behaviour. This work
5 contributes to the development of cost-effective, and high-performance electrode

6  materials for next-generation supercapacitors.

8 2. Materials and Methods
9 2.1. Materials

10 Persimmon fruit was gathered from local market of Jeonju, South Korea.
11 ExcelaR provided the H;PO,, while Sigma Aldrich supplied the poly-vinylidene
12 fluoride (PVDF) polymer and H,SO,. We used every single chemical exactly as it was
13 provided to us. The graphite sheets utilized as the current collector were supplied by

14  the Madras Asbestos business. Every experiment relied on using double-distilled water.
15 2.2. Synthesis of persimmon derived-reduced graphene oxide like material

16 The persimmon-based nanomaterial has been developed by easy and cost-

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

17  effective two step thermal treatment as presented in Fig. S1 (ESIf, Fig. S1). In brief,
18  fresh persimmon fruit was taken and placed inside the zipper and crushed with the help

19  of roller to collect the pulp (without the outer cover and seeds). then the material

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 9:54:25 AM.

20 allowed to centrifuge at 9000 rpm to collect the fibre part. Further, 75 g material was

(cc)

21 weight and low temperature carbonization has been done in Teflon hydrothermal
22 reactor with 100 mL capacity inside the oven at 180 °C temperature for 24 h. After this
23 let the reactor cooled and come in room temperature and then the resultant brown
24  coloured cylindrical sponge with weight 65.36 g was collected (some liquid material
25 also obtained). This first stage low temperature thermal treatment leads the
26  carbonization or polymerisation of the tannins present in the fruit and facilitate the
27  formation of brown coloured hydrogel with spouge texture and porous nature.
28  Subsequently, the hydrogel was freeze-dried overnight at —40 °C under vacuum
29  condition of 20 Pa. The dry weight of the resulting material was 7.66 g, indicating that

30 approximately 88% of the original mass corresponded to water/moisture content, which
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is consistent with previously reported data.? The obtained brown cylindrical spongé
exhibited a height of 5.7 cm and a diameter of 3.5 cm and was characterized by its low

density and porous nature.

In the second stage, the freeze-dried hydrogel was subjected to high-
temperature thermal treatment in a tubular furnace under a continuous nitrogen
atmosphere to induce thermal reduction and structural ordering. To establish optimal
synthesis conditions, the carbonization temperature was systematically varied between
600 and 1000 °C, followed by an evaluation of the heating rate in the range of 5-15 °C
min~'. Based on the combined analysis of residual yield, Raman spectroscopy, XRD,
and TGA, a carbonization temperature of 800 °C and a heating rate of 10 °C min™" were
identified as optimal. Under these conditions, the material was thermally treated, held

at the target temperature for 60 min, and subsequently cooled to room temperature at a
controlled rate of 2 °C/min. The resulting conductive carbon material was denoted as

PrGO (persimmon-derived potassium-doped reduced graphene oxide—like material).

2.3. Schematic illustration of the formation of persimmon derived-reduced graphene

oxide like material

The synthesis of PrGO was carried out through a two-step thermal process. In the first
step, the fruit undergoes hydrothermal carbonization at a relatively low temperature
(180 °C). During this process, macromolecules such as tannins, phenolic compounds,
and other unsaturated/aromatic species present in persimmon undergo polymerization,
molecular rearrangement, and crosslinking reactions. 32 These transformations result in
the formation of a hydrogel-like carbon framework enriched with surface functional
groups and containing early-stage graphitic domains. The subsequent freeze-drying step
promotes dehydration and preserves the porous, swollen morphology of the

intermediate structure.

In the second step, the hydrogel is subjected to high-temperature pyrolysis at 800 °C
under inert atmosphere. During this stage, thermal decomposition initiates nucleation
and the growth of small, ordered carbon clusters and aromatic domains. These domains
further rearrange and undergo repolymerization to form graphene-like structures,
accompanied by the elimination of volatile species such as CH,, CO, and CO,. Notably,

the naturally abundant potassium content in persimmon may serve as both a chemical
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activator and dopant, promoting carbon etching, interlayer expansion, defect formationssoeraorisia

and enhancement of electrical conductivity. The resulting carbon material exhibits a
layered architecture resembling that of reduced graphene oxide. The plausible

mechanism is illustrated in Scheme 1.

~
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Scheme 1. Illustration of the plausible mechanism for the formation of potassium

doped PrGO.

3. Characterizations
3.1. Structural and surface characterization

X-ray diffraction (XRD) patterns were recorded using a Rigaku SmartLab
diffractometer (9 kW) with a Cu Ka radiation source (A = 1.54 A) to determine the

crystalline or amorphous nature of the samples. Surface morphologies were examined
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using a Nova NanoSEM 450 scanning electron microscope. Transmission glectron
microscopy (TEM) was performed with a JEOL-2100 to investigate the internal
structure and layered morphology of the persimmon-derived sample.
Thermogravimetric analysis (TGA) for thermal stability, Raman spectra were obtained
using a Renishaw InVia Raman microscope equipped with a 514 nm laser to analyze
the defect structure in the synthesized PrGO. X-ray photoelectron spectroscopy (XPS)
was carried out using a K-Alpha spectrometer (Thermo Fisher Scientific, USA) to
analyze surface functional groups and elemental composition. As a surface-sensitive,
photoelectric effect-based technique, XPS provides quantitative information about the

elemental composition and chemical states present on the sample surface.

3.2. Electrodes preparation and electrochemical analysis

The material's electrochemical behavior was investigated in three (with 1M
H,S0,4, 6M KOH, 2M KCl) and two-electrode configurations (with H2SO4) in the
Metrohm Auto lab electrochemical workstation. PrGO was used as working electrodes,
Pt wire as counter, and Ag/AgCl as reference electrode in a three-electrode setup. The
working electrode was made by coating a graphite sheet (1 x 1 cm?) with a combination
of 90% PrGO and 10% polyvinylidene fluoride (PVDF). For this PrGO was dissolved
in NMP solvent, and then using a mortar and pestle PVDF was gradually added to
generate this homogenous slurry. Next, this slurry of the produced material was applied
to 1 x 1 cm? graphite sheets and dried at 80 °C to create a working electrode. The mass
of the active substance in the electrode was around 1 mg. The symmetric supercapacitor
device with PrGO as an electrode material was subjected to electrochemical
experiments using a two-electrode setup. The symmetric supercapacitor device with
PrGO as an electrode material was built using two identical electrodes that had the same
mass (1 mg) of PrGO. Between the electrodes, Whatman filter paper, a porous separator
was used, to keep the circuit from shorting out while yet letting ions pass through. The
electrodes were configured in a sandwich arrangement with a 1M H,SO,4 aqueous
electrolyte, ensuring adequate electrolyte volume to completely saturate both electrodes
and the separator. The device was then encased in a Swagelok-type arrangement to

maintain uniform pressure and avert electrolyte evaporation. This stringent assembly
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1 methodology guarantees that the documented internal resistance and cycling stabilitys .26

2 accurately represent the practical performance of the PrGO material.

4 CV analysis was performed to investigate the electrochemical properties of
5  PrGO over an optimized voltage range. The following equation was used to compute

6 the specific capacitance (Cs) from CV curves:
A

7 Cs=5—o a
8
9 Additionally, GCD tests were carried out at varied current densities across fixed

10  voltage ranges to assess the charging-discharging performance and the cyclic stability
11 of the as-prepared materials and constructed supercapacitor cell. The Cs based on the

12 GCD was calculated by Eq. 2:

13 Cs=-"0 Q)
14

15 The two key factors that define the performance of the SCs are energy and power
16  density. How much energy a gadget holds is referred to as energy density. The

17 following formula was used to get the energy density:
18 E =2xC(AV)?/3.6 3)

19

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

20 How rapidly a device can discharge its energy is referred to as a SC's power density.

21 The above formula was used to determine the power density (PD) of the constructed

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 9:54:25 AM.

22 gadget.

(cc)

Ex3600
23 PD = — (C))
24  Device capacitivity and cyclic stability are shown by the most likely rectangular CV
25  curve. GCD measurements were taken at varied current densities in the potential
26 window 0 to 1 V. Charging and discharging processes cause galvanostatic
27  charge/discharge curves to rise and then fall. Device impedance was measured using

28  EIS data.

29 In the above equations Cs, A, m, k, V, At, AV, C, and E represent the specific
30  capacitance, absolute surface area covered by the CV curve, mass of coated electrode

31  material (in mg), scan rate (in mV/s), the voltage difference between the CV curves (V,
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- V)), discharging period in seconds, potential window, specific capacitance at a gertai
current density and energy density of the device at a particular current density,

respectively.

4. Results and discussion
4.1. Optimization of carbonization temperature and heating rate

The carbonization temperature and heating rate are critical parameters governing the
yield, structural evolution, and graphitic ordering of biomass-derived carbon materials.
Therefore, a systematic optimization was carried out to identify conditions that balance

material yield with desirable structural characteristics for electrochemical applications.

TGA was first employed to examine the thermal decomposition behavior and carbon
yield of the persimmon-derived hydrogel as a function of carbonization temperature
(Fig. 1(a)). The results indicate a progressive decrease in the yield of the pyrolysis
product with increasing final temperature, declining from 41.4% at 600 °C to 21.7% at
1000 °C. This trend is attributed to enhanced devolatilization, cleavage of oxygen-
containing functional groups, and aromatization at elevated temperatures, which
collectively promote mass loss. While lower temperatures preserve higher yields,
insufficient carbonization limits structural ordering. Conversely, excessively high
temperatures lead to pronounced material loss without proportionate improvements in
graphitic structure. Based on this balance, 800 °C was identified as an optimal
carbonization temperature, providing an acceptable yield (34.67%) while ensuring

effective thermal reduction and carbon framework development.

The structural evolution of the carbon materials obtained at different temperatures was
further evaluated using Raman spectroscopy (Fig. 1(b)). All pyrolyzed samples
exhibited the characteristic D band (~1350 cm™) and G band (~1592 cm™),
corresponding to defect-induced disorder and in-plane stretching of sp®-hybridized
carbon, respectively. With increasing carbonization temperature, a gradual
enhancement in the intensity of the G band and improved definition of the Raman
features were observed, indicating progressive structural ordering. However, the
persistence of a prominent D band across all temperatures reflects the retention of

defects and edge sites, which are typical of reduced graphene oxide—like materials

10
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1 derived from biomass precursors. Notably, the spectral evolution from 800 °C tg highets .26 un
2 temperatures showed only marginal improvements, suggesting that further thermal

3 treatment does not significantly enhance graphitization.

4  Complementary insights into the long-range structural ordering were obtained from
5  XRD analysis (Fig. 1(c)). The XRD patterns display a broad diffraction peak centered
6  around 20 = 24°, characteristic of the (002) plane of turbostratic or disordered graphitic
7 carbon. Increasing the carbonization temperature resulted in a modest increase in peak
8 intensity and slight narrowing up to 800 °C, indicative of improved stacking and partial
9  graphitic ordering. Beyond this temperature, no substantial changes in the diffraction
10  profiles were observed, confirming that higher thermal treatment does not yield

11 significant structural benefits.

12 After establishing 800 °C as the optimal carbonization temperature, the influence of
13 heating rate on carbon yield was investigated by TGA at ramp rates of 5, 10, and 15 °C
14  min~' (Fig. 1(d)). The lowest heating rate (5 °C min™") resulted in a substantially
15  reduced yield (18.2%), which can be attributed to prolonged exposure to intermediate
16  temperatures, leading to excessive decomposition and volatilization. In contrast, higher
17  heating rates of 10 and 15 °C min™ significantly improved the yield to 34.39% and

18  36.82%, respectively. As the difference in yield between these two rates was minimal,

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

19  a heating rate of 10 °C min™" was selected as an optimal condition, offering controlled

20  carbonization while minimizing unnecessary mass loss.

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 9:54:25 AM.

21 Based on the combined TGA, Raman, and XRD analyses, the optimized synthesis

(cc)

22 conditions were established as carbonization at 800 °C with a heating rate of 10 °C
23 min!, followed by a dwell time of 60 min and controlled cooling of 2 °C/min. The
24 resulting material, denoted as PrGO, exhibits a reduced graphene oxide—like structure
25 with favorable defect density and partial graphitic ordering, making it well suited for
26  electrochemical energy storage applications. Although the carbonization temperature
27 was optimized based on structural evaluation and material yield, and the
28  electrochemical performance of the optimized sample was subsequently investigated in
29 acidic, neutral, and basic electrolytes, while a systematic comparison with other

30 temperatures will be explored in future work.

31
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4.2.Structural and Chemical Characterization of Optimized PrGO D01 101050/ DA LA

Following the optimization of the carbonization temperature and heating rate, the
structural and chemical properties of the optimized PrGO, synthesized at 800 °C with
a heating rate of 10 °C min™', were systematically investigated to elucidate its reduced

graphene oxide—like nature and potassium incorporation.

Raman spectroscopy provided insights into the structural characteristics of graphene-
based materials.33* The data showed the presence of two characteristic bands i.e. D &
G band located at wavenumber of 1350 cm™! and 1592 cm™!, respectively with the ID/IG
ratio of 0.90 (Fig. 1(e)). The D band is associated with structural instability, while the
G band is caused by the stretching of carbon sp? atoms. 333¢ Two additional bands are
observed around 2700 and 2900 cm™!, corresponding to the 2D band and the (D + G)
combination mode, respectively. These two supplementary bands originated from the

imperfections found in the graphitic arrangement of the carbon substance.

Raman spectroscopy was further analyzed to explicitly examine the
characteristics of the 2D band. The Raman spectrum of PrGO shows a discernible 2D
band centered at ~2708 cm™'. Peak deconvolution (Gaussian fitting) reveals that the 2D
band exhibits a large full width at half maximum (FWHM) of ~317 cm™, indicating
significant structural disorder. The 2D band is broad and of low intensity relative to the
G band, suggesting that the material does not consist of single-layer graphene. Instead,
the pronounced broadening and reduced intensity of the 2D peak indicate the presence
of few-layer graphene with turbostratic stacking and limited long-range order, which is

characteristic of reduced graphene oxide—like (rGO-like) carbon materials.

Furthermore, the ID/IG ratio of 0.90 supports the presence of defect-rich
graphene-like domains. This value falls within the optimal range (0.8—1.0) reported for
biomass-derived graphene-like materials used in supercapacitor applications, where a

balanced degree of disorder enhances electrochemical performance. 3’

This structural disorder can be attributed to the partial retention of oxygen-
containing functional groups and defect formation during the pyrolysis of the
persimmon-derived hydrogel. Such functional groups disrupt the continuity of the sp?

carbon network by introducing vacancies, edge defects, and local lattice distortions,

12
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thereby enhancing the D-band intensity. Consequently, the Raman results indicate, that
the disordered structure of PrGO originates from defect sites associated with residual

functional groups and imperfect graphitic domains formed during thermal conversion.

4 j c)
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Fig. 1. (a) Residual yield as a function of pyrolysis temperature; (b) Raman spectra and
(c) XRD patterns of samples pyrolysis at different temperatures (600—1000 °C); (d)
TGA curves at different heating rates (5-15 °C min™"). Data for PrGO synthesized
under optimized conditions (800 °C and 10 °C min™"): (e) Raman spectrum, (f) XRD
pattern, (g) XPS survey spectrum, (h) high-resolution K 2p XPS spectrum, (i) SEM
image (500 nm), and (j) HR-TEM image (100 nm).

The XRD was used to analyze the crystallinity or amorphous nature of the
produced PrGO. After undergoing pyrolysis (thermal reduction), a broad peak becomes
visible for PrGO at a 20 value of 23.92° (Fig. 1(f)). This suggests that the pi-conjugated
structure of graphene has been significantly restored in PrGO and the broad peak (002)
reflects a random crystal phase. %° The material's random arrangement during the
formation of a few layers of PrGO via pyrolysis, specifically a broad peak at 20 =23.92°
in XRD, strongly correlated with the D band observed in the Raman data. This

correlation can be attributed to the disorderness of the PrGO. 38

13
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To determine the sample thickness and number of layers it contains, Scherrer’$
and Bragg's equations were used, as detailed in prior studies. 34! To determine the
number of layers, divide the crystal size (C) by the layer interlayer distance (d) and then
add one. 34> The crystal size (C) of the material has been calculated as 2.32 nm using
the diffraction peak at 26 = 23.92°. The interlayer spacing (d) of the PrGO material,
determined from this peak, is 0.67 nm. This value is significantly larger than the typical
interlayer distance of reduced graphene oxide (rGO), which generally ranges from
~0.34 to 0.39 nm. The increased interlayer distance in PrGO can be attributed to the
swelling nature of the biomass precursor. During the initial hydrothermal treatment
followed by freeze-drying, the precursor structure is plausible retained, and subsequent
thermal exfoliation in the second heating step (800 °C) further increases the spacing
between graphene-like layers. The XRD results indicate the presence of a few layers—
about 3—4 layers of graphene in PrGO. It was also discovered that the thin rGO
nanosheets were stacked together, forming a thick, layered structure due to significant
Van der Waals interactions between layers. #* Another less intense peak at 20 = 43.14°
with (001) orientation was associated with the turbostratic band of disorganised carbon
materials. 3%

The BET results of the samples before and after pyrolysis at 800 °C reveal a
69.8% increase in specific surface area, rising from 37.1 m?g to 63.0 m?/g after
pyrolysis (ESIt, Fig. S2). This indicating the development of a more accessible surface

upon thermal treatment and additional porosity within the carbon framework.

Although the obtained surface area is moderate, this can be attributed to the restacking
of graphene layers; however, it remains consistent with biomass-derived rGO
materials.** For instance, oil palm waste-derived rGO has been reported to exhibit
relatively low surface areas (as low as 8—15 m?/g) due to restacking and blocked pores,
despite successful graphitization. 4 Similarly, basil seed (Ocimum basilicum L.) derived o~

Fe203/Zn0, rGO-like carbon shows moderate surface area of 24.569 m?-g 1.4

In addition, the total pore volume increases from 0.14 to 0.17 cm?/g, further confirming
the formation of an expanded pore network. The average pore diameter decreases from
15.53 nm to 10.77 nm, indicating the development of a more refined mesoporous
structure (ESI¥, Fig. S2). A mesoporous architecture of PrGO is beneficial for

supercapacitor applications, as it facilitates efficient ion diffusion and minimizes

14
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1 transport resistance. The increased surface area provides more active sites for,charges .26 um
2 accumulation, while the interconnected mesopores enhance electrolyte accessibility

3 and ion mobility.

4 The full scan XPS measurements of PrGO indicate the presence of carbon,
5  oxygen, and potassium with atomic percents of 88.41, 9.05, and 2.15, respectively. Fig.
6  1(g) displays the XPS full-scan, with Cls, Ols, K2ps/,, K2p1/,, and K2s peaks located
7 at284.50 eV, 531.78 eV, 292.08 €V, 295.57 ¢V and 378.9 eV.?! Fig. 1(h) shows two
8 different peak satellites corresponding to K,P3/, and K,P;, at 292.93 eV and 295.70 eV,
9  respectively. *¢ Four peaks from the deconvolution of C1s spectra have been positioned
10 at284.50eV,286.10eV,292.71 eV, and 295.74 eV. The strength of the peaks at 284.50
11 eV is higher, indicating that PrGO is mostly associated with sp? hybridization (C=C)
12 and confirming the presence of a pi network in the synthesised PrGO. The peak at
13 286.10 eV is attributed to C—O functional groups, while the higher binding energy
14  features at 292.71 and 295.74 eV are assigned to n—n* shake-up satellite transitions
15  associated with aromatic sp? carbon domains (ESIt, Fig. S3). The binding energy
16  values for Ols revealed that oxygen exists in two distinct chemical environments, with

17 C=0 at 530.86 eV and C-O at 532.30 ¢V (ESI{, Fig. S4).
18

19  The FTIR spectrum of PrGO exhibits key vibrational features indicative of potassium-

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

20  coordinated oxygen functionalities. A broad band centred at 1566 cm™ corresponds to

21  the asymmetric stretching vibration of the carboxylate group, while a weaker band at

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 9:54:25 AM.

22 1378 cm™ is assigned to the symmetric COO™ stretching. A very small and broad peak

(cc)

23 in the 1700-1730 cm™ region suggests that most carboxylic acid groups have been
24 deprotonated, confirming the formation of potassium carboxylate (COO™K™) species.
25  Additionally, a broad and intense peak around 1200 cm™ is attributed to overlapping
26  contributions from C—O—C asymmetric stretching and C-O vibrations of residual
27  oxygen-containing groups, potentially stabilized by potassium coordination (ESI+, Fig.
28  S5). TGA analysis was performed to study the thermal stability of the material. TGA
29  data shows two stage thermal decomposition. In first stage (up to 380 °C) the less
30 weight loss was observed due to the removal of absorbed water molecules or physically
31  attached functional groups while the second stage weight loss (temperature higher than
32 380°C) was due to decomposition the material (ESIt, Fig. S6)

33
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4.3. Surface properties DOI: 10.1039/D6TA01141A

SEM analysis was performed to examine the surface morphology of the PrGO. As
shown in Fig. 1(i), at a magnification of 500 nm, the material exhibits a distinct sheet-
like structure. To further analyze the surface features, a 3D surface plot and roughness
measurements were generated using ImageJ software ((ESIt, Fig. S7(a—d)). Fig. S7(a)
was used to generate a hill stack view of the surface, shown in Fig. S6(b), which
displays the uneven arrangement of graphene sheets with varying sheet areas, curling
edges, and sharp spikes. The presence of these morphological defects results in a higher
defect concentration, enhancing the metallic properties of the nanosheets and

contributing to their excellent conductivity.

The 3D surface plot of the selected area of Fig. S7(c), shown in Fig. S7(d), further
highlights the corrugated edges and the interconnected stacking of graphene sheets,
held together by Van der Waals forces. Such surface roughness and structural
irregularities are expected to increase ion accessibility and thus significantly enhance
the material’s capacitive performance. The SEM observations are consistent with the
FT-IR, Raman, and XRD results, all of which confirm the formation of few-layered
PrGO sheets. Finally, a supercapacitor was fabricated using PrGO as the electrode

material to validate its promising capacitive behaviour.

The internal morphology of the PrGO was obtained by HR-TEM analysis. High
resolution TEM images shows the sheet like structure of the PrGO Fig. 1(j). Fig. S8(a-

¢) revealed the presence of 3—4 layers in PrGO, which also resembled the XRD findings.

The hill stack plot diagram in HR-TEM at 50 nm magnification (Fig. S7(d)) reveals the
rough surface of the nanosheets, which have ridged edges that make them well-suited
for supercapacitor applications. The data on surface roughness aligns well with the
SEM results. In addition, Fig. S8(e) presents a 3D surface plot of the highlighted region
of the HR-TEM image, generated using the Fire LUT in ImagelJ. In this plot, darker
blue regions correspond to lower height values, typically only a few nanometers, while
lighter regions represent higher surface features. A colour scale bar has also been added
to provide a quantitative reference for these height variations, further highlighting the

grain boundaries and layered structure within the sample.

5. Electrochemical performance of the PrGO

16
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5.1. Cyclic voltammetry (CV)
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The electrochemical study of PrGO was initially evaluated using a 3-electrode

system with 1 M H,SO, as the electrolyte. The CV curves with the potential range of -
0.1 to 1.1 V are displayed in Fig. 2(a). A different scan rates 2, 5, 10, 20, 50, 100, and

200 mV/s were used to determine the Cs of PrGO. The results of these measurements

were about 302, 284, 260, 209, 146, 109, and 60 F/g, respectively (Table-1).

a) b)
0.04 1.2
2mVlis 6
— 5mV/
0.031 —10mmsts D 1.0
— 20 mVI/s <
~—~ 0.02- 50 mVis ~
< — 100 mVis _ D 0.8 1
~ — 200 mVis <
£ 001 po
) _______"g > 0.6 1
= 0.00] =z == >
=] — 0.4-
O -0.011 T
et
-0.021 & 02
L
-0.03 8 0.0
02 00 0.2 06 08 10 1.2 0 1000 1500 2000 2500
Potential (V vs Ag/AgCl) Time (s)
c) d)
60
3.51
50 1 /. 3.0
]
. o 2.5
— i = 2.0
G 301 3 g
= P = 1.51
N u N
' 20 1.0
0.51
101
0.0
01 -0.51
0 5 10 15 20 25 30 35 40 05 1.0 15 2.0 2.5 3.0 35 40 45
Z'(Q) Z'(Q)

Fig. 2. (a) CV plots at numerous scan rates, (b) GCD at different current densities, (c)

Nyquist plot, and (d) Magnified view of the Nyquist plot.

It was noticed that the CV curves retained a quasi-rectangular shape over the entire

range of scan rates, indicating dominant electric double-layer capacitance (EDLC)

behavior. Although the specific capacitance decreased with increasing scan rate due to

diffusion limitations of electrolyte ions at higher rates, the overall shape preservation

confirms good rate capability and efficient charge-storage kinetics.
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Table 1. The specific capacitance of PrGO at different scan rates.

Scan Rate
2 5 10 20 50 100 200
(mV/s)
302.08 284.16 260.10 209.58 146.54 109.29 60.79
. H,S0,
Specific

Capacitan 2M KCl 293.12 223.14 178.32 135.61 80.05 54.10 36.45
ce (F/g)

6M
KOH

152.55 100.23 69.12 51.15 35.35 26.42 19.42

5.2. Galvanostatic charge/discharge (GCD)

The supercapacitive behaviour of the produced electrode was extensively
investigated through GCD tests. These tests were conducted at current densities,
ranging from 0.5 to 10 A/g, within a potential window of -0.1 to 1.1 V. Fig. 2(b)
displayed GCD profiles for PrGO at different current densities, while keeping the
potential constant at 1.2 V. The material exhibited a higher Cs of 412 F/g at a current
density of 0.5 A/g. Although the current density was raised, the Cs experienced a slight
decrease to 215 F/g at 10 A/g (Table-2). The material demonstrated excellent
capacitance and impressive rate capacity in terms of its GCD behavior. The low
resistance of ion transport and the short diffusion distance during the charging-

discharging process contribute to this phenomenon.

Table 2. The specific capacitance of PrGO at different current densities.

Current density (A/g) 0.5 1 2 5 10
1M H,SO, 412.70 396.33 369.70 298.00 215.00
Specific
Capacitance 2M KCl1 192.42 143.12 94.22 67.31 -
(F/g)
6M KOH 46.12 34.02 22.54 15.33 -

5.3. Electrochemical impedance spectroscopy (EIS)

The EIS analysis was performed to assess the internal resistance/impedance of

the material, as well as to examine the diffusion kinetics and transportation behavior of

18
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1 electrolyte ions. This analysis utilized a IM H,SO, electrolyte and covered a freguency
2 range of 10 mHz to 10° Hz. The Nyquist plot, shown in Fig. 2(c), depicts the
3 relationship between the real impedance (Z) and the imaginary impedance (Z") of
4  various devices. It is worth noting that the plot exhibits a rising trend in the low-
5 frequency range, which suggests the capacitive characteristics of the synthesized
6  material. In general, the Nyquist plot consists of a semicircle along with a straight line
7 at a 90-degree angle. This semicircle symbolizes the charge-transfer-resistance (Rct)
8 thatexists between the electrode and electrolyte. The Fig. 2(d) clearly illustrates a small
9  semi-circular region in the plot, which suggests that there may be low faradaic
10  resistances in the electrolyte. The intersection point of the X-axis in the EIS plot, known
11 as the Nyquist plot, is referred to as the equivalent series resistance (ESR). The ESR
12 encompasses several factors, including the resistance of materials, the resistance of
13 electrolytic ions, and the resistance at the contact point between the current collector
14  and the electrode material. The material exhibited a significantly low internal resistance
15  of Req = 0.96 Q in the higher frequency range, indicating its great conductivity and

16  superior electrochemical performance.

17 To further understand the influence of electrolyte environment, the
18  electrochemical performance of PrGO was additionally investigated in neutral (2 M

19  KCl) and alkaline (6 M KOH) electrolytes. The corresponding CV, GCD, and EIS

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

20 profiles are provided in ESIYt, Fig. S9 and Fig. S10, while the calculated specific

21  capacitance values are summarized in Table 1 and Table-2. Compared to the acidic

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 9:54:25 AM.

22 medium, a gradual decrease in capacitance is observed in neutral and alkaline

(cc)

23 electrolytes, which can be attributed to the lower ionic conductivity, larger hydrated
24 ionic radius, and slower diffusion kinetics of K* ions. These results confirm the strong

25  dependence of electrochemical performance on electrolyte properties.
26  5.4. Electrochemical performance of the device

27 Additionally, in order to assess its feasibility in real-time supercapacitors, we
28  have constructed a symmetric SC device using an aqueous 1 M H,SO, electrolyte and
29  study its performance using CV, GCD, and EIS techniques. Fig. 3 (a) displays the CV
30 curves obtained from the fabricated device using the synthesized material. The
31  measurements were conducted at various scan rates ranging from 2 to 200 mV/s within

32 a potential range of 0 to 0.9 V. All of the CV curves displayed a leaf-like shape that

19
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was similar. The Cs of the fabricated device was calculated at different scan ratgs of
to 200 mV/s and obtained values of Cs are listed in Table-3. Furthermore, the device
underwent GCD experiments, where current densities ranged from 0.2 A/g to 3 A/g.
Fig. 3(b) displays the device-specific capacitances at different current densities. The

calculated capacitance for different current densities is given in Table-4.

One notable advantage of supercapacitor is their long-term cyclic stability. In
order to ensure the stability of a SC device over a large number of cycles, it is essential
to conduct a cyclic stability test. Fig. 3(c) illustrates the cyclic stability of the device in
terms of Cs and percentage capacitance retention. The device was tested within a
potential window of 0 to 0.9 V at a high current density of 50 A/g for 5000 cycles in a
1 M H,SO, solution. Based on the information provided in Fig. 3(d), it is evident that
the device exhibits a capacitance retention of 78% after undergoing 5000 cycles.
Although traditional EDLCs generally demonstrate over 90% capacitance retention, the
approximately 78% retention reported in our K-doped rGO-like material can be
ascribed to several causes. The first is the substantial contribution to pseudocapacitance
brought about by potassium doping and residual oxygen functional groups.
Nevertheless, compared to pure electrostatic charge storage, these faradaic processes
are intrinsically less stable, and capacitance fading occurs as a result of the irreversible
redox consumption of surface functional groups during cycling.*” The second point is
that with an acidic electrolyte (H,SO,), the active K-sites and large surface area can
cause the electrolyte to decompose locally at the electrode interface or even evolve into
gas (H,/O, evolution). This would lead to micropore blockage and an increase in
internal resistance during prolonged cycling.*® Thirdly, the effective accessible surface
area decreases over continuous cycling due to partial pore blockage or ion entrapment,
especially within micropores, in the hierarchical porous structure.*’ The apparent trade-
off between high capacitance and moderate cycling stability is accounted for by these

combined effects.

20
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2 Fig. 3. (a) CV plots at numerous scan rates, (b) GCD plot at numerous current densities,
3 (c) Cyclic stability, (d) % Capacitance retention of fabricated SC device, (e) Nyquist
4 plot of PrGO derived SC device (inset: equivalent circuit model used for fitting), and

5  (f) Magnified view of the Nyquist plot.

7  Table 3. The specific capacitance of PrGO at different scan rates.

Scan Rate
(mV/s)

2 5 10 20 50 100 200
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Specific Capacitance » View Article Online
161.02 13042  93.10 64.22 40.34 2876  P911§g03°/DETAOLLAIA

(F/g)

Table 4. The specific capacitance of PrGO at different current densities.

Current density(A/g) 0.2 0.5 1 2 3

Specific Capacitance (F/g) 98.00 82.20 72.00 59.05 43.20

The study utilized EIS to identify the equivalent sheet resistance (ESR) or cell
internal resistance. The frequency range used for the study was 10 mHz to 10 Hz.
Based on the data from the Fig. 3(e & f), we observed that the fabricated device
exhibited a lower ESR value, approximately 0.65 ohms. The low equivalent series
resistance (ESR) can be attributed to potassium-induced electronic modulation, where
K acts as an n-type dopant, enhancing the electrical conductivity of the rGO framework.
In addition, the expanded interlayer spacing and defect-rich structure improve
electrolyte wettability and ion transport, thereby facilitating charge transfer kinetics and
decrease resistance at the electrode/electrolyte contact.’®3! The synthesized material
exhibits excellent supercapacitive performance as an electrode material for
supercapacitors, as evidenced by its low ESR value. Furthermore, the device exhibits
an energy density of approximately 11.0 Wh/kg, accompanied by a power density of
89.8 W/kg, when operating at a low current density of 0.2 A/g. The comparison of
capacitance, power density (ES), and ESR values of PrGO with other graphene-based
materials is given in the ESIf (Tables S2 and S3).

6. Computational analysis of PrGO

Density functional theory (DFT) based computational investigations have been
performed to understand the structural, electronic and capacitive aspects of the PrGO.
The computational PrGO material has been designed using the XPS data to closely
mimic its experimental counterpart as shown in Table-5. Initially, the theory has been
evaluated for the pristine graphene, thereafter utilized for the PrGO. The density
functional simulations utilize Generalized Gradient Approximation (GGA) with
Perdew-Burke-Ernzerhof (PBE) parameterization, along with Grimme-D2 Van der
Waals correction. 3> The high symmetry points of the Brillouin zone in the reciprocal

space have been sampled with k-points of 30*30*1 and 7*7*1 for primitive cell of
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1 pristine graphene having 2 atoms and supercell of PrGO having 54 atoms, respegtivelyss oo
2 A sufficiently large k-points of 27*27*1 have been utilized to accurately extract the

3 density of states (DOS). The structural relaxations are performed using the limited

4 memory Broyden—Fletcher—Goldfarb—Shanno (L-BFGS) algorithm to achieve the

5  defined force and stress tolerances of 0.05 eV/A and 0.1 GPa, respectively.

7 Table 5. The atomic composition of the PrGO.

Element XPS Data Computational Design
Carbon 88.41 87.03
Oxygen 9.05 9.25
Potassium 2.15 1.85
Miscellaneous 0.39 (Unknown) 1.85 (Hydrogen)

9  The relaxed atomic structures of simulated pristine graphene and PrGO are shown in
10  Fig.4. Computationally, all the properties of pristine graphene can be extracted by
11 simulating its primitive cell consisting of 2 atoms. The lattice constant and carbon-

12 carbon bond length of pristine graphene are noted as 2.465 A and 1.42 A, respectively.
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15 Fig. 4. The relaxed atomic structures of simulated (a)pristine graphene, (b) PrGO, The

16  electronic band structure and density of states (DOS) profiles of (c) pristine graphene,
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(d) PrGO (Here, the Fermi level is shifted to energy zero), and (e) Quantum capagjtance
offered by pristine graphene and PrGO.

The computed electronic band structure and DOS profiles (Fig.4(b)) of pristine
graphene show a perfect Dirac cone shape (at the K-point of the Brillouin zone in band
structure). The investigation of partial DOS reveals that the states near to Fermi level
arise only from the p-states of carbon, which can be attributed to the aromaticity or
delocalization of m—cloud from the p.-orbitals. While designing the PrGO nanosheet
(Fig.4(c)), a double vacancy (DV) defect has been created in the 5*5 supercell of
graphene to position four carbonyl (R=0) groups. A hydroxyl (R-OH) group is also
inserted into the supercell to achieve the targeted oxygen concentration. It has been
noted that all the carbon atoms associated with the carbonyl and hydroxyl groups have
slightly shifted out of plane indicating their hybridization transformation from sp? to
sp3. Our previous study indicated that substitutional doping of Potassium is more
favorable in the graphene, 33 thus the potassium is originally inserted at a single vacancy
(SV) site through substitutional doping prior to the structural relaxation. However, post
structural relaxation, the potassium atom is observed to vacate its most favorable SV
site in graphene and bond with the oxygen atoms of rGO. This can be attributed to the
very high electronegativity of oxygen (3.44 by Pauling scale) in comparison to
potassium (0.82 by Pauling scale). Thus, the potassium is most likely bonded with the
oxygens in the synthesized PrGO. The electronic band structure and DOS profile of
PrGO are shown in Fig.4 (d), where large number of states are observed near to the
Fermi level in contrast to pristine graphene, which can be attributed to the presence of
defects and non-carbon elements. These large number of states have significant

influence on the quantum capacitance offered by the PrGO.

The quantum capacitance offered by pristine graphene and PrGO have been extracted
to understand their behavior as supercapacitor electrodes. Quantum capacitance is
inherent to the nano-materials due to the electronic compressibility and the low DOS.

The DOS (D(E)) dependent quantum capacitance (Cy) is extracted using the MATLAB

programing > of the following expressions,>3: 3¢
1V .di
Co =gy € (V)av ®)
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1 Where Cgiff = [ D(E)sechz(ﬂ)d[; DOI: 10.1039/D6TAO1141A
’ 4KTY—® 2KT

3 Here, V is the applied electrode voltage, e is elementary charge, E is energy, K is

4  Boltzmann’s constant, and T is temperature.

6  The computational quantum capacitance extracted for pristine graphene and PrGO as
7 supercapacitor electrodes is depicted in Fig. 4(e), where the values for pristine graphene
8 are in good agreement with the experimental report by Ponomarenko et al>” The
9 pristine graphene offers negligible quantum capacitance at zero potential, which
10  increases gradually as the potential is varied, owing to its Dirac cone structure of DOS
11 near the Fermi level. The maximum quantum capacitance offered by the pristine
12 graphene within the considered electrochemical range is noted as 16.52 pF/cm? at -0.9
13 V. On the other hand, the PrGO offers substantially higher quantum capacitance than
14  the pristine graphene portraying its suitability as supercapacitor electrode. The peak
15 quantum capacitance offered by PrGO is noted as 110.75 puF/cm? at -0.19 V, which is
16  about 6.7 times higher that pristine graphene. Moreover, the PrGO offers significant
17  quantum capacitance on both the positive and negative sides of the electrochemical

18  window predicting its suitability for symmetric supercapacitors.

19

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

20 7. Conclusion

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 9:54:25 AM.

21 In this study, few-layer reduced graphene oxide (rGO) was successfully synthesized

(cc)

22 from persimmon fruit using a clean, two-step thermal method. A systematic
23 optimization of carbonization temperature and heating rate enabled the identification of
24  suitable conditions for obtaining a conductive, graphene-like structure. The formation
25  and quality of the rGO-like material (PrGO) were confirmed through comprehensive
26  characterization techniques including Raman spectroscopy, XRD, FTIR, XPS, SEM,
27 HR-TEM, and TGA. XPS analysis revealed a natural potassium doping level of 2.15
28  atomic percent, contributing to the material’s enhanced electrochemical properties. The
29  electrochemical performance of the synthesized material, i.e., PrGO, was investigated
30 in three different electrolytes i.e. 1M H,SO, (acidic), 2 M KCl (neutral) and 6 M KOH

31  (alkaline) using a three-electrode setup. The maximum Cs achieved was 302 F/g at a
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scan rate of 2 mV/s in acidic electrolyte. Additionally, a symmetric supercapacitoy (SG)
device fabricated using PrGO achieved a high specific capacitance of 98 F/g, an energy
density of 11 Wh/kg, and a power density of 89.8 W/kg at a current density of 0.2 A/g.
The device also demonstrated excellent cycling stability, retaining 78% of its initial
capacitance after 5000 charge—discharge cycles. DFT-calculations were performed to
support the experimental results and assess the quantum capacitance behavior of PrGO.
While pristine graphene showed low quantum capacitance near zero potential, PrGO
exhibited a significantly higher value of 110.75 pF/cm? at —0.19 V—approximately 6.7
times greater than that of pristine graphene. Moreover, PrGO maintained appreciable
quantum capacitance across both positive and negative potentials, highlighting its
promise for symmetric supercapacitor configurations. Overall, this work demonstrates
the feasibility of producing potassium-doped, few-layer rGO from persimmon fruit as
a low-cost electrode material. The combined experimental and computational insights
underline its strong potential for high-performance supercapacitors and future

applications in energy storage technologies.
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