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The conversion of inexpensive, plentiful, and renewable biomass into porous carbon materials for use in
sodium-ion batteries and supercapacitor electrodes has garnered attention in recent years. This study
presents a novel approach where blackberry seeds were carbonized and chemically activated with potassium
hydroxide (KOH) to form activated carbons (ACs). The synthesized blackberry seed-derived activated carbon
(BBSDAC's) morphology, defectiveness, crystal structure, and textural characteristics were characterized using
scanning electron microscopy (SEM), Raman spectroscopy, X-ray diffraction (XRD), and low-temperature
nitrogen physisorption. The characterization confirmed that the biocarbon has a good surface area with
micropores and defectiveness. The electrochemical performance of the sodium-ion energy storage of the
biocarbon was investigated in a half-cell, yielding a discharge capacity of 322 mAh g ' at a rate of
100 mA g~* with good rate capability, as well as outstanding cycling stability, retaining 99% of its capacity
after 200 cycles. Even after 10 months of rest, the cell showed no capacity decay. Additionally, activated
carbon was investigated in an aqueous solution as an electrode material for sodium-ion capacitors. The
BBSDAC 700 exhibits remarkable characteristics with a high specific capacitance of 218 F g™t at a current
density of 1 A gt and excellent cycling stability with around 99.0% coulombic efficiency after 10 000 cycles.
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The capacitor demonstrated an energy density of around 20 Wh kgfl. The findings show that the BBSDAC
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1. Introduction

It is necessary to appropriately use energy from renewable
sources to reduce the gap between energy generation and
demand. In particular, fossil fuels, the primary source of energy
generation today, are overused due to the constantly rising
demand for energy brought on by population increase and
industrial modernization." Nowadays, the effects of global warm-
ing are visible as a result of increased air pollution brought on by
the overuse of fossil fuels. In order to achieve a clean and
sustainable environment, energy from renewable sources needs
to be effectively stored and used when needed. Energy storage
comes in various forms, including mechanical, electrochemical,
and thermal.” The electrochemical energy storage system is one
of the most important in appliances and consumer electronics.
Batteries and supercapacitors are the most widely used electro-
chemical energy storage devices. Because of its exceptional
coulombic efficiency, high energy, and high cell voltage, the
lithium-ion battery (LIB) has dominated the portable consumer
electronics market during the last twenty years.” The LIB’s
appealing qualities make it a viable option for use, even in
electric cars. However, such implementation for large-scale grid
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integration and e-vehicles is constrained by the limited lithium
resources.” Therefore, it is essential to develop further depend-
able battery technologies. Electrochemical sodium-ion storage
technology is one of the other choices.”” Since sodium is the
fourth most prevalent element on Earth and is abundant in salt
water, it may find application in e-vehicles and large-scale grid
integration.® However, the solution to bringing sodium-based
batteries to market is the creation of inexpensive, high-
performing electrode materials. Given that the sodium content
of seawater can reach 60% and the estimated 2.6% total sodium
reserves in the Earth’s crust, sodium is far more affordable than
lithium.”>"® The development of sodium ion battery (SIB) tech-
nology is therefore acceptable.

With a sodium electrolyte, a conventional SIB has sodium
metal as the anode and a sodiated transition metal oxide as the
cathode. The SIB and LIB have nearly identical chemistry,
making it advantageous to investigate creating a dependable
sodium-ion storage device. However, the secret to bringing
sodium-based batteries to market is the creation of inexpensive,
high-performing electrode materials. Several high-performance
cathode materials for SIBs have been identified, including
phosphates, sulfates, Prussian blue, and layered oxides.''™*
Furthermore, various anode materials, such as alloys, oxides,
organic compounds, and carbon materials, have been exten-
sively researched for SIBs.>*° Rapid capacity fading and the
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loss of electric contact result from the alloy anodes’ significant
volume expansion during sodium insertion. Oxide anodes have
very low capacities.’’ > Among these, the carbon anode is
appealing because of its price and ease of generation. The Na*
radius (1.02 A) is greater than that of the Li* ion (0.76 A), making
graphite, the typical anode for the LIB, unsuitable as an anode
for SIBs. Due to its ordered layer structure and basal length of
around 0.34 nm, graphite is not conducive to large-scale Na"
intercalation.**** The Na' intercalation requires a minimum
intercalation distance of 0.37 nm. Therefore, restricted Na*
intercalation into graphite layers frequently leads to low rever-
sibility and it cannot be used as an SIB anode material.*>*°

Carbonaceous anode materials derived from biomass sources
have become more and more popular recently because of their
availability, affordability, accessibility, and environmental
friendliness.”” However, carbons generated from biomass have
high surface area, high porosity, and superior electrical conductiv-
ity, making them ideal for storing sodium ions.*® The biomass-
derived carbonaceous materials from rice husks,* apple,*® coco-
nut shell,* corncob,>* bamboo and wood,>*>* cork-derived
carbon,>® algae-derived hard carbon,**>*
and sugarcane® have gained much attention in SIBs due to their
extreme electrochemical properties. As a result, biomass utilization
has received a lot of interest in energy storage research.

It was discovered recently that disordered carbon has good
reversibility in sodium-ion storage. There are various ways that
disordered carbon can be produced. By carbonizing the male
inflorescence of Borassus flabellifer, for example, Thileep
Kumar et al. produced hard carbon with a practical capacity
of 413 mAh g '.*' According to He Chen et al, pitch-derived
carbon had a specific capacity of 312 mAh g '.** Chenrayan
Senthil et al. produced carbon using nitrogen self-doped activated
carbon obtained from seaweed and reported a specific capacity of
roughly 303 mAh g %" It was determined that the supply of
carbon and the method of activation to produce disordered carbon
had a significant impact on the sodium-ion performance.®

Recently, there has also been an increase in interest in
creating sodium-ion capacitors (SICs) in addition to SIBs due
to many features such as capability to discharge at high power,
long cycle-life and low cost. It is possible to create an SIC using
either aqueous or nonaqueous electrolytes in symmetric or
asymmetric arrangements. In 2012, in the first report on SICs,
commercial activated carbon was used as the positive electrode
and commercial hard carbon as the negative electrode. SICs are
often manufactured in a variety of forms, including symmetric,
asymmetric, and hybrid capacitors, where the electrolyte medium
is a solution containing sodium salt. Therefore, the electrolyte
serves as both the source of Na' ions and their conducting
medium. Carbonaceous materials, such as graphene oxide, gra-
phene, aerogels, carbon nanotubes (CNTs), activated carbon (AC),
carbon black, etc., are being investigated as capacitor electrode
materials. For instance, Yunchao Li et al produced activated
biocarbon from bamboo chips and reported a specific capacitance
of 208 F g ' at a current density of 1 A g '.** Yong Yao et al.
prepared a carbon material from red dates and reported a specific

capacitance of 341.9 F g~ " at a current density of 0.5 A g~ ~.%°

coffee derived carbon,”
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Biomass is the ideal carbon source for carbon-based electro-
des since the sustainable development goals state that electrode
material manufacturing must adhere to sustainability standards.
Ranjith et al. reported a specific energy of 118 Wh kg™ * after
fabricating an SIC with biocarbon produced from cinnamon sticks
as the anode.®® Sara Paya et al. created an S-doped carbon sponge
that may deliver a specific capacitance of 58 F ¢ ' at 0.1 A g~ "
when utilized as an electrode for SICs.®”

The little fruit known as the blackberry, or jamun, is under-
valued despite having substantial nutritional and therapeutic
significance. Fruit is a great source of anthocyanins, vitamins,
minerals, pectin, and antioxidants.®®®® Having originated in
Indonesia and India, it is found all over Southern Asia and grows
well in tropical and subtropical environments. Nonetheless,
blackberry seeds are used in traditional medicine to cure a variety
of conditions, such as inflammation, cough, and diarrhea.”®”*
The most significant usage of blackberry seeds is in the treatment
of diabetes. One plant yields around 400000 blackberry seeds
annually. In the food sector, blackberry seeds are often removed
during processing. The seed oil is made from blackberry seeds,
and blackberry seed flour is a by-product of the oil production
process. As far as we know, no publications have been found
using disordered carbon generated from blackberry seed biomass
as the electrode material for SICs and SIBs. As a result, the
current study investigated using disordered carbon extracted
from the biomass of blackberry seeds as the electrode material
for SIBs and SICs. This study used a widely established two-step
procedure that included carbonization and KOH activation steps
to synthesize BBSDAC from blackberry seeds. XRD, transmission
electron microscopy, scanning electron microscopy (SEM),
Raman spectroscopy, BET, cyclic voltammetry, and galvanostatic
charge-discharge tests were used extensively to characterize the
synthesized BBSDAC. Both an SIB and SIC were used to measure
the BBSDAC's electrochemical performance. The BBSDAC disor-
dered carbon material exhibits a high capacity, outstanding rate
performance, and steady cycling performance when used as an
anode material for SIBs. Even after 100 cycles, its specific capacity
can remain at 310 mAh g™" at a current density of 100 mA g~
and 225 mAh g~ " with a current density of 500 mA g~ '. The
BBSDAC demonstrated outstanding long-term cycling stability
for up to 10000 cycles in SICs, with a high energy density of
around 20 Wh kg~ " and a high-power density of over 726 W kg™ .

2. Experimental section

2.1. Materials

All the chemicals used in the manuscript were purchased from
LabChem and Sigma Aldrich without further purification. To
prepare the carbon material, blackberry seeds are gathered from
the local fruit vendor market, cleaned with triple-distilled water,
and then used.

2.2. Synthesis of BBSDAC

The following is the production process for the biocarbon
derived from blackberry seeds. After being gathered at a nearby
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market, the blackberry seeds were cleaned with triple-distilled
water and dried at 150 °C in an oven. 10 g of the dried
blackberry seeds were pre-carbonized in a muffle furnace for
3 h at 350 degrees Celsius in the air. In a nitrogen environment,
the pre-carbonized seeds were crushed, combined with KOH
(1:3), loaded into an alumina boat, and heated for 3 h at 700 °C
at 5 °C min~". After continuously washing the resulting black
powder in a 1 M HCI solution with triple distilled water to
remove impurities and reach a neutral pH, the final BBSDAC
product, a dry powder, was produced. At 80 °C, the black
powder was subsequently vacuum-dried. The synthesized car-
bon powder was identified as BBSDAC-700 and underwent
several characterization tests.

2.3. Material characterizations

The sample’s X-ray diffraction was recorded using a Bruker D8
Advance X-ray diffractometer and Cu-K radiation (1 = 1.5406 A°).
An excitation energy of 2.33 eV and green laser light (1 = 532 nm)
were utilized to get Raman spectra (WITec Raman spectro-
scopy). Both a transmission electron microscopy (TEM) (JEOL-
JSM-700F) and a field emission scanning electron microscopy
(SEM) (JEOL-JEM-2011(200KV)) system were used to image the
materials. The BBSDAC material’s mean pore width and specific
surface area were determined using the Brunauer-Emmett-
Teller (BET) and Barrett-Joyner-Halenda (BJH) methods (Auto-
sorb iQ, Quantachrome, USA).

2.4. Electrochemical characterizations

2.4.1. Sodium-ion battery characterization. Sodium ion
storage of the BBSDAC 700 electrode was investigated using a
CR-2032 type cell with sodium metal as a counter and reference
electrode. First, a 70:20:10 weight ratio was used to combine
the BBSDAC 700 sample, super p carbon, polyvinylidene
difluoride (PVDF) binder, and N-methyl-2-pyrrolidone (NMP)
solvent to create the working electrode slurry. The doctor blade
method was used to apply the produced slurry to copper foil,
and it was vacuum-oven dried for 12 h at 80 °C. Next, a 15 mm
disc was perforated with the BBSDAC 700 coated copper foil to
serve as the working electrode with a mass loading of the active
material of 1-1.2 mg. In an argon-purged glovebox (MTI cor-
poration), the coin cell was put together using Whatman glass
filter paper as the separator and 1 M NaPF, electrolyte in
ethylene carbonate (EC) and diethylene carbonate (DEC) (1:1
volume ratio). An electrochemical workstation (Biologic VSP) was
used to record the cyclic voltammogram (CV) curves on the
completed half-cell within the potential window of 0.01-3.0 V at
a scan rate of 0.1 mV s~ ', Battery testing equipment (Biologic VSP)
was used to record the galvanostatic charge-discharge (GCD)
profiles on the manufactured half-cell at different current rates
with the same potential. Plots of the coin cell’s electrochemical
impedance were taken before and after cycle life tests. The
frequency range in which the impedance graphs were recorded
was 10 KHz to 100 mHz with an amplitude voltage of 10 mV.

2.4.2. Sodium capacitor characterization. The slurry men-
tioned above was used to create the capacitor’s electrode. The
slurry was evenly spread out on a current collector made of Ni
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foam. A vacuum was used to dry the BBSDAC 700 coated Ni
foam at 80 °C. A three-electrode cell configuration comprising
the BBSDAC 700 as the working electrode, platinum (Pt) as the
counter electrode, and silver/silver chloride (Ag/AgCl) as the
reference electrode in 1 M Na,SO, (aqueous) electrolyte was
used to first assess the carbon capacitor research. On the
manufactured three-electrode cell design, the charge-discharge
curves at various current rates and CV profiles at various scan
rates were recorded in the potential range of 0 to 1.2 V. A
CR2032-type button cell was used to test the symmetric device
performances in an aqueous sodium-ion capacitor employing
Whatman glass filter paper as a separator. In the symmetric
device, which had two identical electrodes coated with BBSDAC
700, the electrolyte was 1 M Na,SO,. The previously mentioned
electrochemical workstation was used to record the CV and
GCD profiles for capacitors in the potential ranges of 0-1.2 V.
The following formula (1) was used to calculate the specific
capacitance (F g~ ') in a three-electrode arrangement from the
galvanostatic discharge curve:

1Aty
= 1
T omAV (1)

Discharge current (A) = I. Discharge time (s) = A¢. Mass of the
active material (g) = m. Discharge potential window (V) = AV.

The GCD curves at various current densities might be
utilized for calculating the supercapacitor cell’s energy density
(E, Wh kg™') at various power densities (P, W kg™ ') using
eqn (2) and (3):

_ 0.5 x CCD X (AV)z

£ 3.6 )
E
P = A 3)

Potential window of discharge (V) = AV. Discharge time (s) =
At.

3. Results and discussion

3.1. Physical characterization

XRD analysis was performed on the prepared BBSDAC sample,
and Fig. 1 shows the produced XRD pattern. Two broad Bragg’s
peaks, centered at 26 of 23.4° and 43.7°, are visible in the pattern.
According to the standard pattern, these peaks correspond to the
(002) and (100) Bragg carbon planes.” The existence of single-layer
carbon not stacked equally apart, giving the appearance of such
prominent peaks, is thought to be more indicative of disordered
carbon. The BBSDAC 700 computed d-spacing is 0.38 nm, more
significant than the graphitic lattice’s (0.334 nm), providing plenty
of room to utilize it for SIBs further.”” Additionally, BET analysis
was used to examine the BBSDAC 700 sample’s surface area and
pore size distribution. Fig. 1b and c display the acquired isotherm
and pore size distribution curves. The adsorption follows a type IV
isotherm. Remarkably, the activated biocarbon has a large surface
area of 604 m”> ¢~ " and pores about 34 nm in size Fig. 1c. The
modest activation temperature used may be responsible for the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD pattern, (b) N, adsorption/desorption isotherm, (c) pore distribution, (d) Raman spectrum, (e) SEM and (f) TEM for the BBSDAC 700.

particular surface area. Most of the cores of activated carbon
are mesopores. These mesoporous cores are anticipated to pro-
mote rapid ion diffusion, which is necessary to attain high-rate
capability.

The structural characteristics of the amorphous materials
can be determined with the help of the Raman spectra. Fig. 1d
displays the obtained Raman profile. Two significant shifts at
1348 and 1590 cm™ ' easily differentiate the D and G bands of
the BBSDAC 700. The D band represents the sp>-hybridized
mode of the disordered carbon and E,; mode graphitic carbon
in the BBSDAC 700.”* BBSDAC 700’s computed Ip/Ig ratio of
0.85, which is less than 1, indicates that partially graphitized
disordered carbon is present.”® The presence of partial graphi-
tization in BBSDAC with intended flaws is confirmed by the
graphitic band intensity, which is significantly higher than the
defective band in BBSDAC 700. Defective BBSDACs enhance
electrochemical behavior, particularly conductivity, charge
transfer kinetics, and easy diffusion.”® On the other hand, the
sample’s peak at 2777 cm ™, corresponding to the second order
of the D band (2D), shows a few graphene layers in addition to
the single layer. As a result, the benefit of using BBSDAC as an
anode becomes crucial. Transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) were used to
examine the sample’s shape and structure. Fig. 1e shows SEM
images of blackberry seeds (BBS) carbonized at 700 °C. The
BBSDAC 700 particles retain their irregular forms and smooth
surfaces, indicating that the carbonization process at 700 °C
has minimal impact on the size and surface morphology of the
particles. Fig. 1f shows the BBSDAC 700’s TEM images [inset
50 nm image], clearly showing the sample’s microstructure.
The TEM images clearly show the presence of porous sheets
with irregularly sized pores across the carbon sheets. Because

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

gases like H,O and CO, are released during the carbonization
process, the TEM image (Fig. 1f) shows a disordered porous
network structure. The disordered porous carbon material can
offer more efficient ion transfer and electrolyte diffusion space
than granular carbon materials. In addition to offering superior
mechanical flexibility, the multi-stage pore structure can increase
electron transit and sodium ion storage capacity. Additionally,
open-framework structures can be mutually bridged, which
facilitates electron and ion transmission.”””®

3.2. Electrochemical characterization

Cyclic voltammetry (CV), electrochemical impedance spectro-
scopy (EIS) and cycling investigations of the electrochemical
performance of the BBSDAC 700 for the SIB anode were examined
with sodium metal serving as the counter and reference electrode
and 1 M of NaClO, dissolved in EC:PC (1:1 v/v) solution as an
electrolyte. Fig. 2a displays the first five CV curves of the BBSDAC
700 in the potential range of 0.01-3.0 V at a scan rate of
0.1 mV s~ *. The modest peak decrease seen in the cycles at about
0.45 V is due to the creation of the solid-electrolyte interface (SEI)
layer and an irreversible reaction between the electrolyte and the
active material’s surface functional groups. As is well known, a
low initial coulombic efficiency (ICE) directly results from the SEI
layer’s creation and other irreversible processes. All five cycles
exhibit a sharp cathodic peak and less sharp anodic peaks in the
potential window of 0.5-0.02 V, suggesting more sodium ion
extraction. The adsorption/desorption of Na' into the carbon
matrix is responsible for the cathodic and anodic peaks.®?
BBSDAC 700’s CV profiles resemble those of disordered carbon
compounds that have been previously documented.”® The catho-
dic and anodic curves showed no discernible alterations from the
second cycle, indicating steady SEI layer development and

Mater. Adv., 2025, 6, 6856-6867 | 6859
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Fig. 2 Electrochemical performance of the half cells. (a) CV curves of the first five cycles at a scan rate of 0.1 mV s~ (b) charge—discharge profiles with
different current density, (c) rate capability and coulombic efficiency at different current density and (d) long-term cycling study and coulombic efficiency

at 500 mA g~ of BBSDAC 700.

superior electrochemical reversibility during cycling.®° Therefore,
the CV data verify that the sodium ion can be efficiently inter-
calated and deintercalated by the disordered carbon produced
from the BBSDAC 700.

Fig. 2b shows the GCD profiles recorded at different current
rates 50, 100, 200, 300, and 500 mA g~ ' in a potential window
from 0.01-3.0 V vs. Na/Na". Fig. 2c shows reversible capacities of
about 325, 322, 226, 202, 159, and 100 mAh g’1 obtained at 50,
100, 200, 300, 500, and 1000 mA g~ *, for BBSDAC 700, respec-
tively. Interestingly, these capacities are marginally more sig-
nificant than those of the matching sodium-metal cell. Since
there is no fresh sodium-metal interface exposed during each
cycle, the higher capacity is explained by reduced electrolyte
degradation. In addition, the mesopore diameter distribution of

6860 | Mater. Adv., 2025, 6, 6856-6867

BBSDAC 700 significantly enhances the sodium storage capa-
city, facilitating faster sodium ion diffusion and providing a
more accessible surface area for sodium intercalation, which
leads to improved battery performance (improved rate perfor-
mance). However, the stable SEI layer formation (Fig. S2) is also
crucial for both high-rate performance and reversible capacity.
After the rate test, returning to 100 mA g~ " yields a capacity of
about 388 mAh g~ " and is stable up to 200 cycles, indicating the
cell’s ability to withstand high currents and practical imple-
mentation. This demonstrates that the disordered biocarbon
produced from BBSDAC 700 can be a desirable anode for SIBs.
According to Table 1, a literature review found that carbon from
different sources has a discharge capacity less than BBSDAC
700. Unquestionably, compared to many biocarbon reports, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table1l Comparison of the sodium-ion battery based on a carbon anode
and the discharge (specific) capacity report

Capacity  Current density Cycling

Carbon source (mAhg™") (mAg ") stability Ref.
Seaweed 303 100 100 47
Egg yolks 208 100 200 81
Apple-biowaste 240 50 80 50
Lotus petioles 230 50 200 82
Bamboo leave 200 100 300 83
Renewable cotton 315 50 100 84
Tea-derived carbon 325 28 — 85
Typha 204 100 400 86
BBSDAC 700 322 100 200 This work

discharge capacity obtained in this work is more significant.
Following the rate performance experiments, the cell was
examined for a long cycle with the coulombic efficiencies at
500 mA g~ ' in the voltage range of 0.01-3.0 V. Fig. 2d illustrates
the analysis that was done vs Na/Na'. The first Na" intercalation
process was observed to deliver a high discharge capacity
of 347 mAh g ', with a comparable charge capacity of
298 mAh g, resulting in a high coulombic efficiency of 85%.
It is evident that in the second cycle, the coulombic efficiency
rises quickly to 98.0%. The BBSDAC 700 anode has outstanding
cycling stability from the second cycle onward. Following the
100th cycle, a stable reversible capacity of up to 176 mAh g~ is
maintained, and the coulombic efficiency surpasses 99%. The
enormous number of accessible pores is responsible for the
high capacity. It is well known that some Na ions are deposited
within the pores because a specific number of mesopores can
hold more Na ions than surface adsorption alone.

The half-cell underwent impedance analysis to comprehend
the stability, ion mobility, and reaction kinetics of the BBSDAC
700 electrode. Fig. S1 displays the half-cell Nyquist profile of the
BBSDAC 700 electrode before and following cycle life tests. The
low-frequency portion of each Nyquist plot is a sloping line,
whereas the high-frequency portion is a semicircle. The semi-
circle represents the electrolyte resistance (Rs) and charge
transfer resistance (R.), and the sloping line represents the
Warburg impedance (Z,,) related to the Na-ion diffusion in the
BBSDAC 700 anode.®” It is found that the half-cell typically
exhibits just a slight variation in the Nyquist plots, even after
100 charge-discharge cycles. The corresponding circuit is
shown in Fig. S1 (inset) fitted to the resulting Nyquist curves.
Table 2 displays the fit values. Before cycling, the cell with the
BBSDAC 700 electrode had an R.; of 2000 Q, higher than the cell
that had undergone 100 cycles (1596 Q). This shows that the
BBSDAC 700 electrode’s electronic conductivity rises when
cycling and is not degraded, which agrees with the cell’s cycling
capabilities.®%°

Table 2 R, and R values of the BBSDAC 700 anode before and after
cycling

State of the cell R (Q) R (Q)
Before cycling 28 2000
After cycling 2.5 1596

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Self-discharge was investigated and shown in Fig. 3 to
determine the influence of the electrochemical performances
of the Na ion battery. The Na ion battery was recharged to 3.0 V
after 250 cycles at 100 mA g ' and allowed to rest for
10 months. The CV was run after a ten-month rest of the cell
to analyze the electrode stability (Fig. 3a). The irreversible
breakdown of the electrolyte, which results in the formation
of a stable solid-electrolyte interface (SEI) close to the elec-
trode/electrolyte, is responsible for the broad peak that arises in
the cathodic direction at roughly 0.6 V in the first cycle. The
well-overlapped CV curves in the succeeding cycles demon-
strate that the development of the SEI predominantly happens
in the starting discharge phase, which is favorable for the
stability of Na insertion/extraction over the remaining scan
cycles. After 10 months of rest, the SEI stability of the BBSDAC
700 electrode was studied using Fourier-transform infrared
(FTIR) spectroscopy (Fig. S2). The FTIR spectrum reveals large
absorption bands in the ranges of 1800-1490, 1435-1320, and
1270-920 cm ™ *. These bands correspond to the stretching of
the O-C-O and C-O bonds, as well as the symmetric/asym-
metric stretching of the C=0 bond. The carbonate-derived SEI
peak at 1765 cm™ " is attributed to the stretching vibration of
CO,>”, which results from the decomposition of EC and is
responsible for the formation of (CH,OCO,Na), and CH;CH,0-
CO,Na. The inorganic Na,CO; peaks are located at 1482, 1393,
and 894 cm ™. The peaks at 551 cm ™" are ascribed to the salt of
NaPF. Following rest, the half-cell’s Nyquist profile is shown in
Fig. 3b. After the rest period, it is observed that the R . value
decreases, suggesting that the electrode has not deteriorated.
Fig. 3c depicts the cyclability of the rested SIB after resting for
10 months. Interestingly, even after resting for 10 months, the
SIB delivers the capacity of 265 mAh g~ ' at a current density of
100 mA g ' and exhibits excellent coulombic efficiency of
nearly 100%. The results indicate that the electrode BBSDAC
700 is stable after 10 months and has no decomposition in the
electrode material.

Activated carbon is used widely in capacitors because of its
large surface area, high conductivity, affordability, and capacity
for long-term cycling stability. Since carbon materials are often
non-faradaic, EDLC production at the electrode/electrolyte
interface is the primary method used to achieve charge storage.
Activated carbon with a large surface area typically had a high
specific capacitance, which led to the testing of BBSDAC 700 for
usage as a capacitor in an aqueous sodium electrolyte. A three-
electrode setup was used to conduct the electrochemical
capability investigation of BBSDAC 700 for capacitors using
electrochemical impedance spectroscopy (EIS), galvanostatic
charge/discharge (GCD) testing, and cyclic voltammetry (CV)
in 1 M Na,SO,. Fig. 4a shows that the CV curves of the BBSDAC
700 at 10 mV s~ had a quasi-rectangular shape in various
potential windows (between 0.0 and 1.2 V). Because the polar-
ization of the electrode material at a high potential broke down
the electrolyte, the electrode current surged dramatically. The
curve’s form changed when the potential window grew by more
than 1.2 V. Consequently, the device’s potential window was
selected to be between 0 and 1.2 V. Fig. 4b shows the BBSDAC

Mater. Adv,, 2025, 6, 6856-6867 | 6861
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Fig. 3 (a) CV curves, (b) electrochemical impedance study, and (c) long-term cycling performance of the cell at 100 mA g~* after 10 months of rest of

the BBSDAC 700.

700’s CVs at various sweep rates (10-500 mV s~ '). The curves
showed that when the sweep speed increased, the BBSDAC
700’s current also increased. Additionally, all CV curves had
comparable quasi-rectangular forms, suggesting that the
BBSDAC 700 had superior capacitance properties.”® To gain a
deeper understanding of the exceptional electrochemical per-
formance of BBSDAC 700 as a material for supercapacitors, it is
necessary to comprehend the state changes that occur through-
out the cycling process as well as the reaction kinetics. We
looked at the CV curves of the BBSDAC 700 electrode at various
scan rates, as shown in Fig. 4b. The relationship between
current (7) and scan rate (v) can be discovered using a log(i)-
log(v) curve, which is typically represented as i = av’. In this
case, the variable constants are @ and b. Whereas b = 1 indicates
a capacitive process that is entirely in charge of charge storage,
b = 0.5 indicates a totally diffusion-controlled process. Fig. S3
illustrates the process of calculating b values for our BBSDAC
700 electrode using the logi vs. logv curve. These curves have
been plotted and contrasted for three voltage values—0.1 V, 0.4
V, and 1.0 V—for instructional reasons. At 0.4 V, the slope (b
value) was 0.58 (nearer 0.5), indicating more intercalation/de-
intercalation type charge storage. At 0.1 V and 1.0 V, the slopes
(b value) were 0.88 and 0.78, respectively, indicating a capacitive
charge storage mechanism with a lower diffusion-controlled
contribution. The BBSDAC 700 electrode’s capacitance control,
also known as surface drive, appears to have a higher ratio of
charge storage than diffusion control. The following formulas

6862 | Mater. Adv., 2025, 6, 6856-6867

are used to determine the contribution from charge storage of
the diffusive and capacitive types (eqn (4) and (5)).

i(V) = kv + kpp/? (4)
i(v
%:klvl/zﬁ-kz (5)

where i is the current response at a scan rate of v, and &; and &,
are constants. The diffusive contribution is represented by kv
and the capacitive contribution by k;v. It is possible to discern the
percentage of capacitive and diffusion charge storage by looking

at the plot of <IV(I—I//2)) and v"/* at a given potential (V) and finding
the slope k; and Y-intercept k,. Fig. S4 shows the percentage
contribution of the BBSDAC 700 electrode at different scan rates.
The fraction of capacitive contribution rises with an increase in
scan rate. The GCD curves of BBSDAC 700 were acquired at 0.5-
5Ag ' asillustrated in Fig. 4c. Interestingly, all curves retained a
decent isosceles triangle shape even at high current densities.
This outcome showed that the BBSDAC 700 had superior electro-
chemical reversibility and optimal supercapacitor behavior,
which was in line with the findings of the CV test. High
coulombic efficiency is implied by the roughly comparable
charge/discharge times. The specific capacitance was calculated
from the charge-discharge curves at each current density using
Formula (1). With current densities of 0.5, 1, 2, 3, and 5 A g™ %,
respectively, the specific capacitance values of BBSDAC 700 were
235,218, 205,184, and 129 F g~ *. At a current density of 1.0 Ag™ %,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electrochemical performance of the BBSDAC 700 in 1 M Na,SO4 electrolyte. (a) CV curves within different potential windows from 0 to 1.2 V at
10 mV s72, (b) CV curves in a potential window between 0 and 1.2 V at various scanning rates, (c) GCD curves of the BBSDAC 700 cell at 0.5, 1.0, 2.0, 3.0
and 5.0 A g~* current densities, (d) Nyquist plots of the BBSDAC 700 cell before and after cycling, and (e) capacitive retention of the BBSDAC 700 cell at

the current density of 1 A g~%.

a high specific capacitance of 218 F g~ * was detected and higher
than previous reports (Table 3). It is observed that the complete
usage of the electrode’s active mass at low current led to a high
specific capacitance. Interestingly, even at the increased current
density of 5 A g, the activated carbon electrode maintains a
capacity of 129 F g~ *. The wide surface area of BBSDAC 700 is
assumed to be the reason for the high capacitance since it
enhances interaction at the electrode/electrolyte interface.

An understanding of the resistance and capacitance beha-
vior of the capacitor may be gained from the analysis of the

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

BBSDAC 700 EIS, which was acquired in the frequency range of
100 to 0.01 kHz. The EIS diagram for the BBSDAC 700 carbon
before and after cycle life tests is displayed in Fig. 4d. Because
of the electrode’s stability, the charge transfer resistance did
not alter even after cycling, according to EIS spectra. Further-
more, as shown in Fig. 4e, the GCD cycling stability of BBSDAC
700 was examined at 1 A g~ '. After 10k cycles, the capacitance
stayed at about 99.5%, demonstrating no discernible capacity
loss, suggesting that BBSDAC 700 exhibited exceptional cycling
stability as an electrode material.

Mater. Adv., 2025, 6, 6856-6867 | 6863
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Table 3 Comparison of the electrochemical performance of BBSDAC
700 with published biomass derived carbon for SIC
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based on the BBSDAC 700. Fig. 5a shows that the CV curves of

the BBSDAC 700 at 10 mV s ' displayed a quasi-rectangular
shape in various potential windows (between 0.0 and 1.4 V). The

Capacity Current density

Carbon source (Fg™ (mAg™) Ref. symmetric cell has an optimal potential window of 0.0-1.4 V.
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Cork-carbon 170 100 100 Fig. 5b. The symmetric capacitor was tested for charge and
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Pomelo peel 81 500 102 discharge at different current densities (1 to 5 A g~ ") while being
Tamarind pods 59 100 103 charged with a constant current (Fig. 5¢). The data acquired for
BBSDAC 700 218 1000 This work

Further investigation into the sample’s performance in sym-
metric supercapacitors is required to meet the needs of real
applications. A symmetrical supercapacitor was put together

0.3

the symmetric cell are consistent with the GCD and CV curves.
Using formulas (2) and (3), the symmetric capacitor device’s
energy and power densities were determined from the GCD
profiles. Fig. 5d displays the Ragone plot that was produced.
Remarkably, at a power density of 726 W kg™, the symmetric
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Fig. 5 Electrochemical performance of the symmetric BBSDAC 700 capacitor in 1 M Na,SO, electrolyte. (a) CV curves within different potential
windows from 0 to 1.4 V at 10 mV s, (b) CV curves in a potential window between 0 and 1.4 V at various scanning rates, (c) GCD curves of the BBSDAC
700 cell at 1.0, 2.0, 3.0 and 5.0 A g~ current densities, (d) Ragone plot,>?~” and (e) cycling study of the BBSDAC 700 symmetric capacitor at the current
density of 1 A g~%.
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capacitor shows a high energy density of 20 Wh kg™~ '. Further-
more, as shown in Fig. 5e, the GCD cycling stability of a
symmetric capacitor was investigated at 1 A g ', and after
10000 cycles, the coulombic efficiency stayed at nearly 98%,
demonstrating no discernible capacity loss. We can see that,
even after hundreds of cycles, there is no capacity reduction,
due to the carbon material’s structural durability, the electro-
lyte’s stability, and the absence of side reactions. According to
Simone et al., micropore size reduces and specific surface area
(SSA) increases at low pyrolysis temperatures. In contrast to
interaction/deinteraction, this event results in an increase in the
surface reaction.”’ This suggests that BBSDAC 700 exhibited
exceptional cycling stability as an electrode material. Both the
carbon source and the process for creating the disordered
material are straightforward and sustainable. Biocarbon is
extremely easy to use and may be scaled up.

4. Conclusions

Carbon-based materials have garnered significant interest in
batteries and supercapacitor electrodes. We could effectively
synthesize BBSDAC 700 by carbonizing blackberry seeds and
activating them with KOH. XRD, Raman, BET, and TEM char-
acterization were used to study the structural evolution of the
BBSDAC 700. This material has a disordered structure and a
large specific surface area (604 m> g~ ). Tests were conducted
on the activated BBSDAC 700 sample as the electrode material
for a sodium-ion capacitor and SIB. The BBSDAC 700 delivered
sodium-ion battery anode produced a high reversible capacity
of 322 mAh g ' at a rate of 100 mA g~' with a coulombic
efficiency of 99% after 200 cycles. Moreover, the BBSDAC
700 delivers a capacity of 265 mAh g~" at a current density of
100 mA g~" even after 10 months of rest. BBSDAC 700 has a
maximum energy density of 20 Wh kg~ " under 1 A g~ " and the
highest power density of 726 W kg~ when used as an electrode
material for a capacitor (symmetric capacitor). This finding
confirmed that BBSDAC 700 carbon is a viable option for next-
generation power sources because of its good electrochemical
performance in SIBs and SCs.
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