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Abstract: High-surface-area porous carbon materials with high porosity and well-defined pore
structures are the preferred advanced supercapacitors electrode materials. Here, we report the elec-
trochemical supercapacitive performance of novel high-porosity activated carbon materials prepared
from biowaste Terminalia chebula (Harro) seed stones involving zinc chloride (ZnCl2) activation.
Activation is achieved by mixing ZnCl2 with Harro seed powder (1:1 w/w) followed by carbonization
at 400–700 ◦C under a nitrogen gas atmosphere. The amorphous carbon materials obtained exhibit
excellent performance as electrical double-layer capacitor electrodes in aqueous electrolyte (1 M
sulfuric acid) due to high specific surface areas (as high as 1382.6 m2 g−1) based on well-developed
micropore and mesopore structures, and partial graphitic structure containing oxygenated surface
functional groups. An electrode prepared using material having the optimal surface textural prop-
erties achieved a large specific capacitance of 328.6 F g−1 at 1 A g−1 in a three-electrode cell setup.
The electrode achieved a good capacitance retention of 44.7% at a high 50 A g−1 current density and
outstanding cycling performance of 98.2% even following 10,000 successive charge/discharge cycles.
Electrochemical data indicate the significant potential of Terminalia chebula seed-derived porous
carbons as high-performance electrode materials for high-energy-storage supercapacitor applications.

Keywords: Terminalia chebula (Harro); ZnCl2 activation; nanoporous carbons; supercapacitors

1. Introduction

Global energy demands continue to rise due to the continuously increasing world
population, deepening the energy crisis and putting further pressure on fossil fuel supplies.
The development of advanced energy storage devices based on the use of clean renewable
energy sources is thus an urgent requirement to maintain human society. Also, industri-
alization and urbanization have led to severe energy shortages and environmental pollu-
tion. Various biomaterial-based products have been developed to replace fossil fuel-based
energy sources because of their low cost, eco-friendliness, excellent multi-dimensional
multi-element structures, and sustainability. Lithium-ion batteries and supercapacitors are
both commercially viable types of energy storage device, which have found application
widely in hybrid electric vehicles, military garment devices, medical devices, and many
electrical appliances [1–5]. Supercapacitors have higher power densities than batteries
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and also exhibit extremely rapid charge and discharge times as well as excellent cycle
stability [6–10].

Supercapacitors, which are commonly referred to as electrical double-layer capacitors
(EDLCs), can be used as electrochemical energy devices that accumulate charge in the form
of an electrochemical double-layer at the interface between an electrolyte solution and an
electrode surface. Activated nanoporous carbon prepared from biomass has been widely
applied for supercapacitor electrode applications based on their ultrahigh surface areas,
well-developed pore size distributions, low costs, simple preparation methods, excellent
electrical conductivity, and high physicochemical stability [11–20]. The specific surface area
and the porous structure are key factors in the use of carbon materials as electrodes since
their optimization can be used to enhance the specific capacitance [21]. For adsorption and
desorption of ions, micropores play the main role with mesopore structure affecting the
transmission pathways of electrolyte ions [22]. The consideration of the mesopore structure
can be used to increase the ion diffusion so that ions can easily enter into the internal
micropores, while macropores function as sites for the accumulation and retention of ions,
which can cause buffering. For this reason, the specific capacitance of EDLCs is not related
to the micropore characteristics because most of the micropores are not involved in the
charge/discharge process [23]. Hence, both mesopores and macropores play an important
role in assisting ionic transport leading to reduced transmission times and allowing more
micropores to participate in ion adsorption and desorption [24,25].

Biomass-derived porous activated carbons are potential candidates as electrode mate-
rials of supercapacitors due to their excellent electrical conductivity and electrochemical
stability accompanied by controllable specific surface area and micropore structures [26–36].
However, the selection of the precursor is based on carbon content, cost, availability, and
sustainability. Recently, the large-scale, low-cost fabrication of nanoporous activated carbon
materials from different biowaste precursors has been developed for the fabrication of elec-
trode materials towards supercapacitor applications. For example, Shrestha et al. [37] have
prepared hierarchically porous carbon materials from Phyllanthus emblica by chemically
activating using KOH. The resulting material has a substantial surface area (1946 m2 g−1),
leading to a large specific capacitance (272 F g−1 @ 1 A g−1) with 60% capacitance retention
@ 50 A g−1 and a remarkably long cycle endurance with 98% activity retained even follow-
ing 10,000 consecutive charge/discharge cycles. Qing Xu et al. [38] recently reported porous
carbon obtained from biomass tar by using thermal activation with potassium acetate at
800 ◦C. The resulting carbon material exhibited 310.4 F g−1 specific capacitance @ 0.2 A g−1

with initial capacitance retention of 91% after 5000 charge/discharge cycles @ 5 A g−1 cur-
rent density. These recent examples highlight the significant potential of biowaste stuffs
for the preparation of activated carbon as the electrode material for high-performance
supercapacitors [39–45].

In this contribution, the electrochemical supercapacitor performance of novel
nanoporous activated carbon materials prepared from Terminalia chebula (Harro) seed
stones by ZnCl2 activation is presented. Harro seed stone powder was mixed with ZnCl2 in
1:1 weight ratio. Samples of the mixture were then carbonized, respectively at 400, 500, 600,
and 700 ◦C for four hours under nitrogen atmosphere. The resulting amorphous carbon
materials showed good performance as supercapacitor electrode materials in aqueous
electrolyte in a three-electrode system. The sample with optimal surface area delivered
a large specific capacitance of 328.6 F g−1 @ 1 A g−1 and good retention of capacitance
(44.7% @ 50 A g−1) with an excellent cycle endurance of 98.2% following 10,000 consecutive
charge/discharge cycles. These results show the potential of Harro seed as a carbon source
for the cost-effective and scale-up production of nanoporous activated carbon materials as
high-performance electrode materials for supercapacitor applications.
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2. Materials and Methods
2.1. Materials

Terminalia chebula (Harro) fruit was purchased from a local market. Zinc chloride
(ZnCl2: 99.5%), hydrochloric acid solution (1 M), and sulfuric acid solution (1 M) were
purchased from Nacali Tesque Inc. Kyoto, Japan. Millipore filtered water was used for
washing and preparing solution.

2.2. Preparation of Nanoporous Activated Carbons

Harro seed stone, a biowaste, was washed several times with distilled water then
dried at 50 ◦C for 24 h. Dried seeds were pulverized and sieved using a 300 µm mesh.
The precursor was combined with ZnCl2 (1:1 w/w), and the mixture was carbonized in a
tube furnace at 400, 500, 600, and 700 ◦C under a nitrogen gas flow (120 cc min−1). A 4 h
hold time was applied. The obtained materials were treated with 0.1 M hydrochloric acid,
then washed using distilled water until the washings were neutral (pH~7). The samples
were then dried in a vacuum oven at 100 ◦C for 6 h. Samples are referred to as HrC_Z400,
HrC_Z500, HrC_Z600, and HrC_Z700, where the numbers indicate the temperature of
carbonization. Yields were ca. 45.9% (HrC_Z400), 43% (HrC_Z500), 42.7% (HrC_Z600),
and 42.7% (HrC_Z700). For comparison, a control sample was prepared by the direct
carbonization of the precursor for 4 h at 500 ◦C and is referred to as HrP_500.

2.3. Characterization

Pyrolytic decomposition and surface functionality of the precursor were investigated
by using thermogravimetry and infrared (FTIR) spectrophotometry. Thermogravimetric
analyses (TGA) were undertaken using an SII Instrument Model Exstar 600 and FTIR
spectra were recorded on a Nicolet 4700, Thermo Electron Corporation, Waltham, MA,
USA. Textural properties including total specific surface area, pore size distribution, and
pore volume of the activated carbon materials and the reference sample were studied by
nitrogen gas adsorption. Nitrogen gas adsorption/desorption isotherms were recorded
using a Quantachrome Autosorb-iQ2, Boynton Beach, FL, USA, operated at the liquid
nitrogen temperature of 77.35 K in the relative pressure range of 10−7 to 1. Pore size
distribution profiles were calculated using density functional theory (DFT: for microp-
ores) and the Barrett–Joyner–Halenda method (BJH: for mesopores). Samples (~25 mg)
were annealed at 120 ◦C for 24 h prior to nitrogen adsorption measurements. Powder
X-ray diffraction (XRD; Rigaku X-ray diffractometer RINT, Tokyo, Japan, Cu-Kα radiation
(λ = 0.1541 nm) operating at V = 40 kV and I = 40 mA; sample temperature: 25 ◦C;
diffraction angle range from 10 to 50◦), Raman scattering spectroscopy (NRS-3100, JASCO,
Tokyo, Japan) excitation wavelength of 532.09 nm; acquisition time 30 sec; accumulation
for 10 times; laser power of 1.5 µW; diffraction grating of 1800 l/mm; and objective lens
UMPLFL 20× were used. Raman data (line shapes) were fitted using Gauss model, and
transmission electron microscopy (TEM: JEOL Model JEM 2100F, Tokyo, Japan operating at
200 kV) was employed for structural characterization. Surface pore structure and surface
morphology were observed by using scanning electron microscopy (SEM: S-4800, Hitachi
Co., Ltd., Tokyo, Japan operated at V = 10 kV/I = 10 µA).

2.4. Electrochemical Measurements

Electrochemical supercapacitance performances were studied by using cyclic voltam-
metry (CV), electrochemical-impedance spectroscopy (EIS), and galvanostatic charge/
discharge (GCD) measurements in a three-electrode-cell using an aqueous 1 M H2SO4
electrolyte solution. Working electrodes were prepared on a glassy carbon electrode (GCE).
Each subject material (4 mg) was suspended in a solvent of water/ethanol 4:1 v/v mixture
(2 mL) with sonication for 1 h. An aliquot of the resulting suspension (3 µL) was cast on the
GCE surface followed by drying at 60 ◦C for 2 h. An aliquot of Nafion solution (5 µL; 5%
w/v in ethanol) was added as a binder. The modified electrode was then dried by warming
it at 60 ◦C (2 h). The mass of active material on each working electrode was calculated to be
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6 × 10−3 mg. CV, GCD, and EIS measurements were taken using a CHI 660E workstation
(CH Instruments, Inc., Austin, TX, USA) using Ag/AgCl and platinum wire, respectively
as reference and counter electrodes. The specific capacitance (Cs) of the electrode materials
was calculated from the GCD curves as follows:

Cs =
I·td

m·∆V
(1)

where I (A) is discharge current, td (s) is discharge time, m (g) is the mass of active material
on the GCE electrode, and ∆V (V) defines the potential window.

3. Results and Discussion

Pyrolytic decomposition and the mass–temperature relationship of the precursor was
studied by recording its TGA curve in the range of 25 to 1000 ◦C under a nitrogen gas
atmosphere. Mass loss in three stages (highlighted by dashed dotted arrows) can be seen in
the resulting TGA curve (Figure 1a). Weight loss due to the evaporation of water, crystals,
or moisture present in the precursor is seen in the first stage in the range of 35–200 ◦C.
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Figure 1. (a) TGA curve; (b) FTIR spectrum of the precursor Terminalia chebula seed powder. The
upward arrows in panel (a) highlight the carbonization temperatures of the prepared carbon materials.

In the second stage (200–400 ◦C) a major weight loss occurs that corresponds to the
pyrolytic breakdown of hemicellulose and cellulose components with partial decomposition
of the lignin content [46]. In the third stage, there is no noticeable weight loss above
400 ◦C and the carbonization process takes place above 400 ◦C, indicating that suitable
temperatures for the carbonization of Harro seed are above 400 ◦C.

Functional groups related to the cellulose, hemicellulose, and lignin of precursor
powder are clearly visible in the FTIR spectrum of the precursor (Figure 1b). The broad
FTIR peak at ~3343 cm−1 corresponds to the O-H (str.) vibration of the hydroxyl groups,
and bands at ~2924 and ~2853 cm−1 are due to the C-H (str.) of alkyl groups [47]. The
C=O (str.) of the acetyl groups in cellulose, hemicellulose, and lignin appear at ~1727 cm−1.
A low-intensity FTIR band at 1593 cm−1 is assigned to the C=C (str.) of lignin. Bands at
1422 and 1320 cm−1 are assigned to the stretching and bending vibrations of methylene
and hydroxy groups in cellulose, respectively [48–50]. Weak absorption bands at 1226 and
1029 cm−1 are assigned to aromatic C=C (str.) and C–O (str.) vibrations of the guaiacyl
units in lignin, respectively [47–50].

Nitrogen adsorption desorption isotherms of the carbon samples were collected to
study their surface textural properties. Adsorption isotherms of the carbon materials pre-
pared at different temperatures of carbonization are shown in Figure 2a. These activated
carbon materials adsorb nitrogen strongly at lower relative pressures with obvious hys-
teresis at higher pressures, leading to isotherms containing type I and type IV behaviors
most likely due to their hierarchical micro/mesoporous structures [51]. Large nitrogen ad-
sorption at low relative pressures (P/P0 < 0.1) is due to the filling of micropores. Capillary
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condensation occurring in mesopores can be judged from the hysteresis loop in the high
relative pressure region [51,52]. Note that an increase in carbonization temperature from
400 to 700 ◦C leads to an increase in the overall nitrogen adsorption from low to high rela-
tive pressure, suggesting an increased abundance of micro- and mesopores in the materials
prepared at higher temperatures. The reference carbon sample obtained by direct carboniza-
tion without activation (HrP_500) displays type III adsorption isotherm, indicating the
absence of porosity, demonstrating the crucial role of the activator ZnCl2 in the developing
porosity of the activated carbons. ZnCl2, as a Lewis acid, acts as the dehydrating reagent
as it catalyzes the decomposition of lignocellulosic compounds. ZnCl2 activation is an
efficient catalyst for C-O and C–C bond scission. During pyrolysis, ZnCl2 melts at 290 ◦C,
and above the melting point, it intercalates into the carbon to produce pores. Increasing
the pyrolysis temperature causes the zinc oxide chloride hydrate to thermally dehydrate,
resulting in the formation of a solid phase of zinc oxide and a gaseous phase of ZnCl2. The
gaseous phase of ZnCl2 is diffused into the interior of the biomass to develop the pore
network. The carbonized sample is subjected to washing with acid and water; acid removes
all the alkali and alkaline earth metals, and water removes all basic and water-soluble
components in the carbon that will yield porosity in the carbon structure. The washing
process opens the blocking pore entrances to the nitrogen molecules. Figure 2b shows the
micropore size distributions obtained by DFT analysis. Figure 2c shows the mesopore
distributions obtained from the BJH model. These data verify a hierarchical pore structure
of the materials containing both micro and mesopores. The peaks centered at 0.286 nm
(Figure 2b) and 3.67 nm (Figure 2c) increase in intensity with increasing carbonization
temperature, suggesting increases both in micro- and mesoporosity. Table 1 summarizes
the surface textural properties of the materials.
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Table 1. Textural properties of Harro seed-derived porous carbon materials *.

System SSA
(m2 g−1)

Smic
(m2 g−1)

Smes
(m2 g−1)

Vp
(cm3 g−1)

Vmic
(cm3 g−1)

Vmes
(cm3 g−1)

Wp
(nm)

Dp
(nm)

HrP_500 29.7 12.4 17.3 0.075 0.031 0.044 ---- 3.1

HrC_Z400 1152.2 1052.9 99.3 0.741 0.602 0.139 0.286 3.67

HrC_Z500 1230.1 1104.4 125.7 0.804 0.627 0.177 0.262 3.66

HrC_Z600 1301.2 1160.3 140.9 0.915 0.707 0.208 0.286 3.67

HrC_Z700 1382.6 1225.8 156.8 0.929 0.697 0.232 0.274 3.66

* SSA = total specific surface area, Smicro = surface area of micropore, Smeso = surface area of mesopore,
Vp = total pore volume, Vmicro = micropore volume, Vmicro = mesopore volume, Wp = half pore width, and
Dp = pore diameter.

Surface morphologies of Harro seed-derived carbons were observed by using SEM
(Figure 3). Low magnification SEM images of all the prepared materials (reference sam-
ple and activated samples) show carbon particles of the materials with random shapes
and dimensions (Figure 3a,d,g,j,m). Higher magnification SEM images (Figure 3b,c) of
the reference sample do not show a porous structure, which aligns with the nitrogen
adsorption result. In contrast, a non-uniform macroporous channel-like morphology of
the materials is seen in the activated carbon samples (Figure 3e,h,k,n), which is often
observed for biomass-derived activated carbons [53–55]. Furthermore, high-resolution
SEM images (Figure 3f,i,l,o) show a well-developed mesoporous structure in the activated
carbon samples [53–55]. Electronic supporting information contains additional SEM im-
ages (ESI: HrP_500 (Figure S1), HrC_Z400 (Figure S2), HrC_Z500 (Figure S3), HrC_Z600
(Figure S4), and HrC_Z700 (Figure S5). The porosity of the materials seems to increase
with carbonization temperature. Note that the pore structure is not well-developed in the
directly carbonized sample (Figure 3b,c), suggesting the critical role of the activating agent
for the formation of micro/mesopore structures.

The structural characterization of the material (HrC_Z700), having the optimal surface
textural properties, was also performed by TEM (Figures 4 and S6). Low-resolution TEM
images (Figure 4a–c) show the disordered macro-, meso-, and micropore structures [56].
HR-TEM images (Figure 4d–f) reveal microporous carbon structure having randomly
grown graphitic carbon layers [57]. The interlayer spacing of the random carbon layers is
ca. 0.357 nm. Note that high temperature carbonization causes the gasification and release
of volatile organic compounds, resulting in the formation of micro- and mesopores in the
carbon skeleton.

The structure of the porous carbon materials was also studied by using XRD and Ra-
man scattering spectroscopy. Two broad diffraction bands appearing at diffraction angles
24 and 43◦ (Figure 5a) in the XRD patterns correspond to the (002) and (100) planes of disor-
dered graphitic structures in amorphous carbons, which are usually observed in activated
carbons obtained from biomass [58]. XRD patterns of the directly carbonized material con-
tains some low intensity peaks apart from (002) and (100) reflections, which might be due
to the presence of impurities. Note that the reference sample was not treated with dilute
HCl solution. XRD patterns of the other materials indicate their amorphous structures.
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Figure 5b shows the experimental Raman scattering spectra of the prepared carbon
samples with the fitting components. The Raman spectra exhibit the characteristic of
amorphous carbons [59]. Peak fitting components reveal that the directly carbonized
reference sample, HrP_500, can be fitted with a small peak at 1100 cm−1 corresponding to
the polyenic structure. Moreover, all the spectra show amorphous carbon structures with
D- and G-lines related to C–C and C=C vibrations [60]. Plateaus in the 1220–1270 cm−1

and 1350–1375 cm−1 regions correspond to the sum of the peaks related to the sum of
amorphous carbon associated with D-line and cis-polyacetylene-related C–C vibrations
(cis-ν1). Peaks at 1540–1545 cm−1 and 1590–1605 cm−1 can be attributed to the G-lines
of amorphous carbons and C=C vibrations of polyenes. Note that the intensity of the
D-line, which is attributed to the breathing mode of the graphitic structural unit, increases
with increasing carbonization temperature from 400 to 700 ◦C, suggesting the increasing
structural defects in the carbon frameworks. The FTIR spectra of the control non-activated
material and the chemically activated materials exhibit similar vibrational bands related
to C=C (str.) (Figure S7). The band intensity corresponding to surface functional groups
decreased due to ZnCl2 activation and annealing.

Based on their high specific surface areas, well-defined hierarchically micro- and
mesoporous structures, and oxygenated surface functional groups, the electrochemical
energy storage supercapacitance performances of the activated carbons were studied.
Figure 6a shows the CV profiles of these carbon materials, including the reference material
at 50 mV s−1. All the electrodes exhibit semi-rectangular CV profiles, inferring a largely
EDLC-type behavior, which is commonly observed in carbon-based supercapacitors [61,62].
The non-rectangular-shaped CV curves with weak redox peaks observed at approximately
0.3–0.4 V can be attributed to a limited contribution of pseudocapacitive behavior to the
EDLC. The presence of oxygenated functional groups in the carbon materials contributes
to its pseudocapacitance. Note that the total internal current collected in the CV curve
of the reference HrP_500 sample is low, but this increases with increasing carbonization
temperature. The largest current collection in the HrC_Z700 sample suggests a highest
energy storage capacity amongst these materials, which is in line with the surface area,
i.e., carbons with higher specific surface area suggests better energy storage properties. CV
responses recorded across a wide range of scanning rates (5–500 mV s−1) for the reference
sample, HrP_500 (Figure S8) and the activated carbon samples HrC_Z500 (Figure 6b),
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HrC_Z600 (Figure 6c), and HrC_Z700 (Figure 6d) shows that total current output increases
with increasing scan rate. A sustained quasi-rectangular profile at higher sweep rates
suggests an enhanced electrolyte ion diffusion throughout the mesoporous channels in the
electrode materials.
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Electrochemical supercapacitance performance was also studied by GCD measure-
ments. GCD responses were recorded over a wide range of current density, from 1
to 50 A g−1. Figure 7a displays the GCD profiles for the electrodes at 1 A g−1, where
a triangular shape confirms the charge storage mechanism to EDLC-type [61–64]. In
the GCD response, the discharge time, which measures the energy storage capacity of
the electrode, depends on the surface textural properties. The GCD results show that
the reference sample HrP_500 shows the shortest discharge time indicating a poor spe-
cific capacitance, which can be attributed to the lack of porosity, whereas HrC_Z700 has
optimal surface area and porosity and gives the longest discharge time, confirming a
maximum charge storage capacity based on its well-developed nanoporous structure.
The specific capacitance (Cs) of HrC_Z700 calculated using Equation (1) at 1 A g−1 is
328.6 F g−1, which is higher than that of other carbon materials derived from different
biomass (Table S1) [12,14,16,33,36,39,65–88]. For other electrodes, values of Cs were calcu-
lated to be ca. 284.2 F g−1 (HrC_Z600), 203 F g−1 (HrC_Z500), and 9.3 F g−1 (HrP_500).
These results demonstrate that the increase in carbonization temperature increases the
porosity and surface area of the Harro carbon, and hence, there is an enhancement in the
energy storage performance of the materials obtained at high temperature. The GCD curves
of all the electrodes (Figure 7b and Figure S9a (HrC_Z700), S9b (HrP_500), S9c (HrC_Z500),
and S9d (HrC_Z600)) have a persistent triangular shape even at 50 Ag−1 (high current
density), confirming prominent ion diffusion through the mesopores to the interiors of
the electrodes.
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Figure 7. (a) Comparison of GCD profiles of the reference HrP_500 material and the ZnCl2 activated
carbon materials; HrC_Z500, HrC_Z600, and HrC_Z700 at 1 A g−1,; (b) GCD vs. current density pro-
files for the material with optimal textural properties (HrC_Z700); (c) calculated specific capacitance
vs. current density profiles; (d) cycle performance of selected materials; (e) Nyquist plots recorded at
5 mV amplitude; and (f) the corresponding expanded plot. Inset of panel (e) represent equivalent
circuit diagram. Rs, and Rct represents electrolyte and charge transfer resistance, respectively. Cdl

and Rct refer to the double layer formation, and Cdif and R represent the diffusion contribution. W
represent Warburg diffusion.

Figure 7c shows the calculated specific capacitance vs. current density plots. Note
that the capacitance retention also increases with the increasing porosity and surface area
of the electrode materials. The capacitance retention of the material having the optimal
surface textural properties is ca. 44.7% at 50 A g−1. Similarly, the cycle performance of
the electrode is also correlated with the surface textural properties. The optimal sample
has an outstanding cycle life of 98.2% after 10,000 consecutive charge/discharge cycles
at 50 A g−1. Figure 7e,f shows Nyquist plots that correlate electrolyte ions’ diffusion
kinetics, electron-transfer resistances, and double-layer charging at the electrode-electrolyte
interface [89]. In the low-frequency region, the Nyquist plots have an approximately 45◦

gradient, suggesting the typical behavior of carbon materials with charge transfer resistance
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and Warburg impedance (Figure 7e). A steep increase in the low-frequency region is due
to rapid ion transfer to the electrode surface. The lack of a semicircular component in the
high frequency region of the plots suggests ideal EDLC-type charge transfer properties
(Figure 7f) [90,91]. The Nyquist plot was used to calculate the series resistance of the
electrodes from the x-axis intercept of the imaginary component. It is ca. 5.7 Ω (HrP_500),
4.4 Ω (HrC_Z500), 4.5 Ω (HrC_Z600), and 4.5 Ω (HrC_Z700). The similarity in the values
of series resistance confirms that the difference in the energy storage performance of these
carbon materials is governed by the difference in the surface area and porosity.

The results obtained from the electrochemical measurements show that Harro seed
stone biomass has considerable potential as a new inexpensive precursor for the production
of carboniferous materials with hierarchically porous architectures, which are essential as
the electrode materials for high-performance supercapacitor applications.

4. Conclusions

In summary, highly porous activated carbons were prepared from a new carbon source,
Terminalia chebula (Harro) seed, by applying ZnCl2 activation and different carbonization
temperatures (400, 500, 600, and 700 ◦C) under a nitrogen gas atmosphere. Chemical
activation resulted in porous structures comprising both micro- and mesopore architec-
tures. The carbon material obtained by carbonization at 700 ◦C displays optimal surface
textural properties. Total specific surface area and pore volume are ca. 1382.6 m2 g−1

and 0.929 cm3 g−1, respectively. The sample performed well as an electrical double-layer
capacitor electrode due to its large surface area and well-defined pore structure. This
material exhibits good supercapacitance performance, giving a high specific capacitance
of 328.6 F g−1 @ 1 A g−1, accompanied by good a retention of capacitance of 44.7% at
a large current density of 50 A g−1 with an outstanding cycle endurance at 98.2% after
10,000 charge/discharge cycles in an aqueous electrolyte solution (1 M H2SO4). Our results
demonstrate that Harro seed stone has considerable potential as a low-cost source of car-
bon for the scale-up production of high-surface-area carbon materials with well-defined
micro/mesopore structures required as electrode materials in high-performance energy
storage supercapacitor applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/c9040109/s1, Figure S1: SEM images of HrP_500; Figure S2: SEM
images of HrC_Z400; Figure S3: SEM images of HrC_Z500; Figure S4: SEM images of HrC_Z600;
Figure S5: SEM images of HrC_Z700; Figure S6: TEM images of HrC_Z700; Figure S7: FTIR spectra
of carbon materials; Figure S8: CV curves of HrP_500; Figure S9: Additional GCD data; Table S1:
Comparison of the electrochemical supercapacitance performance of Harro seed stone-derived porous
carbons with other carbon materials.
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