Open Access Article. Published on 19 November 2024. Downloaded on 10/26/2025 12:30:59 AM.

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

(cc)

RSC
Sustainability

W) Check for updates ‘

Cite this: RSC Sustainability, 2025, 3,
413

Received 19th July 2024
Accepted 6th November 2024

DOI: 10.1039/d4su00399¢

rsc.li/rscsus

Sustainability spotlight

I ROYAL SOCIETY
PPN OF CHEMISTRY

Peanut shell-derived activated carbon
incorporated with nitrogen anode and cobalt
cathode materials (“two-in-one” strategy) for
asymmetric supercapacitor (N-PAC//PVA-KOH//
Co-PAC) applications
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Supercapacitors have received more attraction in energy storage technology owing to their low cost, high
capacity, and good stability. Herein, a bio-mass-derived carbon source is prepared from peanut shells and
incorporated with heteroatom boron (B-PAC), nitrogen (N-PAC), and metal oxide (cobalt oxide (Co-PAC)).
The structural and surface morphology of the obtained PACs is studied using X-ray diffraction (XRD) and
Raman spectroscopy, scanning electron microscopy (SEM), and Brunauer—Emmett—Teller (BET) analysis.
The electrochemical behavior of PAC-coated electrodes is evaluated through cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), and galvanostatic charge—discharge study (GCD).
Compared to boron, the nitrogen heteroatom enhances electric double capacitance up to 302 F g™t at
2 A g7l Moreover, cobalt oxide exhibits a synergetic effect with the carbon matrix to boost
electrochemical-specific capacitance behavior, and the capacitance value is 295 F g™t at 1 A g~ in the
three-electrode system. Asymmetric supercapacitor devices were made using N-PAC as the negative
electrode and Co-PAC as the positive electrode. The N-PAC//PVA-KOH//Co-PAC device delivers
45 W h kg™! energy density and 846 W kg™t at 1 A g~* power density with 100% capacitance retention
after 3000 cycles. The higher energy and power density and long cycle life of the N-PAC//PVA-KOH//
Co-PAC device render it as a potential energy storage device for practical applications.

Utilizing biomass derivatives can contribute to developing sustainable energy sources and environmental protection in the modern world. Various biomass
carbon sources, including tea leaves, coconut shells, almond shells, poplar wood, and peanut shells, are used in energy and environmental applications. Among
these, peanut shells have received much attention in energy storage applications owing to their higher surface area, sufficient pore size, and good electro-

chemical capacitance behavior. Our study focuses on preparing nitrogen and cobalt-doped peanut shell-derived carbon as anode and cathode materials for

asymmetric supercapacitor applications. This work highlights the importance of the UN sustainable development goals, such as affordable and clean energy
(SDG 7), ensuring sustainable consumption and production patterns (SDG 12), and climate action (SDG 13).

1. Introduction

generation® and storage is a crucial way to tackle the issues;
therefore, researchers have focused on energy storage tech-

Currently, the energy shortage and environmental degeneration
are serious issues caused by uncontrolled population growth
and overuse of non-renewable energy sources such as coal,
petroleum, and uranium.“” The development of new energy
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nology and tried to develop it in various effective ways."*
Supercapacitors (SCs) are promising and efficient energy
storage devices because of their merits of high power-density,
long life-cycle, superior thermal operating capacity, low main-
tenance cost, and quick charging.®® Based on their energy
storage mechanisms, SCs are classified into two types: electrical
double-layer capacitors (EDLCs)*'® and pseudocapacitors.'**?
The EDLC energy storage mechanism is based on three models:
the Gouy-Chapman, Helmholtz, and Stern models.** According
to these models, electric field is produced at the interface
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between the electrolyte and electrode through electrostatic
adsorption, and energy is stored. In these processes, carbon
materials such as activated carbon (AC), graphene oxide (GO),'>*¢
carbon nanotubes (CNTs),"” and carbon quantum dots'®* are
commonly used, which can easily attract more ions with the help
of their high surface area and provide higher capacitance.

Pseudocapacitors display a faradaic redox reaction—electrons
transfer between the electrode and electrolyte during charge-
discharge processes and store energy. Metal oxides, metal
sulfides, metal hydroxides, and conducting polymers are used as
electrode materials with valence state change properties during
the charge-discharge time.”*** The Faraday reaction can enhance
the electrochemical performance of pseudocapacitors so that they
deliver a higher specific capacitance and life cycle than EDLCs.”

Even though EDLCs and pseudocapacitors have significant
electrochemical performance, they have some drawbacks, such
as low energy density, poor electron or ion mobility, and low
cycling stability. To overcome these issues, researchers have
combined EDLC and pseudo-capacitor materials to form hybrid
supercapacitors (HSCs).>* This type of supercapacitor has
higher energy density and capacitance than others because it
reaches higher voltage owing to their dual different type of
storage performance (EDLCs and PCs).

Biomass-derived carbon is considered a low-cost, effective
electrode material for SCs** because of its crucial properties,
such as higher surface area, superior pore size, good chemical
stability, and electrical conductivity.” Moreover, the utilization
of biomass derivatives helps to protect the environment and
develop sustainable energy in an efficient way. There are
different types of biomass carbon sources like coconut shells,
almond shells, poplar wood, tea leaves, and peanut shells (PS)
that are used in various environmental and energy applications.

Peanuts are an oil-bearing crop whose production is 40
million metric tons per year across the world, whereas millions
of tons of PS are disposed of every year.”®* The peanut shell-
derived activated carbon (PAC) has received much more atten-
tion in various applications, namely bio-adsorbents, waste-
water treatment,” and electro-catalyst for urea oxidation.”
Particularly, PAC has received significant attention from energy
storage applications like SCs and batteries because they easily
store the charges with the help of higher surface area.** More-
over, PAC has some unique characteristic features, such as low
cost, eco-friendliness, high porosity, and good electrochemical
properties, enabling its use as an electrode material for energy
storage applications. PAC can be subjected to an activation
process by various activators such as solvents, metal oxides, and
conducting polymers to improve the surface area and pore size,
which helps to enhance capacitance and charge storage prop-
erties. By a solvent activation process, Xiaochen Jiang et al.**
prepared H,SO,, NH,OH and HNO; activated PAC, which
exhibited a large surface area and pore structure and delivered
266.06 F g~ ' capacitance at 0.5 A g™ . Yinbo Zhan et al. activated
PAC by KCl, KOH, K,CO;3; and NaOH and reported that PAC-
KOH has a high surface area and the capacitance value is 339
F g~ ' capacitance at 1 A g .3 PAC electrodes doped with
heteroatoms like nitrogen,* sulfur** and oxygen show a high

specific capacitance range. Metal-based precursors, for
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instance, ZnCl,, are used to activate the PAC electrode, which
exhibits a capacitance of 184 F g~ " at 0.05 A ¢~ '.* Yinbo Zhan
et al. reported the CuO-PAC material with a good capacitance
range of 530 Fg 'at1 A g 1.3

The previous reports suggest that the heteroatom and metal
oxides act as superior precursors for improving the surface area
and capacitance range of PAC. The metal-doped PAC is used as
a positive electrode and the heteroatom or carbon precursor-doped
PAC is used as a negative electrode. To the best of our knowledge,
there are no reports on asymmetric supercapacitors with PAC-
based materials as positive and negative electrodes. The develop-
ment of two kinds of materials from a single precursor is called the
‘two for one’ strategy. The method can tune the material's porosity
and surface area, which can help enhance the electrochemical
properties of the material. Rahul R. Salunkhe et al. reported the
asymmetric supercapacitor using carbon and cobalt oxide elec-
trodes from the single metal-organic framework and the device
delivers high energy (36 W h kg™") and power density (8000 W
kg™).* Lin Cheng et al. prepared an asymmetric device based on
the ‘two for one’ method from Fe-Co-ZIF-67, which delivered
energy (37 W h kg™") and power density (750 W kg *).**

From the effective reports of the ‘two-for-one’ strategy, this is
the first attempt to prepare heteroatom-doped PAC as a negative
electrode and transition metal (cobalt) doped PAC as a positive
electrode. PAC is activated by boric acid (for boron doping) and
urea (for nitrogen doping) using the hydrothermal method, and
the derived materials are called B-PAC and N-PAC, respectively,
and the positive electrode was prepared by doping cobalt oxide
(cobalt oxide as a precursor) with PAC, which is called Co-PAC.
Compared to B-PAC, N-PAC has a high capacitance range, which
is 302 F g" at 2 A g ' due to the electronegative property of
nitrogen atoms, whereas Co-PAC has superior redox behavior
and capacitance property, and the capacitance value is 295 F g *
at 1 A g~ '. Benefiting from the results, we fabricated an asym-
metric electrode device with N-PAC - negative electrode and Co-
PAC - positive electrode. The N-PAC//PVA-KOH//Co-PAC device
delivers 45 W h kg ' energy density and 846 W kg 'at 1 Ag ™"
power density. Moreover, it holds 100% capacitance retention
after 3000 galvanostatic charge-discharge cycles.

2. Experimental details

2.1. Chemicals and reagents

The peanut shell waste was collected from the local market.
Boric acid, urea, cobalt nitrate, potassium hydroxide, acetylene
black, polyvinylidene fluoride, and N-methyl pyrrolidone were
purchased from SRL chemicals. All chemicals were used
without further purification.

2.2. Preparation of activated carbon from peanut shell

10 g of peanut shells were washed with deionized water for
removal of impurities and placed in a muffle furnace at 250 °C
for 5 h. The sample was activated by 1 M KOH. Then,
a carbonization process is performed in which the sample is
filled in the porcelain boat in a tubular furnace and heated at
800 °C argon atmosphere (10 °C min~"). The obtained carbon

© 2025 The Author(s). Published by the Royal Society of Chemistry
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powder was treated with 3 M HCI to remove the unreacted
activated agent, sonicated for 12 h, and washed with water.
Finally, the activated carbon powder (PAC) was filtered and
dried in the oven at 200 °C for 3 h.**

2.3. Preparation of boron and nitrogen heteroatom doped
PAC and cobalt doped PAC

100 mg of PAC was dissolved in 50 mL of water and 20 mmol of
boric acid was added to the solution. The solution was trans-
ferred to a stainless autoclave and heated at 180 °C for 5 h. The
resulting product was placed in a muffle furnace at 300 °C for
5 h. The obtained product is boron-doped PAC (B-PAC). The
same procedure was followed to produce the nitrogen-doped
PAC (N-PAC) and cobalt-doped PAC (Co-PAC), where instead
of boric acid, we added urea for nitrogen and cobalt nitrate for
cobalt doping in the PAC solution, respectively.

2.4. Physical characterization and equipment

X-ray diffraction patterns and Raman spectra were obtained
using an X-ray diffractometer (XRD, X' Pert Pro — Panalytic
equipped with a Cu Ko source (1.54 A - wavelength, scan step
size-0.0500°, scan step time-10.7950 s)) and Raman spectrom-
eter (XploRA™ PLUS Raman Spectrometer — Confocal Raman
Microscope), respectively. The elemental composition was
investigated by X-ray photoelectron spectroscopy (XPS) (PHI -
VERSAPROBE 1II instrument using Al Ko - 1486.6 eV). The
surface morphology and elemental composition were evaluated
by scanning electron microscope (SEM, NOVA NANO 450-
accelerating voltage — from 200 eV up to 30 keV, current - 300
pA) and EDAX mapping studies. The surface area and porous
nature were analyzed using Brunauer-Emmett-Teller (BET)
techniques using the Nova 2200e model.

2.5. Electrochemical measurement

The electrochemical behavior of the prepared electrode materials
was investigated using the Metrohm Autolab workstation. In
a three-electrode setup, the analyzing material (90%), activated
carbon (5%), and polytetrafluoroethylene (5%) were mixed using
N-methyl-2-pyrrolidone as a solvent to form a slurry. The slurry
was coated on the Ni foam and dried at 80 °C for 12 h, which is
used as a working electrode; silver-silver chloride (Ag/AgCl) is
used as a reference electrode and platinum wire as a counter
electrode. Cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), and galvanostatic charge-discharge study
(GCD) were performed, and 1 M KOH was used as the aqueous
electrolyte. The CV measurement was carried out at 10 to 100 mV
s~', GCD was studied at 1 to 5 A g~' and the EIS measurement
was done in a frequency range of 100 kHz to 0.01 Hz.

The specific capacitance of the electrode materials was
calculated with the help of the following eqn (1)

Co=1x At/Av x m (1)

I - Discharge current, Cs — specific capacitance, At-discharge
time Av - operating potential window in (V) and m - mass of
active material.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

In the asymmetric two-electrode setup, N-PAC is the negative
electrode, Co-PAC is the positive electrode, and PVA-KOH gel
acts as an electrolyte. The energy and power density are calcu-
lated by eqn (2) and (3)

E=[C x (Av)?)/7.2 (2)
P = E x 3600/At (3)

E - Energy density and P - power density C - specific capaci-
tance, At - discharge time, and Av - operating potential window
in (V).

3. Results and discussion

3.1. XRD and Raman analysis

Fig. 1a exhibits the X-ray diffraction (XRD) patterns of peanut-
activated carbon (PAC), boron-doped PAC (B-PAC), nitrogen-
doped PAC (N-PAC), and cobalt-doped (Co-PAC). The patterns
of PAC, B-PAC, and N-PAC show two types of broad diffraction
peaks that correspond to amorphous carbon. The PAC has
a broad peak at 26 = 24.43° that corresponds to the (002)
crystal plane. The plane indicates the interconnection and
parallel stacking arrangement of graphene layers in the PAC
skeleton. Moreover, another peak is located at 26 = 41.97°, and
the crystal plane is (101), which denotes that the PAC contains
hexagonal honeycomb carbon. These peaks are also presented
in B-PAC and N-PAC, but the position is slightly shifted to 26 =
24.65°, 42.91° and 26 = 23.03°,42.67°, respectively. The peak
shift indicates the heteroatoms boron and nitrogen are
incorporated into the carbon structure. The Co-PAC graphitic
carbon peaks are broad, and the intensity is low due to the
cobalt nanoparticles destroying the graphitic carbon core
structure. Noteworthy, the XRD curve of Co-PAC shows sharp
and narrow peaks at 26 = 31.12° (220), 36.90° (311), 59.31°
(511), and 65.09° (440), corresponding to the cobalt nano-
particles in the oxide form, JCPDS data card no. (80-1538).***
Cobalt oxide is reduced by carbon and forms cobalt nano-
particles that can help reduce the electrical resistance and
enhance the electrochemical performance of the Co-PAC
composite. The structure of carbon in the samples was
further investigated by Raman spectroscopy, as shown in
Fig. 1b. The samples such as PAC, B-PAC, N-PAC, and Co-PAC
exhibit D-bands (1340 cm ') and G-bands (1580 cm ). The D-
band represents the presence of surface defects and disorder
in the carbon, whereas the G-band is attributed to graphene in
the sp® plane. It is a well-known fact that the degree of
graphitization is measured by the intensity ratio of the D and G
bands.** The calculated I,/I; values of PAC, B-PAC, N-PAC, and
Co-PAC are 1.28, 1.39, 1.49 and 1.46, respectively. The boron,
nitrogen, and cobalt-doped PAC intensity ratio is higher than
the undoped PAC. The result indicates the doping process
generates more active sites and surface defects in the PAC
carbon skeleton that can help speed up the ion/electron
exchange process in the electrochemical reaction. Moreover,
a weaker broad peak presented at around 2800 cm ™' indicates
the occurrence of graphitization during the doping process.

RSC Sustainability, 2025, 3, 413-426 | 415


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00399c

Open Access Article. Published on 19 November 2024. Downloaded on 10/26/2025 12:30:59 AM.

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

(cc)

RSC Sustainability

View Article Online

Paper
a b
7R
D-band G-band 2D
band
Io/ls = 1.46 ?

Intensity( a.u.)

Co-PAC

Intensity( a.u.)

PAC

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 500 1000 1500 2000 2500 3000 3500 4000

20 (degree)

Raman Shift (cm™)

Fig. 1 (a) XRD and (b) Raman spectra of PAC, B-PAC, N-PAC, and Co-PAC.

3.2. XPS study

XPS analysis, as shown in Fig. 2, helps to investigate the
chemical composition and functional groups of PAC, N-PAC
and Co-PAC. The PAC has two peaks at 285.68 and 532.33 eV,
representing the C 1s and O 1s peaks, as shown in Fig. 2a. The C

1s spectrum of PAC (Fig. 2b) is separated into three main peaks,
representing different types of carbon functional groups, 284.53
(C-C/C=C), 285.78 (C-OH, C-0) and 290.95 eV (C=0). The O 1s
spectrum (Fig. 2¢) is separated into two peaks located at 530.86
and 532.61 eV, denoting the C-OH and C-O-C functional

Cls Ols a b Cls C C-0-C Ols
3 £) / C-C/C=C 3 7
B s 2
z z g C-OH
z % @
g £ C-OH/C-0 £ \
] 3 e
] = C=0 =
o 200 400 600 00 1000 1200 278 250 230 50 256, - P i -
Binding energy (eV) Binding enerev (eV) Binding energy (eV)
N Bls Cls f
01s d B-C / \ €
—_ -~ ! \ _~
3 g ) \ BO g
3 = \ S
. > / =
z é Iy /’\ = Ols
z g ’ \ £ Nls
£ / \ s
£ Cls E /I z
= Bls 4
- s
%8 o 35 e R =0 ° 200 400 600 800 1000 1200
200 400 600 800 1000 1200 o
Binding energy (¢V) Binding energy (eV) Binding energy (eV)
Nis h 3 Co2
Pyrrolic-N Cls Co** @ 1 P
- s 3 \ \ —
a & < Co?' Co ZplD
-~ > z Co*
£ Pyridinic-N = = /
E g g \ Co*'
2 = Ols = y
= s Co2p e y
.5y oy = o = 7oy R o 200 400 600 00 1000 I e T T T T
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Fig. 2 XPS spectra of PAC (a—c), B-PAC (d and e), N-PAC (f and g), and Co-PAC (h and i).
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groups. Moreover, the B-PAC composite (Fig. 2d) has three
peaks located at 197.26, 285.63 and 534.61 eV, corresponding to
B 1s, C 1s, and O 1s, respectively. The B 1s spectrum (Fig. 2¢)
shows the B-C and B-O peaks at 193.73 eV and 194.40 eV. The
result confirms that the boric acid produces the boron atom
that can be doped with PAC. Moreover, the N-PAC composite
consists of three peaks at 284.24, 400.13 and 528.7 eV corre-
sponding to the C 1s, N 1s, and O 1s, respectively, as displayed
in Fig. 2f. The N 1s spectrum in Fig. 2g exhibits the pyridine N
and pyrrolic N at 398.15 and 399.83, respectively.** The above
results confirm that the reaction of PAC with urea generates
nitrogen functional groups on the surface of the PAC carbon
skeleton. The Co-PAC (Fig. 2h) survey spectrum has three major
peaks at 285.63, 532.42 and 781.39 eV, corresponding to C 1s, O
1s and Co 2p, respectively. Moreover, the XPS spectrum of the
Co 2p orbital is displayed in Fig. 2i. The spectrum consists of
four peaks at 779.93, 781.21 and 794.94 and 796.68 eV, corre-
sponding to Co*"(2p*?), Co**(2p*?) and Co**(2p*/?), Co**(2p*?),
respectively.** The XPS results overall confirm that the boron
and nitrogen are doped in B-PAC and N-PAC, respectively, and
the cobalt is doped in the Co-PAC composite. Typically, the
pyridine N and pyrrolic N are considered electroactive sites
when presented in the carbon source because they help improve
the conductivity and speed up the charge transfer process, and
the introduction of cobalt into the carbon skeleton can improve
the pseudocapacitive nature of the material.

3.3. Surface morphology study

To investigate the surface morphology of the PACs, scanning
performed.

electron microscopy (SEM) was Fig. 3a

View Article Online
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demonstrates that the PAC has a blocky sheet-like structure
with pores, in which the carbon sheets are randomly arranged.**
After doping the PAC with heteroatoms and metal oxide, the
roughness increased. It is a known fact that the higher rough-
ness increases the specific surface area of the material and thus
contributes to the capacitance performance. In Fig. 3b, boron
was impregnated into the PAC and formed the cloudy layer on
the blocky sheet without changing the porous nature of the
carbon sheet. N-PAC (Fig. 3c) also has the same morphology
change but the accumulation of the cloudy layer is higher than
that of B-PAC. Interestingly, Co-PAC has a structure different
from other materials, as shown in Fig. 3d. The cobalt nano-
particles agglomerated on the PAC surface and the morphology
looks like a large porous structure; hence, the electrolyte ions
easily interact with the material, which should improve the
electrochemical performance.

3.4. Elemental composition analysis

Energy dispersive X-ray (EDX) analysis helps to determine the
elemental distribution of the PAC, B-PAC, N-PAC, and Co-PAC
composites, as shown in (Fig. 4a-d). In Fig. 4a, it is observed
that carbon (92.78%) and oxygen (07.22%) elements are present
in the PAC materials. Fig. 4b shows the carbon (78.94%), boron
(17.60%), and oxygen (03.46%) in B-PAC. Fig. 4c shows the
carbon (80.67%), nitrogen (08.39%), and oxygen (10.94%) in N-
PAC. These results confirmed that the boron and nitrogen are
embedded into the carbon matrix. The carbon (74.11%), cobalt
(06.77%), and oxygen (19.12%) are present in the Co-PAC
composite (Fig. 4d), in which the cobalt nanoparticles are
agglomerated on the porous carbon surface.

Fig. 3 SEM image of (a) PAC, (b) B-PAC, (c) N-PAC, and (d) Co-PAC.
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Fig. 4 EDAX study of (a) PAC, (b) B-PAC, (c) N-PAC, and (d) Co-PAC.

3.5. Brunauer-Emmett-Teller (BET) analysis

Generally, the specific surface area and pore size play a vital
role in the electrochemical performance of EDLC-based
supercapacitors.”” Fig. 5a shows the N, adsorption-desorp-
tion isotherms of PAC, B-PAC, N-PAC, and Co-PAC materials,
while Fig. 5b exhibits their pore size distributions. The surface
area curves exhibited a type I/IV adsorption isotherm,*® con-
firming the coexistence of macro, meso, and micropores in the
prepared materials. The specific surface areas of PAC, B-PAC,
N-PAC and Co-PAC are 713 m”* g, 905 m® g !, 1403 m* g *
and 685 m> g, respectively. Among these, N-PAC has the
highest specific surface area, which suggests the nitrogen
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heteroatom enhances the surface area and pore size nature of
PAC.* The higher surface area of N-PAC can promote the
contact region between the electrolyte and electrode so the
ions easily accumulate on the electrode surface. The accumu-
lation of ions can enhance the capacitance performance of the
electrode. The pore sizes of PAC, B-PAC, N-PAC, and Co-PAC
are 2.26, 1.03, 4.03 and 2.89 nm, respectively. N-PAC has
a larger pore size than others, which can speed up the electron
and ion transport between the electrode and electrolyte. The
rapid ion and electron transport can enhance the capacitance
and reduce the resistance behavior of the electrode during the
electrochemical reaction.
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(a). N, adsorption—desorption isotherms and (b) pore size distribution of PAC, B-PAC, N-PAC, and Co-PAC.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00399c

Open Access Article. Published on 19 November 2024. Downloaded on 10/26/2025 12:30:59 AM.

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

(cc)

Paper

3.6. Electrochemical studies-three electrode system

3.6.1. Anode material studies. The electrochemical perfor-
mance of the negative electrodes PAC, B-PAC, and N-PAC was
investigated in a three-electrode system in the 0 to —1 V
potential range. CV tests were conducted at 10 mV s * to
measure the current range of the materials, which are shown in
Fig. 6a. Apparently, PAC shows a quasi-rectangle shape CV curve
that indicates the material has excellent ion transport perfor-
mance, corresponding to the EDLC behavior during the energy
storage process*” whereas B-PAC also has a similar shape but
the current range is increased and reached around —14 mA. N-
PAC attained —16 mA with the highest integrated area curve
range, which denotes that nitrogen can enhance the conductive
and capacitive behavior of the carbon network because it has
higher electronegativity than boron and carbon. Fig. 6b shows
the CV study at different scan rates of N-PAC. The rectangle
shape can be maintained at 100 mV s~ ', suggesting the material
has rapid charge transfer and superior capacitive behavior.** To
know about the capacitance ratio of N-PAC, the diffusion and
capacitive behavior of the composites are evaluated with the
help of the Dunn method. The capacitive effects are calculated
from the following eqn (4) (ref. 49)

L) = kv + kp®? (4)

I, - Current density (A g~'), v - scan rate (mV s™ '), k; and k, -
constant coefficients, k;v — current from the surface capaci-
tance, kn®® - the process of the diffusion-controlled
intercalation.

Fig. 6¢ exhibits the proportion of diffusion capacitance and
capacitive (shaded region) for charge storage contributions at
50 mV s '. The graphs show that the contribution rate of
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for charge storage contributions N-PAC at 50 mV s~ . (d) Comparison of the stored charge at scan rates of 10, 30, 50, 70, 90 and 100 mV s
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surface capacitance is 68% and the diffusion capacitance is
32%. The contribution rates of N-PAC at different scan rates are
shown in Fig. 6d. At a low scan rate (10 mV s~ '), the capacitive
and diffusion contributions are equal. When the scan rate is
improved, the capacitive contribution (surface capacitance)
gradually increases and reaches 83% at 100 mV s *. The result
suggests that the N-PAC has higher capacitive contribution at
higher scan rates owing to their rapid electron/ion migration
between the electrode/electrolyte interface. The behavior is
a key factor for achieving cyclic stability performance and good
rate capability during charge-discharge processes in the higher
current range.

The EIS was recorded to further analyze the electrochemical
performance of the materials, as depicted in Fig. 7. Basically,
the EIS diagram contains two regions: the high-frequency
region represents the charge transfer resistance (R), and the
low-frequency region expresses the electrolyte solution resis-
tance (Ry).*® The straight line in the low-frequency range indi-
cates the ion diffusion resistance of the material. The R; and R,
of PAC (Fig. 7a) are 2.72 Q and 0.38 Q, respectively. Meanwhile,
for B-PAC and N-PAC, R, and R, are lower than those of PAC. For
B-PAC (Fig. 7b), Ry is 2.34 Q and R is 0.28 Q, whereas for N-PAC
(Fig. 7¢), Rs is 2.44 Q and R is 0.20 Q. In addition, N-PAC has
a small vertical line, which confirms that the material ion
diffusion resistance is low. The heteroatom (boron and
nitrogen) in the carbon matrix can modify the interaction
dynamics with the electrolyte, which increases the speed of the
charge carrier's movement, thus reducing the solution and
charge transfer resistance. As a consequence, B-PAC and N-PAC
display high current and capacitance performance in electro-
chemical tests.
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The potential range and charge-discharge capacity GCD at different current densities (2 to 10 A g™ '); Cs

behavior of PAC, B-PAC, and N-PAC were evaluated by GCD
experiments at a constant current of 2 A g~', as shown in
Fig. 8a. The specific capacitance of PAC, B-PAC and N-PAC are
114, 144 and 302 F g~ ', respectively. Fig. 8b shows the isosceles
triangle symmetrical shaped GCD curves that suggest the
electrodes have an ideal capacitor and reversibility behavior.**
Among these, N-PAC has the longest discharge time and higher
specific cap (Cp) range due to the nitrogen functional group on
the surface of the electrode material, which reduces the ohmic
resistance of the electrode and improves the electrode—elec-
trolyte interaction. Moreover, Fig. 8c demonstrates the N-PAC
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decreases from 302 to 126 F g~ based on an increase in the
current density. The discharge time is reduced when the
current range is increased because the ions quickly accumu-
late on the electrode surface at a higher current range, thus
decreasing the C;. Cyclic stability is considered an essential
parameter in SC applications. N-PAC has no capacitance loss
and is stable at 100% capacitance retention after 3000 cycles,
demonstrating its superior electrochemical stability perfor-
mance, as shown in Fig. 8d. From the results, we conclude the
N-PAC is a promising negative electrode in asymmetric SCs
applications.
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stability study of N-PAC.
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3.6.2. Cathode material studies. Fig. 9a depicts the CV study
of positive electrodes, such as bare Ni foam, PAC and Co-PAC, in
the potential window (0.1-0.7 V) at 50 mV s~ '. Among these, Co-
PAC has the highest current range and the integrated area of the
curve is larger than that of PAC, which indicates that the carbon
capacitance behavior is significantly enhanced by the incorpo-
ration of CoO nanoparticles. When the scan rate is improved, the
current range is gradually increased without affecting the redox
peak shape, as shown in Fig. 9b. The uniform current increment
suggests that the Co-PAC has good capacitance stability at
different scan rates. The diffusion capacitance and capacitive
contributions are calculated based on the Dunn method. Fig. 9¢
shows the proportion of capacitive and diffusion capacitance
contributions of Co-PAC at 50 mV s *. The graphs demonstrate
that the surface capacitance contribution is 30% and diffusion
capacitance is 70%. Moreover, the contributions based on
different scan rates are shown in Fig. 9d. The capacitive contri-
bution and the diffusion contribution of Co-PAC at a lower scan
rate (10 mV s~ ') are 29% and 71%. When the scan rate is
increased, the capacitive contribution (surface capacitance) rea-
ches a higher range, which is 94% at 100 mV s™'. The result
confirms that Co-PAC possesses higher capacitive contribution at
higher scan rates because of the fast electron/ion migration
between the electrode/electrolyte interface. The behavior helps to
enhance the cyclic stability performance and good rate capability
during charge-discharge processes in a higher current range.

The resistance behavior of the electrode materials PAC and Co-
PAC was evaluated by EIS analysis. In Fig. 10a, the EIS spectrum
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shows the semicircular portion, which is the charge transfer
resistance (R.), 2 represents the solution resistance (R;) and the
45° oblique line represents the Warburg impedance, indicating the
diffusion of electrolyte into these active materials. The Ry and R
values of PAC are 2.03 and 4.99 Q. The R, and R, values of Co-PAC
(Fig. 10b) are 1.56 and 2.38 Q and the straight line is closer to
vertical, which means it has low ion diffusion resistance. Moreover,
the Ry and R, range of Co-PAC is lower than that of PAC, sug-
gesting the synergistic effects can enhance the electron movement
in the electrode-electrolyte interfaces and increase conductivity.
To evaluate the capacitance behavior, the electrodes are used
in the GCD study, as depicted in Fig. 11a. The bare nickel foam
capacitance range is 75 F ¢~ and the PAC capacitance is 157 F
g " whereas that of Co-PAC is 295 F g~ ', suggesting that the
cobalt ions can improve the capacitance of PAC with the help of
the Faraday process. The PAC GCD is a triangle shape that
indicates its EDLC behavior and superior electrochemical
reversibility. The Co-PAC GCD divides the symmetrical rect-
angle, and the discharge time is higher than that of PAC. The
result confirms that Co-PAC possesses better electrochemical
performance than PAC due to the addition of cobalt ions in the
carbon composite, which has pseudo-capacitor properties.*®
Fig. 11b and c exhibit the Co-PAC specific capacitance at
different current densities. The capacitance of Co-PAC is
retained at 295, 270, 247, 240 and 225 F g~ at a current density
of 1-5 A g~'. The capacitance value gradually decreases when
the current density is increased due to the synergistic combi-
nation of the EDLC of carbon and the pseudo-capacitance
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cycling stability study of Co-PAC.

behavior of cobalt. Fig. 11d shows the stability behavior of Co-
PAC at 10 A g~ ". The electrode gives 88.8% capacitance reten-
tion after 3000 cycles, with good stability due to the porous
carbon and good pore size distribution in the composite. The
excellent cyclic stability behavior demonstrates that the Co-PAC
is a promising electrode material for high-performance SCs
applications. The electrochemical performance of N-PAC and
Co-PAC in comparison with the reported peanut shell-based
materials are tabulated in Table 1.

422 | RSC Sustainability, 2025, 3, 413-426

3.7. Electrochemical studies-two electrode system (N-PAC//
PVA-KOH//Co-PAC)

To evaluate the commercial application of the prepared nega-
tive and positive electrodes in practical devices, a two-electrode
system (N-PAC//PVA-KOH//Co-PAC) was fabricated. The two
electrodes involve CV studies in negative and positive voltage
windows at 50 mV s~ " in 1 M KOH, as shown in Fig. 12a. The
negative and positive electrodes give a rectangular shape for
EDLC and redox peak for pseudocapacitance. The dual property

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Electrochemical performance of N-PAC and Co-PAC in comparison with reported peanut shell-based materials

S. no Peanut shell based composite Potential window (V) Electrolyte Current density Capacitance Ref.
1 PS-FLG —0.4-1.1V 1 M H,S0, 05Ag™" 186 Fg ' 52
2 ZN-AC-2 —-1-0V 1 M Na,SO, 05Ag" 239.88F g ' 53
3 FE/MG-AC-800 —-1-0V 1 M Na,SO, 1Ag" 247.28 Fg " 54
4 PSW -0.9-0V 2.5 M KNO; 1Ag! 22430 F g " 55
5 NHAC-800 -1-0V 6 M KOH 0.5A¢g" 266.06 F g~ * 56
6 PSC-AC —0.9-0.1V 6 M KOH 1Ag" 228 Fg! 57
7 HSAC-Ni —0.5-0.5 V 2 M KOH 1Ag™" 242.84F g " 58
8 N-AC 0-1V 6 M KOH 02Ag"! 290 F g ! 59
9 AP-800-imp-5-1.5 0-0.8 V 1 M H,S0, 0.4Ag" 289.4Fg" 60
10 N-PAC & Co-PAC ~1-0V & 0.1-0.5V 1 M KOH 2Ag'&1Ag " 302Fg '&295Fg ' This work

reveals that the hybrid SCs device could run at a high potential
of up to 1.7 V with the help of the synergetic effect of the two
electrodes and the neutral electrolyte behavior. Fig. 12b shows
the schematic model diagram of the construction of an asym-
metric supercapacitor device (N-PAC//PVA-KOH//Co-PAC). In
this device, N-PAC acts as an anode and Co-PAC as a cathode
owing to their EDLC and pseudocapacitive nature, respectively.
PVA-KOH is used as an electrolyte, which contains potassium
(k") and hydroxide (OH™) ions. During charging, the applied
voltage creates the potential difference between the two elec-
trodes, which drives the ion migration in the electrolyte. In this
process, N-PAC accumulates the K" ions and Co-PAC collects the
OH" ions with the help of their double layer and surface redox
reaction properties. The energy is stored in the N-PAC//PVA-
KOH//Co-PAC device, which generates current during the
discharge process. The ions then move back to the electrolyte
solution. Fig. 12¢ exhibits the CV patterns of the device with
a gradual increment of the voltage from 0.8 to 1.7 V. The CV
curve current range is uniformly increased based on the voltage
improvement. The CV curve (Fig. 12d) of the device is studied at

different scan rates from 10 to 100 mV s ', in which the CV
curve current range is gradually enhanced without deformation
of the redox peak, indicating the device has excellent electro-
chemical performance.®® Moreover, the EIS study helps to
evaluate the electrical resistivity of the device as depicted in
Fig. 12e. The EIS curve exhibits semicircle portions in the high-
frequency region, which denotes the charge transfer resistance
(Rc) and the straight line in the low-frequency region indicates
the ion diffusion resistance of the device. The EIS plot of the
device clearly shows that it is Warburg impedance, which
confirms the electrolyte ions are diffusing into the active
materials.** The R and R values of the device are 4.61 and 5.54
Q, respectively. This result proves that the device exhibits good
conductivity and ion diffusion properties.

To optimize the voltage range, the device was subjected to
a charge-discharge study in the different potential windows
from 0.8 up to 1.7 V at constant current 1 A g~ ', as shown in
Fig. 13a. From the above analysis, the efficient potential window
for the charge-discharge process is found to be 0-1.7 V. All
curves are almost triangular, suggesting the device involves
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Fig.12 (a) CV study of N-PAC and Co-PAC at 50 mV s~in 1 M KOH in a three-electrode system. (b) Schematic model of the ASC device. (c) CV
study at different potential windows. (d) CV study at different scan rates, and (e) EIS study of the asymmetric, two electrode N-PAC//PVA-KOH//

Co-PAC device.
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a proper charge storage process during charge-discharge.
Moreover, different current densities (1 to 5 A g~ ") were applied
to the device in the 0-1.7 V potential range, which is depicted in
Fig. 13b. There is no change in the GCD curve symmetrical
shape even with a high current density, which indicates the
device has superior electrochemical reversibility and high
coulombic efficiency. The Cgp, of the device is 193, 88, 50, 36, and
26 F g~ ' at current densities from 1 to 5 A g~ . Fig. 13c exhibits
the Ragone plot, which explains the relationship between
energy and power density. The device delivers an energy of
45 W h kg™" and power 846 W kg™ " at 1 A g~ '. Moreover, the
energy density still maintained 30 W h kg™ " in the higher
current range (5 A g ). The cyclic stability is one of the crucial
factors for SCs in commercial applications. The cyclic stability
of the device is investigated and reported in Fig. 13d, and the
capacitance retention is 100% after 3000 cycles of the charge-
discharging process. The result suggests that the device has
good stability and sufficient potential in practical long-term
cycle SC applications.

4. Conclusions

The bio-mass-derived porous carbon incorporated with
heteroatoms (boron and nitrogen) and cobalt nanoparticles has
been successfully prepared using peanut shells as the carbon
precursor. A combination of a double-layer capacitance and
pseudo-capacitance nature can improve the capacitance value
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of the electrode materials. The prepared N-PAC and Co-PAC
exhibit high specific capacitance values of 302 Fg ' at2 Ag™"
and 295 Fg ' at1Ag ™", respectively, in three-electrode systems.
The Co-PAC electrode was used as a cathode, and the N-PAC
electrode was used as an anode to produce the asymmetric
supercapacitor device (N-PAC//PVA-KOH//Co-PAC). It exhibits
a high energy density of 45 W h kg~ " and power density of 846 W
kg "at1Ag ', and the capacitance retention is 100% after 3000
cycles. The results demonstrated that N-PAC//PVA-KOH//Co-
PAC is a feasible and low-cost promising supercapacitor
device for real-life applications.
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