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ABSTRACT: Biomass carbons are promising candidates for energy storage applications due to
their large surface areas, hierarchical pore structures, well-defined pore dimensions and tunable
porosity. Here, we report the production of porous carbon materials from Terminalia bellirica
(Barro) seeds involving zinc chloride activation at different impregnation ratios (1:1 — 1:3) and
carbonization temperatures (700 — 900 °C), and their supercapacitive performances in 1 M sulfuric
acid in three-electrode and two-electrode systems. The material carbonized at 700 °C at the
impregnation ratio of 1:3 exhibited a high specific surface area of 2301 m?-g ! and large pore
volume of 1.887 cm?-g!. Electrochemical analyses revealed an electrical double-layer charge
storage mechanism, and the electrode achieved a maximum specific capacitance of 365.4 F-g ! at
1 A-g’! with excellent capacitance retention of 66.0% even at 50 A-g’!. The symmetric
supercapacitor cell assembled using this material delivered an energy density of 7.1 W-hkg ! ata
power density of 600 W-kg ! retaining 98.2% cycle life after 10,000 charge/discharge cycles.
These results indicate that there is a great potential in using Barro seed as a sustainable carbon
source for the fabrication of high surface area activated carbons for energy storage supercapacitor

applications.

1. INTRODUCTION
Global industrialization has led to a significant increase in energy demands. The Global Bioenergy
Statistics (GBS) Reports of 2022 and 2024 revealed that 80% of the primary energy supply is
obtained from fossil fuels, 15% from renewable sources, and 5% from nuclear power. In 2022,
global energy consumption amounted to 422 exajoules (EJ) and was dominated by fossil fuels with
an over 82% share. In 2023, global renewable electricity generation reached 8,931 terawatt hour
(TWh) of which bioenergy contributed 697 TWh (8%) being the fourth largest renewable source,

increasing from 685 TWh in 2020."! The depletion of fossil fuels causes health and environmental
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issues that have led to an urgent requirement for the development of green, sustainable and
renewable energy storage systems.>* With the burgeoning demand for renewable energy sources,
biomass is being widely acknowledged due to its potential to contribute to climate and energy
goals. For the proper harvesting and intermittent supply of energy from these renewable sources,
advanced energy storage technologies, including rechargeable batteries and supercapacitors (SCs)
have been investigated and proposed.’

SCs have significant advantages, such as rapid charge/discharge, high power density, long
cyclic stability, wide operational temperature ranges and safety of operation compared to lithium-
ion batteries.>!° Recently, SCs have found wide applications in electronics, transportation, medical
equipment, and their use is also growing in other technical fields.> Nevertheless, SCs suffer from
the disadvantage of their low energy density.!! To enhance the energy performance of SCs, various
electrode materials such as activated carbons, fullerenes, carbon nanotubes, graphene, and carbon
nanohorns have been explored.'*!” Other cost-efficient materials that can be used are earth
abundant transition metal oxides/hydroxides such as MnO», Fe3O4, Ni(OH)., etc., industrial waste
like coal tar pitch, sewage sludge, etc., conductive polymers as polypyrrole, polyaniline, etc., iron-
based compounds, reduced graphene oxide, etc.'®!” Of these, nanoporous carbons prepared from
biomass have emerged as the most promising candidates for use as high-performance electrode
materials due to their ultrahigh specific surface area, well-developed porosity, high conductivity
and chemical stability. Furthermore, the utilization of renewable carbon sources prioritizes
agricultural waste, aligning with the principles of green chemistry and sustainability.?%->2

Various nanoporous activated carbons have been prepared using different biomass sources
such as Terminalia chebula seed,” Phoenix dactylifera seed,** rice husk,”> mung bean husk,®

pomelo peel,?” walnut shell,?® lychee seed,?® Platanus achene fibers,*° and so on. Various strategies

ACS Paragon Plus Environment

Page 4 of 33



Page 5 of 33

oNOYTULT D WN =

ACS Applied Energy Materials

exist for their preparation including carbonization (pyrolysis, hydrothermal, laser-induced,
microwave-assisted), pretreatment, template assisted, chemical vapor deposition and activation
(physical and chemical).?! Chemical activation is preferred over other methods to enhance the
surface textural properties. Inorganic salts, acids, and bases have been explored as the chemical
activators with commonly used activators being potassium chloride (KCl), zinc chloride (ZnCly),
phosphoric acid (H3POs), sulfuric acid (H2SO4), potassium hydroxide (KOH), and sodium
hydroxide (NaOH).>*! The implementation of various synthesis strategies, activating agents along
with change in carbonization time plays an important role in tailoring the pore structures that
profoundly affects the electrochemical performance of the electrode materials. The presence of
macropores acts as ion reservoir that facilitates fast electrolyte diffusion, mesopores help in ion
transport whereas micropores provide large surface area for charge storage enhancing the
capacitive performance of the materials.’** Previous studies have demonstrated that ZnCl,
activation leads to the formation of microporous carbon due to dehydration and depolymerization
of biochar. It effectively eliminates hydrogen and oxygen as water from the biomass precursor.>*
3% By optimizing the synthetic conditions, particularly impregnation ratio and carbonization
temperature, a subtle balance of micro- and mesopores can be achieved. Such hierarchical micro-
and mesoporous carbon enhances the supercapacitance performance of the resulting materials by
promoting electrolyte ion diffusion.>*

This work reports the synthesis and supercapacitive performance of the ultra-high surface
area hierarchically porous carbon materials derived from Terminalia bellirica (Barro) seed
involving ZnCl; activation. The effects of the precursor/ZnCl, mixing ratio (1:1, 1:2 and 1:3) and
carbonization temperature (700 - 900 °C) on surface area and porosity properties of the products

were systematically studied. Electrochemical characterization was carried out using an aqueous
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electrolyte (1 M H2SOs). The electrode prepared form the material having optimal surface area
(2301 m*-g ') exhibited a high specific capacitance of 365.4 F-g ' at 1 A-g ™! current density in a
three-electrode system. In addition, a symmetrical supercapacitor cell assembled using this
material delivered a good energy density of 7.1 W-hkg ! at a power density of 600 W-kg™!
accompanied by excellent cycle life of 98.2% after 10,000 cycles. These results demonstrate that
Barro seed serves as a sustainable carbon source for the production of the high surface area porous
carbon materials essential for high performance supercapacitor applications.

2. EXPERIMENTAL SECTION

2.1. Fabrication of nanoporous activated carbon materials. Terminalia bellirica (Barro)
seed was washed several times with distilled water and dried before grinding to a powder form.
The precursor powder was mixed with ZnCl, in 1:1 weight ratio and carbonized at different
temperatures from 700 — 900 °C in a tube furnace under a continuous flow of nitrogen gas (120 cc
min ') for 4 h. Similarly, the precursor was chemically activated with ZnCl> at different mixing
ratios (1:1, 1:2 and 1:3) and carbonized at 700 °C. The carbonized samples were treated with 0.1
M hydrochloric acid (HCI) solution followed by distilled water washing for several times until the
supernatant liquid attained pH ~ 7. The products obtained were dried at 80 °C for 6 h under reduced
pressure and are referred to as BrC_Zx y; where x (1,2, and 3) represents ratio of mixing with
ZnCl,, and y = carbonization temperature (700, 800, and 900 °C). Thus, the ZnCl, activated
samples have been named as BrC Z1 700, BrC Z2 700, and BrC Z3 700 with varying
impregnation ratio and BrC_Z1 800 and BrC _Z1 900 with varying carbonization temperature. A
reference carbon sample was prepared by direct carbonization of the precursor powder at 700 °C

in the absence of ZnCl and is designated as BrP_700.

2.2. Characterizations. Barro precursor and the derived carbon samples were characterized
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using different techniques, including thermogravimetric analysis (TGA) with the sample under
nitrogen environment using a SII instrument (Model Exstar 600), powder X-ray diffraction (XRD:
Rigaku X-ray diffractometer RINT, Japan, Cu-K, radiation, operated at 40 kV and 40 mA at 25
°C), Raman scattering spectroscopy (NRS-3100, JASCO, Tokyo, Japan), Fourier-transform
infrared (FTIR) spectroscopy (NICOLET iS20, Thermo-Fisher Scientific, Waltham, MA, USA),
scanning electron microscopy (SEM: S-4800, Hitachi Co. Ltd., Tokyo, Japan, operated at 10 kV
and 10 pA), transmission electron microscopy (TEM: JEOL Model JEM3100F, Tokyo, Japan,
operated at 300 kV), and nitrogen adsorption-desorption isothermometry (Quantachrome
Autosorb-1Q2, Boynton Beach, FL, USA). Density functional theory (DFT) and Barrett-Joyner-
Halenda (BJH) methods were used to calculate the pore dimensions and pore volumes. Surface
composition of prepared carbon samples was studied using X-ray photoelectron spectroscopy

(XPS) (Quantera SXM instrument, ULVACPHI, Chanhassen, MN, USA).

2.3. Electrochemical measurements. Supercapacitance properties were studied in both three-
electrode and two-electrode systems in 1 M H>SOs aqueous electrolyte solution. Cyclic
voltammetry (CV), galvanostatic charge/discharge (GCD) and electrochemical impedance
spectroscopy (EIS) measurements were performed at 25 °C. The working electrode was prepared
on graphite sheet (1 x 3 cm?). The graphite sheet was sonicated with 3 M HCI for 30 min, washed
several times with distilled water then with ethanol, and dried at 80 °C for 3 h. The carbon sample
was ground into a fine powder and mixed (also by grinding) with poly(vinylidene fluoride)
(PVDF) and carbon black (acetylene) at 80:10:10 weight % ratio. The above mixture was mixed
with N-methyl-2-pyrrolidone (NMP) forming a slurry, which was spread on a cleaned graphite
sheet (1 x 1 cm?) followed by drying at 80 °C overnight. The weight of active carbon material was

in the range of 1.5-1.9 mg. CV, GCD and EIS measurements were performed using a Biologic
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potentiostat (Bio-Logic SAS, model VSP-3e, France) using Ag/AgCl and platinum (Pt) wire as
reference and counter electrodes, respectively. The specific capacitance (Cs) of the electrodes were

calculated using Eq 1:

_ I Xtg
ST mxAV

where, I (A), ta (s), m (g) and AV (V) are discharge current, discharge time, mass of active electrode

material and operating voltage, respectively.

Based on CV curves, the surface- and diffusion-controlled contributions were studied in order
to understand the charge-discharge dynamics. The relationship between scan rate (v) and current

density (7) is shown (Eq 2):

where, i (A-g ") is the sum current contribution of surface-controlled (capacitive) and diffusion-
controlled current, @ and b are constants, and v is scan rate (mV-s™!). If b = 1, the surface-controlled
process dominates the charge storage mechanism, which is typical for electric double-layer
capacitance or pseudo-capacitance. If b = 0.5, then the diffusion-controlled energy storage
mechanism occurs, where the current is governed by the diffusion of ions within the bulk of the
electrode material.’” The surface-controlled and diffusion controlled current contribution can be

calculated quantitatively using the following equation (Eq 3):3%4°
iV)=kv+kv"” ... 3)
where, i, v, k;, and k> are total current, scan rate, and constants, respectively.

For symmetric supercapacitor cells, the energy density and power density were calculated

according to the following equations:
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2
E = Y5XGX@E (4)
3.6

p=300E . (5)

ta

oNOYTULT D WN =

1 where, E (W-hkg!) is energy density and P (W-kg™!) is power density.?’
14 3. RESULTS AND DISCUSSION

17 The FTIR spectrum of the precursor (Figure 1a) indicates the presence of oxygenated-surface

19 functional groups corresponding to cellulose, hemicellulose, and lignin.
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49 Figure 1. (a) FTIR spectrum, and (b) TGA curve of precursor, (¢ and d) SEM images of optimal
50 sample, BrC Z3 700, (e and f) TEM images of BrC Z3 700 and (g) corresponding HR-TEM
51 image. The dotted circles on panel d highlight the mesopores.

55 The broad FTIR peak centered at 3339 cm ! corresponds to —OH stretching vibration of
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hydroxyl group from moisture content and/or alcoholic groups of cellulose and hemicellulose or
phenolic groups of lignin. In addition, bands located at 2925, and 2853 cm™! are due to aliphatic
C—H stretching vibrations of alkyl groups in cellulose. The band at 1731 cm ™! corresponds to the
C=O stretching vibration of acetyl groups in ester and/ or cellulose, hemicellulose and lignin.*' A
weak band at 1595 and 1503 cm™! correspond to aromatic C=C stretching vibration of lignin.?® A
band at 1422 cm™! corresponds to the —OH bending of alcoholic group. Similarly, a weak band at
1371 cm™! relates to the C—H bending vibration in lignin. The bands at 1231 and 1033 c¢cm!

correspond to the C—O stretching vibration of cellulose and hemi-cellulose.*?

The TGA curve of Barro powder (Figure 1b) has three major stages. In the initial stage (25-
200 °C), weight loss occurs due to the evaporation of moisture trapped in the biomass precursor.
Significant weight loss is observed in the second stage (200-380 °C) due to the pyrolytic
decomposition of cellulose and hemi-cellulose components along with partial breakdown of lignin
content. No observable weight loss was observed in the final stage above 380 °C. Thus, TGA result
shows that Barro seed precursor can be carbonized above this temperature. In our previous work,
we have prepared Barro carbons using low energy method and studied their iodine and methylene
blue (dye) adsorption properties followed by the energy storage performance. The carbonization
was carried out from 400 to 700 °C. We have found that the surface textural properties and
adsorption and energy storage performance increase with increase in the carbonization

temperature.*! Therefore, in this work, carbonization was carried out at and above 700 °C.

SEM image (Figure 1c) of the optimal sample (BrC_Z3 700) reveals large pores and irregular-
shaped carbon macro particles. High-resolution SEM image (Figure 1d) shows the well-developed
mesoporous structures on the surface of carbon particles. The mesopores are randomly distributed.

SEM images of the directly carbonized reference sample, BrP_700 and ZnCl activated Barro
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1
2
2 carbons are supplied in the Supporting Information (Figure S1: BrP_700, Figure S2: BrC_Z1 700,
5 . . .. . .
6 Figure S3: BrC Z2 700, Figure S4: additional SEM images of BrC Z3 700, Figure SS5:
7
8 BrC Z1 800, and Figure S6: BrC Z1 900). Micron sized microporous surface structures are
9
:‘1) commonly observed in all the samples despite differences in the synthetic conditions. However, in
12 . . . . . . .
13 high resolution SEM images, the lack of mesopores in the directly carbonized sample (Figure S1)
14
15 as compared to activated carbon samples emphasizes the importance of the activating agent
16
17 (ZnCl) for the development of pore architectures during carbonization. TEM analyses reveal the
18
;g presence of some mesopores around the edge of the carbon particle (Figure le) and plenty of
21
22 micropores with amorphous structure (Figure 1f,g) commonly realized in the biomass carbons.
23
24 . . . . .
25 Nitrogen adsorption isotherms (Figure 2a,c) reveal that nitrogen adsorption in the reference
26
27 sample is very low as compared to the activated samples inferring a low specific surface area due
p y P p g P
28
gg to the lack of well-developed porosity.
31
32 (a) BIC_22.700 @ (b)0.20 0.636 nm —o—BrP_700
33 800 == BrC_21_700
34 8 5" ez ]
35 & 600 | E
36 ?400 “Ecziw | =
37 § 200ff b
38 s BrP_700
39 Oo.b 02 04 06 08 10
PIP,
40 (c) 600 (d)o8 =
41 orf L
42 T i 06 ‘ g
43 3 400} P I e oo 205 g
44 o v —
45 S o2} BrC_21_800
46 100 - o1lg «—BrC_z1_900
47 %0 0z 04 o8 08 10 %% 1&11 2 3 4 5 6 7
48 PIP, Half pore width (nm)
49 . . . T
50 Figure 2. (a, ¢) Nitrogen adsorption-desorption isotherms and, (b, d) pore size distribution profiles
51 obtained by DFT analysis of prepared carbon samples.
52 . . . . qe,
53 ZnCl activated samples show much higher nitrogen uptake and the isotherms exhibit mixed
54
55 type-1 and type-IV behavior indicating that the hierarchical pore structure comprises of both micro
56
57
58
59
60 ACS Paragon Plus Environment
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and mesopore structures. High nitrogen uptake at lower relative pressure can be attributed to the
filling of micropores with the hysteresis loop at high relative pressure attributed to capillary
condensation in the mesopores. Note that overall nitrogen adsorption and size of the hysteresis
loop increases with increasing ZnCl, content suggesting the formation of more micro- and
mesopores. Increasing the carbonization temperature from 700 to 800 °C significantly increases
the surface area due to the formation of a large number of micropores. The micropore surface area
increased significantly at 800 °C with the half pore width being as small as 0.262 nm, which can
be attributed to the removal of more volatile organic matter and tar leading to the formation of
abundant micropores. The smaller Zn>" radius (74 pm) further contribute to obtain micropores,
leading to significant increase in surface area from 700 to 800 °C. Further increase in the
carbonization temperature to 900 °C reduces the specific surface due to micropore coalescence.
The pore size distribution profile obtained from DFT (Figure 2b,d) shows main peaks at 0.636 and
0.295 nm, confirming microporosity. Mesoporous structure of the carbon samples was confirmed
by considering BJH model where prominent peaks at 3.704 nm and 3.896 nm appear (Figure
S7a,b). The textural properties of prepared carbon samples are shown in Table 1 and highlight the
importance of the activating agent and the carbonization temperature in the development of

hierarchical pore structures.

Table 1. Surface textural properties of Barro seed-derived nanoporous carbon materials with
effects of impregnation ratio and carbonization temperature

System SS4 S . S V. V. V W

mic mes P mic mes H

Dy

m72) (g (mry (ccl))  (cclp) (ccfg)  (am)  (nm)

BrP 700 719.8 616.9 102.9 0.479 0.321 0.158  0.283  3.27
BrC_Z1 700 1299.0 1184.1 114.9 0.877 0.707 0.170  0.286  3.89

BrC Z2 700 2227.8  1568.6 659.2 2.007 1.368 0.639  0.636  3.48
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BrC Z3 700 2301.6  1580.8 720.8 1.887 1.218 0.669  0.503  3.70
BrC Z1 800 2040.6  1855.5 185.1 1.1 0.838 0262  0.262  3.66
BrC Z1 900 1768.2  1652.7 115.6 0.846 0.681 0.165  0.252  3.66

oNOYTULT D WN =

10 SS§A4 = total specific surface area, Smic = surface area of the micropores, Smes = surface area of the
11 mesopores, Vp= total pore volume, Vmic = micropore volume, Vmes = mesopore volume, Wy = half
12 pore width obtained from the DFT method, Dp= pore diameter estimated from BJH analysis.

16 Powder XRD patterns (Figure 3a) of reference and activated samples show two broad
diffraction peaks at diffraction angles from 23.3-23.9 and 43.5-43.9° respectively corresponding
21 to (002) and (100) planes of graphitized carbon materials, which is also characteristic of
23 amorphous carbon materials prepared from biomass precursor.*! Minor diffraction peaks in the
XRD pattern of the directly carbonized sample correspond to the mineral impurities present in the
28 biomass precursor. All other samples were washed with dilute HCI and then with distilled water
30 thoroughly to remove any residual impurities from the ZnCl,, however, the directly carbonized
sample BrP_700 was not cleaned/ washed after carbonization. Hence, some mineral impurities
35 form precursor might have been left on carbonized sample leading to the diffraction peak at 29.3°.
37 There are no variations in peak intensity or position of the 002 and 100 planes even though the
39 carbonization temperature and mixing ratio were different. The change in synthetic conditions
results in the formation of porous structures without any influence on the crystallinity of the

44 materials.
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Figure 3. (a) Powder XRD patterns, (b) Raman scattering spectra, (¢c) XPS survey spectra, (d-f)
High resolution XPS spectra of C 1s and, O 1sand N1s of BrP_700 and BrC _Z3 700, respectively.

Raman scattering spectra (Figure 3b) of the carbon samples contain two prominent peaks
positioned around 1344 and 1605 cm™'. The peak at ~1344 cm™! corresponding to D-band indicates
the presence of defects in the carbon skeleton and describes the degree of amorphousness of carbon
structures.* In carbon materials, the D-band corresponds to the A, symmetry and is associated
with plane deformity, e.g., defects and heteroatoms. The peak at ~1605 cm™! representing graphitic
carbon (G-band) corresponds to stretching vibrations with E;; symmetry of sp® hybridized
carbon.* The intensity ratio between G and D bands (Ic/Ip) provides insights into structural order,
and the presence of defects did not significantly change inferring that prevalence of structural

defects and degree of graphitization are similar for all the samples. With an increase in
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carbonization temperature, Ic/Ip ratio decreases indicating the introduction of more defects within
the carbon matrix.

Surface composition was estimated by XPS analysis. XPS survey spectra (Figure 3c) of
reference sample and optimal sample BrC Z3 700 indicate that carbon, oxygen and nitrogen are
the main surface elements. The deconvoluted C 1s XPS spectra (Figure 3d) contains three distinct
peaks assigned to C=C (284.7 eV), C-C (285.6 ¢V) and C=0 (289.1 eV) bonding states of carbon.
The deconvoluted peak of O 1s (Figure 3e) indicates the presence of C=0 (531.9 eV), C-O (533.6
eV) and O—-C=0 (534.9 e¢V) bonding. Furthermore, the deconvoluted peak of N 1s (Figure 3f)
represents pyridinic N (398.9 eV), pyrrolic N (400.7 eV) and oxidized N (402.6eV).2%4>46 XPS
spectra show that ZnCl. causes elimination of nitrogen and oxygen from the precursor with a
consequent increase in carbon content. The reason for this phenomenon is the removal of nitrogen
in the form of volatile gases and hydrogen and oxygen in the form of H2O rather than developing
into hydrocarbons or oxygenated organic matters, leading to the formation of abundant pore
structures.®® This subsequently caused the removal of nitrogen and oxygen by yielding much
higher carbon content with increased surface area in sample BrC_Z3 700 as indicated in Table 1.

Figure 4a compares the CV profiles of all the samples recorded at a scan rate of 50 mV s,
The CV profiles have quasi-rectangular shape, indicating an EDLC-type charge storage
mechanism.*® Weak redox peak in the CV profiles of activated samples at 0.3 and 0.4 V are
attributed to the presence of oxygenated surface functional groups that lead to pseudo-capacitance.
The large integrated area of the activated samples compared to the reference sample in the CV
profiles indicates the high charge storage capacity of activated samples, which can be attributed to
their large surface areas. Capacitance of the samples increases with increasing ZnCl, content

reaching a maximum for BrC_Z3 700, which is also consistent with the porosity properties. The
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CV curve emphasizes that current collection depends on the surface area of the material.
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Figure 4. Electrochemical data of the prepared carbon materials. (a) CV profile at 50 mV s, (b)
CV profiles of the optimal sample at different scan rates, (c) GCD profiles at 1 A-g!, (d) GCD
profiles of optimal sample at different current density, (e) specific capacitance (Cs) vs. current
density, (f) Nyquist plot, (g) logarithm of oxidative peak current vs. scan rate of optimal sample,
and (h) surface-controlled (Qs) and diffusion-controlled (Qq) current contribution of BrC_Z3 700
electrode at different scan rates.

The CV profile (Figure 4b) of the optimal sample at different scan rates shows that overall
current collection increases as the scan rate increases. At higher scan rates, ions in the electrolyte
move more rapidly towards and away from the electrode surfaces. This rapid movement enhances
the formation and dissolution of the electrical double-layer, leading to higher current. Even at
higher scan rates, the quasi-rectangular shape of the CV curve is retained indicating fast ion
diffusion to the electrode-electrolyte surface promoted by the hierarchical pore structures.**4” CV
profiles of the other materials BrP_700, BrC Z1 700, BrC Z2 700, BrC Z1 800 and
BrC Z1 900 are provided in the Supporting Information (Figures S8a-e).

GCD profiles of prepared carbon samples at 1 A-g™! current density exhibit quasi-triangular

shapes indicating EDLC behavior (Figure 4c). These data indicate that BrC _Z3 700 has the
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longest discharge time inferring a large energy storage capacity of the material, which is in line
with its surface textural properties. The GCD curve (Figure 4d) of the optimal sample at different
current densities shows shorter discharge time at higher current densities. The rate at which ions
can move to and from the electrode surfaces can become a limiting factor at high current density.
This dynamic effect causes a reduction in the amount of charge that can be stored and released
efficiently at higher current densities, leading to a shorter discharge time. The quasi-triangular
shape of GCD curve is sustained even at higher current density of 50 A-g~!, which can be attributed
to pore structures that provide easy access to the electrolyte ions and promote ion diffusion at the
electrode surface.***’ The GCD profiles of the other materials are provided in Figures S9 (a-e).
Specific capacitance (Cs) was calculated from GCD curves using eq. 1 (Figure 4e). The
BrC_Z3 700 electrode achieved the maximum specific capacitance of 365.4 F-g! at a current
density of 1 A-g”! and retained 66.1% capacitance even at a high current density of 50 A-g!
demonstrating the high-rate capability of this electrode material. The specific capacitance of Barro
seed derived carbon is better than/comparable to other biomass derived carbons reported
previously (see Table S1). A Nyquist plot (Figure 4f) obtained from EIS measurements provides
information regarding the charge storage mechanism of these carbon materials. In the low
frequency region, all samples gave an almost vertical line indicating EDLC behavior.*® The EIS
curves show a weak semi-circle at high frequency indicating their low charge transfer resistance.
The low equivalent series resistance (ESR) values as obtained from the intersection point on the
horizontal axis are 0.5 Q (BrP_700), 0.8 Q (BrC_Z1 700), 0.5 Q (BrC Z2 700), 0.4 Q
(BrC _Z3 700), and 0.3 Q (BrC Z1 800 and BrC Z1 900), which indicate generally good
electrical conductivity of Barro-derived carbon materials.* The equivalent circuit model for the

directly carbonized sample shows the simple Randles circuit model modified to describe electrode
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processes where both kinetics and diffusion play a role. It consists of solution resistance (Rs), a
double layer capacitor Ca, the charge-transfer resistance (Rc), and a Warburg element (/).
However, the equivalent circuit model for activated samples shows the presence of one more pair
of non-ideal double layer capacitors ((2) / constant phase element (CPE) and diffusion resistance
(Rair) due to the ion-transport resistance within the internal pores. Since the ESR values of all the
electrode materials were similar, differences in the electrochemical performance of these
materials can be attributed to their different surface textural characteristics.

The relationship between log (v) and log (i) of BrC Z3 700 leads to the b value of 0.90
calculated using eq. 2 (Figure 4g). Therefore, both surface-controlled and diffusion-controlled
processes are involved in the charge storage mechanism.*’ However, the surface-controlled charge
storage mechanism dominates at higher scan rates (Figure 4h).>® The contribution of each charge
storage mechanism was evaluated by comparing surface-controlled and diffusion-controlled
energy storage as shown in Figure 4h.°'*? Since the BrC_Z3 700 shows the best capacitive
performance of the materials studied, it was further integrated as both electrodes (anode and
cathode) of a symmetrical supercapacitor cell (SSC) using aqueous electrolyte (1 M H2SO4). The
CV profile of SSC at different scan rates in the potential window of 1.2 V is a rectangular curve
indicating the electrical double-layer capacitive character of SSC (Figure 5a).>* The CV curve
deviates slightly from the ideal rectangular shape as scan rate increases due to charge transport
resistance. The GCD profile (Figure 5b) of SSC at different current densities shows almost
triangular shape indicating an EDLC charge storage mechanism. The cell has low resistance as
indicated by the absence of voltage (IR) drop.>® The Cs vs. current density curve (Figure 5c)
indicates that SSC has high capacitance retention (41.2%) even at the high current density of 50

A-g’! indicating its high-rate capability. The cyclic stability of the SSC (Figure 5d), measured at
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current density of 10 A-g’! shows outstanding cycling performance with 98.2% capacitance
retention and 100% coulombic efficiency even after 10,000 charge/discharge cycles. Figure Se
shows the Nyquist plot prior to and following the cycle test where there is no significant variation

indicating that there is no alteration of the electrode or electrode/electrolyte interface suggesting

their extended cyclic stability.
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Figure 5. (a) CV curves, (b) GCD profiles, and (c) calculated specific capacitance of the cell, (d)
cycle performance with Coulombic efficiency at 10 A-g’!, (e) EIS with an equivalent circuit
diagram of symmetric cell, and (f) Ragone plot for comparison with previously reported biomass-
derived carbons.

The semicircle observed at high frequency reflects charge transfer processes occurring at the
electrode-electrolyte interface. A small semicircle indicates lower charge transfer resistance,
which can be due to good conductivity of the electrode material. The linear region at low
frequencies is associated with the diffusion of ions/ion transport limitation. The near-vertical line

in the low frequency region represents the capacitive behavior of the electrical double-layer formed
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at the electrode/electrolyte interface.’*> The charge storage process is highly reversible and non-
faradaic with fast ion transport that leads to negligible material degradation and consistent
performance over long cycle life (10,000 charging/discharging cycles). This shows the material is
highly stable with no/minimal degradation in electrode-electrolyte interface.

The power/energy density is a significantly useful measure to analyze the energy storage
performance of supercapacitors and is represented in the Ragone plot (Figure 5f). BrC Z3 700
SSC delivers a maximum energy density of 7.1 W-hkg ! at power density of 600 W-kg™!, which is
better than/comparable to previously mentioned biomass-derived carbon compounds, such as
barley straw (10.7 W-hkg ' @ 720 W-kg ), oil palm kernel shell (7.4 W-hkg ' @ 300 W-kg1),%’
tobacco waste (8 W-hkg ™' @ 200 W-kg1),>® bamboo (11 W-hkg! @ 126 W-kg!),® chitin
saccharide (3.5 W-hkg! @ 5000 W-kg "),%° lotus seed pods (12.5 W-hkg ! @ 260 W-kg™"),%!
bamboo-derived doped carbon (5.4 W-hkg ! @ 500 W-kg!),%* coal tar pitch (6.4 W-hkg ' @ 483
W-kg),% chitosan (10.5 W-hkg! @ 500 W-kg'),* Sichuan pepper (4.2 W-hkg'!' @ 250
W-kg1),% and so on. Note that although the SSCs prepared from bamboo> and lotus seed pods®!
showed higher energy density compared to our SSC, the power density of those cells is much lower
than that of our SSC. These results demonstrate that Barro seed-derived carbon can be a promising

electrode material in supercapacitor applications.
4. CONCLUSIONS

In conclusion, ZnCl activated Terminalia bellirica seed carbonized at various temperatures and
impregnation ratios yield hierarchically porous carbons with high surface area and well-defined
porous architectures. The effects of mixing ratio of activating agent with the precursor plays an
important role in the pore-size distribution/formation. The porous carbon fabricated at 700 °C at

impregnation ratio 1:3 has an ultrahigh surface area of 2301 m?-g ! with large pore volume of
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1.887 cm?-g!. The electrochemical performance of this electrode material indicates excellent
capacitive performance and a large specific capacitance of 365.4 F-g! at current density of 1 A-g!
in a three-electrode system. A symmetric supercapacitor cell assembled using this material could
be operated in a potential window of 1.2 V in an aqueous electrolyte (1M H2SO4). The cell
achieved specific capacitance of 35.4 F-g ! at 1 A-g™!, with energy density of 7.1 W-hkg ! at a
power density of 600 W-kg ! with excellent cyclic life of 98.2% after 10,000 charge/discharge
cycles, demonstrating the potential of Terminalia bellirica seed as a sustainable carbon source to
produce ultrahigh surface area nanoporous activated carbon, which can be explored for high

performance supercapacitor applications.
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