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ABSTRACT: This work investigates the synthesis and electrochemical perform-
ance of hemp-derived activated carbon (HAC) for supercapacitor electrode
applications. HAC was prepared through NaOH chemical activation, and its
electrochemical characteristics were evaluated using three different electrolytes:
acidic (H,SO,), neutral (Na,SO,), and basic (KOH). The specific surface area of
HAC was found to be exceptionally high, measuring 2612 m?/ g, surpassing that of
commercially available activated carbon (AC). Surface analysis revealed the
presence of an oxygen functional group, which provided additional pseudocapacitive
active sites. When 1 M H,SO, was employed as the electrolyte, HAC demonstrated
a maximum specific capacitance of 594 F/g (302.4 F/cm®) at a current density of
0.3 A/g. Notably, the HAC electrode exhibited significantly higher energy density
and power density, reaching values of 82 Wh/kg (135.7 mWh/cm?) and 188 W/kg SO Nat K- H*
(311 mW/cm?), respectively, when compared to commercial AC. These results !

highlight the potential of HAC as a cost-effective and high-performance electrode material, particularly when paired with H,SO, as
the electrolyte due to their ideal micropore/mesopore ratio for H,SO, electrolyte access.
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H INTRODUCTION have explored various biomass sources, including rice husk,'°

30,31 2332 . 22,33,34
bamboo, green leaves, animal wastes, and

Supercapacitors, also known as electrochemical double-layer

capacitors (EDLCs), have emerged as promising energy lignocellulosic materials, for the cost-effective production

storage solution. They operate by storing energy within an of porous carbons with exceptional electrode performance.

electrical double-layer formed by electrolyte ions at the The production of AC generally involves two main steps:
interface between the electrode and electrolyte. This first, the carbonization of raw carbon-based materials in an
phenomenon has been extensively studied and documented inert environment, followed by the activation of the carbonized
in the literature.”> Compared to lithium-ion batteries (LIBs), material. There are two methods for activation: physical and
EDLCs demonstrate superior charge and discharge rates, cycle chemical. However, chemical activation has become more
life,> and higher energy densities than traditional capacitors. widely used due to its lower temperature requirements and
Va.rioug_rlnzaterials, incluc.iing carbon-l‘gs_el(g materials,"™* metal higher yield compared to physical activation.*’ According to
oxides,” "~ and conductive polymers, have been explored previous works, alkaline hydroxides such as KOH and
as electrodes for EDLCs. Among these options, activated NaOH****'™* are effective in producing AC with a high

carbon. (AC) materials havelégarnered mgmﬁcantl:;tltgntlon due specific surface area. Additionally, NaOH is particularly
to their large surface area, ” porous structures, " ° favorable

. . . . notable because its use in activation can reduce costs and
conductivity, and robust physical and chemical stability.'”*°

Currently, a diverse range of carbon materials have been
investigated as potential electrode materials, including

environmental impact compared to KOH.*

AC,”'™** template carbon,”* carbon nanofiber,” carbon Received:  August 14, 2024
nanotube,”**” carbon aerogel,28 and graphene.29 AC, in Revised: ~ November 12, 2024
particular, has been extensively utilized as an electrode material Accepted:  January 28, 2025

in the field of supercapacitors. Recently, a growing emphasis Published: February 13, 2025

has been placed on synthesizing carbon-based supercapacitors
using a renewable biomass-derived carbon source. Researchers
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Hemp (Cannabis sativa L.), which can grow rapidly without
specific climate conditions, pesticides, or fertilizers, has been
utilized for centuries. In addition to its use in textile fiber
production, hemp finds applications in diverse industries such
as paper manufacturing, construction materials, food produc-
tion, medicine, oil extraction, and the development of
biodegradable plastics. However, hemp processing generates
a substantial amount of waste. Recent studies have explored
the utilization of hemp fibers and stems to prepare AC for
supercapacitor electrodes Hemp (C. sativa L.), known for its
rapid growth under diverse climate conditions and minimal
cultivation requirements for pesticides or fertilizers, has been
utilized for centuries. Beyond its traditional use in textile fiber
production, hemp has found applications in diverse industries,
including paper manufacturing, construction, food production,
medicine, oil extraction, and biodegradable plastics develop-
ment. However, hemp processing generates substantial waste,
prompting recent studies to explore the utilization of hemp
fibers and stems for AC production. This AC has shown
promise in supercapacitor electrodes’”* and adsorption
applications,””*” benefiting from hemp’s unique fibrous,
hierarchical porous structure that yields high specific surface
area and enhanced electrochemical properties.*® Despite these
promising applications, previous research on hemp-derived
activated carbon (HAC) has predominantly utilized hydro-
thermal carbonization and KOH activation processes that are
both time-consuming and corrosive. To address these
challenges, our proposed method employs pyrolysis carbon-
ization and NaOH activation, offering several distinct
advantages. Pyrolysis carbonization is faster than hydrothermal
carbonization, which involves longer reaction times at lower
temperatures. The higher operating temperatures of pyrolysis
carbonization result in more efficient decomposition of organic
materials and fewer byproducts compared to hydrothermal
methods, which involve water under high pressure. NaOH is
also generally less expensive than KOH, lowering the overall
production costs. Additionally, NaOH is less corrosive,
reducing the risk of equipment damage and the need for
specialized handling and disposal procedures. These factors
make the process simpler, more cost-effective, and environ-
mentally sustainable, offering a scalable alternative for
producing HAC.

Additionally, the choice of electrolyte is critical in
determining the electrochemical performance of supercapaci-
tors.” Generally, liquid electrolytes fall into three main
categories: aqueous, organic, and ionic. While organic
electrolytes are common in commercial supercapacitors due
to their larger voltage window and higher energy densities, they
are not environmentally friendly. In contrast, aqueous
electrolytes offer advantages such as lower cost, easier
handling, and environmental friendliness, thereby simplifying
supercapacitor fabrication. Aqueous electrolytes, which can be
acidic, basic, or neutral, are frequently used due to their high
conductivity and distinct proton transport mechanisms.”” The
ionic size of the electrolyte significantly affects capacitance;”’
smaller electrolyte ions can more easily diffuse into the
electrode’s pores and adsorb onto its surface, enhancing the
supercapacitor’s overall efficiency. Consequently, both the pore
size of the electrode material and the ionic radius of the
electrolyte are crucial factors in optimizing the charge storage
performance.

In this work, we present the synthesis of ACs from hemp
fibers (hurd and bast mixed together as received after harvest)
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using pyrolysis carbonization and the NaOH activation
method and investigate their electrochemical properties by
comparing their electrochemical performance when measured
in acidic (H,SO,), basic (KOH), and neutral electrolyte
(Na,SO,). The resulting HAC demonstrates a superior surface
area compared to commercially available activated carbon, with
oxygen functional groups present on its surface. The
electrochemical analysis reveals that acidic electrolytes, such
as H,SO,, are suitable for maximizing the electrochemical
performance of the HAC for supercapacitor applications.

B EXPERIMENTAL METHODS

Synthesis of Hemp-Derived Activated Carbon. The
synthesis of HAC was performed by using a chemical
activation method with NaOH. Initially, raw hemp fibers
(husk and bast mixed together as received after harvest) were
cut into small pieces and sieved using a 250 pm mesh.
Subsequently, the sieved hemp fibers were dried at 80 °C for a
duration of 12 h. The carbonization process was carried out to
obtain biochar under a nitrogen atmosphere with a flow rate of
0.5 L/min, employing a ramping rate of 5 °C/min, and a
temperature of 500 °C for 2 h. For the activation process, a
mixture was prepared consisting of 1 g of biochar and NaOH
at a weight ratio of biochar to NaOH 1:4. The mixture was
subjected to heating at a rate of 5 °C/min under an argon
atmosphere with a flow rate of 0.5 L/min, reaching a
temperature of 720 °C and maintaining it for 1 h. The
resulting product was a black powder. Subsequently, the black
powder was treated with 1 M HCl at 100 °C for a duration of 4
h. The product was washed with deionized water until the pH
reached 7, followed by drying at 100 °C for 12 h. The biochar
production yield after pyrolysis was approximately 35.5%, and
subsequently, the activated carbon yield after the activation
process was approximately 11.4% of the original hemp fibers.

Electrode Preparation. HAC electrodes were fabricated
by blending the aforementioned product with a binder
(polytetrafluoroethylene: PTFE) and a carbon black in a
mortar, with a ratio of 90:5:5, respectively. The mixture was
thoroughly mixed for 3 min, followed by roll pressing until a
desired thickness of 0.1 mm was achieved. The resulting
carbon sheet was then cut into pellets with a diameter of 10
mm. These HAC pellets were subsequently heated at 80 °C
overnight and stored in a desiccator with a relative humidity of
less than 30%. Similarly, the commercial activated carbon
electrode (ABS20Y, MTI Corporation), was prepared using
the same method but with substitution of the HAC with
ABS20Y activated carbon. The active mass of the electrode for
ABS520Y and HAC ranges from S to 7 mg/cm™

Material Characterization. The morphological structure
of the electrodes was analyzed using a Hitachi SU5000 field
emission-scanning electron microscope (FESEM) with an
acceleration voltage of 5 kV. Porosity of the samples was
determined by N, adsorption/desorption measurements at
—196 °C using a Quantachrome AsiQwin instrument
(Quantachrome Instruments, Florida). Prior to the measure-
ments, the samples were degassed at 300 °C for 3.6 h. The
specific surface area was calculated by using the Brunauer—
Emmett—Teller (BET) equation based on the N, adsorption
isotherm. The total pore volume was determined at a relative
pressure (P/P;) of 0.95, and the pore size distribution was
analyzed using a Density Functional Theory (DFT) model.
Raman spectroscopy was performed with a 532 nm laser,
covering a spectral range of 50—3000 cm™' (DXR SmartRa-
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Figure 2. (a) Sorption isotherm and (b) pore size distribution of HAC and ABS20Y.

man, Thermo Fisher Scientific). To investigate the carbon
structure, morphology, and internal structure, a transmission
electron microscope (TEM, JEOL JME-2010) was used. X-ray
photoelectron spectroscopy (XPS) data were obtained by
using a PHI Quantera II instrument. The radiation utilized was
the Al Ka line, and the X-ray source operated at a power of
25.1 W. The C 1s peak position was calibrated to 284.6 eV and
served as an internal standard for the analysis.

The electrochemical properties of the electrodes were
evaluated in a three-electrode system with Ag/AgCl and a
platinum sheet as reference and counter electrodes using a
Metrohm Autolab PGSTAT302N instrument. Cyclic voltam-
metry (CV) measurements were performed by sweeping the
potential in the range of —0.1 to 0.9 V vs Ag/AgCl at various
scan rates for the 1 M H,SO, and 1 M Na,SO, electrolytes,
while for 3 M KOH, the potential range was —0.9 to 0.1 V vs
Ag/AgCl to prevent the oxygen evolution reaction occurring at
higher potential. Galvanostatic charge—discharge (GCD)
measurements were conducted by applying current in the
range of 0—1.0 V vs Ag/AgCl at different current densities.
Electrochemical impedance spectroscopy (EIS) was carried out
over a frequency range spanning from 0.1 Hz to 100 kHz, with
a voltage amplitude of 5 mV.

The specific capacitance (F/g) was determined using the
following procedure

The charge (Q) was calculated by integrating the area under

the CV curve. Subsequently, this value was divided by the mass

of the electroactive material (m, g), scan rate (v, V/s), and

potential window (AV = V; — V,, V), according to eq 1.
IAt

mAV (2)

Furthermore, eq 2 presents an alternative approach for
determining the specific capacitance based on the GCD
curve, where I (A) and At (s) denote the current and the
discharging time, respectively.

The energy density (E, Wh/kg) and power density (P, W/
kg) were calculated using the following eqs 3 and 4

e lope L
2 3.6 (3)
E

p==
t (4)

where t is the discharge time (h).

Additionally, to demonstrate a symmetric HAC super-
capacitor, a two-electrode system measurement was conducted
with two symmetrical electrode pellets separated by a 30-um-
thick PTFE separator in a 1 M H,SO, electrolyte. The entire
experimental process is depicted in Figure 1.

B RESULTS AND DISCUSSION

1 v,
C= 1 / 2I(V)dV Figure 2a shows the nitrogen adsorption and desorption
AV m(V = V) Jy (1 isotherm of HAC and ABS20Y electrodes. The adsorption and
6603 https://doi.org/10.1021/acsomega.4c07518
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desorption isotherm is characterized as Type IV, indicating the
presence of both microporous and mesoporous characteristics
according to IUPAC classification.”® This classification
confirms the diverse range of pore sizes in the electrodes,
which can significantly affect the ion storage and transfer
properties. Figure 2b shows the pore size distribution of the
electrodes. The pore diameter of HAC and AB520Y were 0.99
and 1.96 nm, respectively. This indicates that majority of the
pores in the sample are micropores with a small portion of
mesopore, which benefit large ion storage and high-rate ion
transfer due to highly accessible surface areas.” Importantly,
the HAC electrode exhibits micropores with a diameter
approximately two times smaller than that of ABS520Y,
resulting in a higher specific surface area. The surface area of
HAC is approximately 2612 m’/g, while ABS20Y possesses a
surface area of approximately 1620 m*/g.

Table 1 presents additional data indicating that HAC has a
higher total volume, micropore surface area, and micropore

Table 1. Surface Area and Porosity Characterization of HAC
and AB520Y

S%ET Stipero pore diameter Vigtal Vm,;cm
samples (m*/g) (m*/g) (nm) (em’/g) (em’/g)
ABS20Y 1621.21 1318.72 1.96 0.79 0.53
HAC 2612.88 1808.42 0.99 1.29 0.76

volume compared to AB520Y. In general, supercapacitors store
charges based on two processes: (i) electrical double-layer
capacitance (EDLC) which stores physical charges (phys-
isorption) via the formation of an electric double layer at the
interface between the electrode and electrolyte, and (ii)
pseudocapacitance, where the storage of electrical energy is an
electrochemical process and is achieved through redox
reactions, intercalation on the electrode surface by ions that
are specifically adsorbed. As a high specific surface area
material, AC mainly stores charges based on the EDLC
process. From the previous studies, the charge storage
capability of EDLC materials is largely determined by the
specific surface area of the material and the effective size of the
electrolyte ions, which should be in about the same size as the
average pore size of the material to maximize the charge
storage capability.”’ Based on the data in Table 1, the
variations in pore sizes and surface areas are anticipated to
have a significant impact on specific ion storage capacitance
and ion transfer kinetics.

The morphological structure of HAC and ABS520Y electro-
des was characterized by FESEM as shown in Figure 3a,b. The
image reveals that the HAC electrodes exhibit a sponge-like
appearance with a porous structure that covers the entire
surface. This porous structure plays a crucial role in facilitating
easy access channels for electrolyte ions during the charge and
discharge processes. In comparison, AB520Y shows a more
solid, smoother surface, which offers less surface area with
which electrolyte ions interact, potentially leading to lower
charge storage capability. In Figure 3c,d, the microstructure of
HAC and ABS520Y is investigated using TEM. Both HAC and
ABS520Y exhibit a porous structure as fine and bright spots in
the TEM images. In comparison, HAC has smaller and denser
pores, which is in accordance with porosity analysis. The inset
images of the selected area electron diffraction pattern (SAED)
show that both HAC and AB520Y are amorphous in nature, as
there are no well-defined bright spots. The crystal structure
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characteristics of AB520Y and HAC are further confirmed with
the X-ray diffraction (XRD) technique in Figure 3e. The broad
(002) diffraction peak at 26 about 15—30° is attributed to
amorphous carbon structures, while the weak and broad (101)
diffraction peak of graphite structure is observed at 20 about
40-50°.>" Figure 3f displays the Raman spectra obtained from
the HAC and ABS520Y electrodes. Both spectra exhibit
prominent peaks at approximately 1333 and 1594 cm™. The
peak at 1333 cm™" corresponds to the D band, associated with
sp>-bonded carbon atoms present in defects and disorder
structures. The peak at 1594 cm™ corresponds to the G band,
indicating sp*-bonded carbon atoms in hexagonal graphitic
rings.”> The intensity ratio of the D band to the G band,
represented as Ip/I, provides valuable information about the
structural properties of the samples. In the case of HAC, I/Ig
is measured to be 0.84, whereas for AB520Y, Ip/I; is found to
be 1.13. The lower I,/I; value observed in HAC indicates a
more ordered structure that ensures its low electrical resistance
during the charge—discharge process.

The surface chemistry of HAC and ABS20Y was
characterized by XPS. Figure 4a displays the XPS survey
spectra obtained from HAC and ABS520Y. Due to the low
percentage of nitrogen functional groups on the surface of
HAC and ABS20Y, the nitrogen peak is nearly indistinguish-
able in the XPS survey spectrum. The atomic percentages of
the elements present on the surface of the samples are
summarized in Table 2. Comparing the two samples, HAC
exhibits a higher atomic percentage of oxygen and nitrogen,
measuring 7.97 and 1.23%, respectively, while AB520Y shows
slightly lower values of 6.67% for oxygen and 0.73% for
nitrogen. This variation in the elemental composition may
have implications for the surface properties and performance of
the supercapacitor electrodes. Figure 4b,c illustrates the XPS C
1s spectra of HAC and ABS520Y. The deconvolution of the C
Is peak reveals four distinct peaks with binding energies at
284.5, 286.4, 287.8, and 289.1 eV, corresponding to different
carbon species;‘%’57 C—C/C=C in aromatic rings, C—OH for
epoxy and alkoxy groups, C=0 for carbonyl groups, and O=
C—OH carboxylate carbon, respectively. The relative percen-
tages of these oxygen functional groups are higher in HAC
compared to those in AB520Y, as summarized in Table 3. The
higher presence of oxygen functional groups, albeit in relatively
low concentrations, in HAC suggests the incorporation of
hydrophilic species on the materials surface. These oxygen-rich
functional groups contribute to the hydrophilic properties of
the electrodes, promoting better electrolyte wetting and
enhancing ion accessibility during charge and discharge
processes. Additionally, these functional groups are expected
to provide additional specific capacitance to the supercapacitor,
potentially enhancing its overall performance.

Electrochemical Characterization. The electrochemical
properties of HAC were measured in a three-electrode system
using 1 M H,SO,, 1 M Na,SO,, and 3 M KOH as acidic,
neutral, and basic electrolytes, respectively. Additionally, the
commercialized AC, AB520Y, was employed as a reference for
the HAC electrode in the H,SO, electrolyte. The specific
capacitance was calculated from both cyclic voltammetry (CV)
and galvanostatic charge—discharge (GCD) curves. CV is a
technique utilized to investigate the electrochemical behavior
of electrode materials by measuring current as a function of
applied potential. Figure Sa displays the CV curves of HAC
obtained at a scan rate of 5 mV/s using different electrolytes,

https://doi.org/10.1021/acsomega.4c07518
ACS Omega 2025, 10, 66016614
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(e) XRD patterns and (f) Raman spectra of the HAC and AB520Y

along with the comparison of AB520Y in the H,SO,
electrolyte.

The CV curves exhibit a relatively rectangular shape,
indicative of a dynamically reversible process, except for the
1 M Na,SO, electrolyte. Furthermore, the electrode
demonstrates pseudocapacitive behavior, characterized by a
pair of redox-reduced peaks originating from rapid and
reversible reactions occurring on the surface of the active
material.”**” The selected potential range of —0.9 to 0.1 V for
3 M KOH is optimized for the stability of the electrolyte and
electrode during the charge and discharge processes.”’
Notably, HAC measured in 1 M H,SO, electrolyte exhibits
the highest specific capacitance, as evidenced by its largest
enclosed curve area, followed by that in 3 M KOH and 1 M
Na,SO,, respectively. The CV curve of the HAC electrode
measured in 1 M Na,SO, exhibited an elliptical shape, even at
a low scan rate of 5 mV/s. This may be attributed to the
relatively large size of the electrolyte ions (Na" and SO,*")
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compared with other electrolytes, resulting in limited ion
accessibility to the pores and consequently higher charge
transfer resistance, as evidenced in the EIS spectra. The
calculated specific capacitances of HAC in 1 M H,SO,, 3 M
KOH, and 1 M Na,SO, electrolytes at a scan rate of S mV/s
are 571 F/g (290.7 F/cm?®), 413 F/g (252.3 F/cm?), and 240
F/g (189.4 F/cm?), respectively. In comparison, ABS20Y
shows a significantly smaller enclosed curve area, suggesting a
lower specific capacitance resulting from a lower surface area
according to porosity analysis (292 F/g (219.3 F/cm?) at §
mV/s). Moreover, when measured in 1 M H,SO, electrolyte,
HAC demonstrates pseudocapacitive characteristics within the
potential range of 0—0.6 V, which are suggested to be
attributed to the incogporation of oxygen functional groups on
the electrode surface.”’

The GCD curves of HAC measured with 3 different
electrolytes at a current density of 0.3 A/g, along with the
ABS20Y electrode, are shown in Figure Sb. The GCD curves of
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Figure 4. (a) XPS survey spectra of the HAC and ABS520Y electrode material. High-resolution C 1s XPS spectra of (b) HAC and (c) ABS20Y.

Table 2. Atomic Percentages of the Elements Found on the
Surfaces of the HAC and AB520Y Electrode Material

elements (atom %)

samples C (€] N
HAC 90.8 7.97 1.23
ABS20Y 92.6 6.67 0.73

Table 3. Percentage Contents of Carbon Species Present in
the Electrode Materials Based on C 1s Spectra

carbon species (atom %)

samples C-C/C=C C-OH C=0 O0=C-OH
HAC 73.25 21.01 4.48 1.27
ABS20Y 73.93 20.82 4.13 1.12

HAC displayed an almost symmetrical triangle with a small
voltage drop when measured in 1 M H,SO, and 3 M KOH,
indicating highly reversible properties. These curves show a
nearly linear correlation between the potential and time, clearly
demonstrating the electrochemical double-layer characteristics
of the electrode. In contrast, HAC measured in 1 M Na,SO,
exhibited a much larger voltage drop, indicating the high
electrical resistance of the electrode, which resulted in lower
charge storage efficiency. The charge storage efficiency of HAC
in 1 M H,SO,, 3 M KOH, and 1 M Na,SO, were
approximately 65, 59 and 22%, respectively. The slight
variation of slope was caused by the pseudocapacitive nature
of oxygen functional groups on the surface of the electrode.
This is attributed to the charge storage through the process of
adsorption/desorption at the interface of the electrode and
electrolyte.”” The sharp drop at the beginning of the
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discharging segment was a voltage drop due to the intrinsic
electrical resistance of the materials. The specific capacitances
of HAC in 1 M H,SO, 3 M KOH, and 1 M Na,SO,
electrolytes at a current density of 0.3 A/g are 594 F/g
(302.4 F/cm?), 436 F/g (266.3 F/cm?), and 304 F/g (239.9
F/cm?), respectively. Notably, the specific capacitance of HAC
in 1 M H,SO, is the highest, with a value almost 2 times higher
than that of AB520Y measured in the same electrolyte (295 F/
g (221.5 F/cm?) at 0.3 A/g). The highest specific capacitance
may be attributed to the presence of oxygen-functionalized
groups, a high surface area, and an optimum pore size.

The oxygen functional groups present in the aqueous
electrolytes are é)rimarﬂy involved in these reactions as shown
in eqs 5—7%7°

C-OHoC=0+H"+e (%)
—COOH < COO + HY + ¢~ (6)
C=0+4+e¢ &C-0 (7)

Equations 5 and 6 exhibit quasi-reversible or irreversible
characteristics mainly in alkaline and neutral electrolytes, while
the faradaic pseudocapacitance primarily originates from eq 7.
It is noteworthy that the presence of oxygen functional groups
can enhance the interfacial wetting properties between the
electrode material and the electrolyte. Furthermore, the
presence of oxygen functional groups with an excess free
electron not only enhances the wetting properties but also
induces faradaic pseudocapacitance within the aqueous
electrolyte.>* This characteristic renders HAC a promising
candidate as an electrode material in supercapacitors.’’

EIS technique was utilized to complete the electrochemical
characterization of HAC and AB520Y electrodes and to gain a
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Figure S. (a) Cyclic voltammetry curves of HAC electrode in different electrolytes and ABS20Y electrode in 1 M H,SO, electrolyte at scan rate S
mV/s. (b) Galvanic charge—discharge curves of HAC electrode in different electrolytes and ABS20Y electrode in 1 M H,SO, electrolyte at current
density 0.3 A/g. (c) Electrochemical impedance spectroscopy curve of HAC in different electrolytes and AB520Y electrode in 1 M H,SO,

electrolyte.

better understanding of their performance and energy storage
mechanism. EIS is a highly effective method for analyzing
electrochemical processes that take place at various frequencies
in supercapacitors. The use of an EIS technique enables a
comprehensive analysis of the frequency response character-
istics of the systems, thereby furnishing valuable insights into
their resistive and capacitive attributes. The resistive processes
that take place in supercapacitors, namely, series resistance
(Rg) and charge transfer resistance at the electrode/electrolyte
interface (Rcr), can be discerned by studying three distinct
frequency zones in the Nyquist plot. The starting point of
intersection of the x-axis is primarily ascribed to Rg resulting
from various contacts, particularly the measurement contact,
the contact resistance between the electrode material and the
current collector, and the resistance of the bulk electrolyte.’®
Rcr due to charge transfer at the interface between the
electrode surface and the electrolyte can be determined as the
diameter of the semicircle at higher frequencies. At lower
frequencies, ion diffusion becomes the primary contributor.
This results in ions being able to penetrate deeper into the
pores of the carbonaceous material, leading to an increased
path length for the ions in the electrolyte. EIS curves of HAC
in different electrolytes and ABS20Y are shown in Figure Sc,
with the equivalent circuit model shown in the inset of Figure
Sc, where Cg and W are the electrical double-layer capacitance
and Warburg impedance, respectively. The fitted values of Ry,
Rer, Cq, and W obtained from the equivalent circuit model
based on EIS spectra are compared in Table 4.

For HAC measured in 1 M H,SO, and 3 M KOH
electrolytes, values of Rg and Rcr were approximately 2.9 and
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Table 4. Comparison of Fitted Values for Rg, Ry, Cg, and
W Obtained from the Equivalent Circuit Model Based on
EIS Spectra

samples R (Q) Rer(Q) CyWF) W (mQ's'?)
HAC - H,SO, 2.9 1.7 9.97 448
HAC — KOH 3.1 2.1 7.25 115
HAC — Na,SO, 5.6 3.7 145 121
ABS520Y — H,SO, 4.0 1.5 4.48 294

1.7 Q for H,SO,, and 3.1 and 2.1 Q for KOH, respectively. In
contrast, the AB520Y electrode measured in 1 M H,SO, has a
higher Ry of 4 Q but a lower Rcr of 1.5 Q. For the HAC
electrode measured in 1 M Na,SO, electrolyte, both Ry (5.6
Q) and Rey (3.7 Q) values were significantly higher compared
to those measured in H,SO, and KOH. The relatively low Rg
and Rcr values of H,SO, and KOH suggest good ionic
conductivity and charge transfer capabilities for these electro-
lytes. A relatively high W observed with H,SO, compared to
KOH for both HAC and AB520Y may be attributed to several
factors such as ion size, electrolyte conductivity, and ion
mobility. Although H* ions are smaller and generally have
higher ionic conductivity compared to K* ions, the SO,*~ ions
are larger and have lower ionic conductivity compared to that
of OH™ ions. Furthermore, the concentration of KOH (3 M) is
higher than that of H,SO, (1 M). These factors may enable
KOH to better penetrate narrow pore entrances and form an
electrical double-layer capacitance, resulting in a lower W.
The superiority of HAC electrochemical performance in the
H,SO, electrolyte was likely due to the size of the hydrated
ions of the electrolyte. The pure ionic radius, when not
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considering other factors, is the focal point of the Coulomb
force utilizing the formula F = KQ,Q,/r*, where F represents
the Coulomb force, r is the distance between two charges (Q,
and Q,), and K is the Coulomb constant. The hydrated ionic
radius increases as more water molecules combine with the
stronger Coulomb force. The hydrated ionic radius of H*, Na®,
and K* was 2.80, 3.58, and 3.31 A, respectively.69’70 The
Na,SO, electrolyte, which contains both Na* and SO,*~, and
has a larger ionic size, posed a disadvantage for charge storage
at the electrode/electrolyte interface.”"”’> The KOH electro-
lyte, with a hydrated ionic radius of 3.31 A, was found to be the
most suitable for AC with a mesoporous structure.”””* When
compared to the average pore size of HAC, which consists
mainly of micropores (0.99 nm), the H,SO, electrolyte is the
most suitable due to the approximately same size of the
hydrated ions and the pore size."”
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Furthermore, the kinetics of the charge storage mechanism
can be studied by analyzing the CV curves of the sample
measured at different scan rates (5—100 mV/s). According to
the Dunn model, the total stored charge can be separated into
two components: the capacitive (surface-induced) and
diffusion-controlled (insertion/extraction) process.76 The
power law is used to explain the relationship between the
measured current (i) and the scan rate (v)

(8)

Here, a and b are adjustable parameters, with b-value
determined from the slope of the log i vs log v plot. Two
specific conditions are defined: for b = 0.5, the current is
proportional to the square root of the scan rate, aligning with
the Cottrell equation and suggesting a predominant diffusion
contribution (battery-like behavior). For b = 1, the charge

. b
1= av
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Table 5. Comparison of the Electrochemical Performance of the Hemp-Derived Activated Carbon Electrode

window voltage

electrode materials activation conditions specific capacitance electrolyte W) references
durian husk NaOH ratio: 1:2.5720 °C,1h 1365 F/g@ 1 A/g 1 M Na,SO, 1 S
poplar catkins KOH ratio: 1:4 800 °C, 1 h 314 F/g@ 1 A/g 1 M Na,SO, 1 17
banana leaves K,CO; ratio: 1:2 750 °C, Sh S5F/g@ 1 A/g 0.5 M Na,SO, 12 18
Samanea saman leaves NaOH ratio: 1:2 720 °C, 1 h 1S5 F/g @ 0.5 A/g 1 M TEABEF, 2.5 23
blackfish bone KOH ratio: 1:3 600 °C, 1 h 251 F/g@ 1 A/g 6 M KOH 1 33
wheat straw H,SO, ratio: 1:3 800 °C, 2 h 162 F/g @ 2 mA/cm? 2 M NaOH 1 37
wheat straw KOH ratio: 1:3 800 °C, 2 h 106 F/g @ 2 mA/cm? 2 M NaOH 1 37
hemp straw KOH ratio: 1:4 800 °C, 1 h 279 F/g @ 0.5 A/g 6 M KOH 1 41
hemp hurd KOH ratio: 1:5 800 °C, 1 h 167 F/g @ 1 A/g 1.8 M TEMABF,/PC 2.5 43
hemp stems NaOH 700 °C, 2 h 123 F/g @ 1A/g 6 M KOH 0.8 44
hemp fiber CO, activation 475 F/g @ 1 A/g PVA-KOH 1 78
hemp KOH ratio: 1:2 800 °C, 2 h 145 F/g @ IA/g 6 M KOH 1.1 79
HAC NaOH ratio: 1:4 720 °C, 1 h 594 F/g @ 0.3 A/g 477 F/g @ 1.0 A/g 1 M H,SO, 1 this work
HAC 436 F/g @ 0.3 A/g 340 F/g @ 1.0 A/g 3 M KOH 1 this work
HAC 304 F/g @ 0.3 A/g 174 F/g @ 1.0 A/g 1 M Na,SO, 1 this work
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Figure 8. (a) Cyclic voltammetry and (b) galvanostatic charge—discharge curves along with (c) Nyquist and (d) and Bode plots of a symmetric

HAC supercapacitor using 1 M H,SOy as an electrolyte.

storage is characterized by a capacitive contribution (capacitor-
like behavior).”” Figure 6a depicts a plot of log i vs log v to
determine the slope b. The b-values obtained from 1 M H,SO,,
1 M Na,SO,, and 3 M KOH electrolytes are 0.69, 0.30, and
0.81, respectively, indicating a hybrid charge storage
mechanism in the cases of 1 M H,SO, and 3 M KOH.

The quantitative contribution of the capacitive- and
diffusion-controlled process can be further analyzed at a fixed
potential (V) and calculated using the following equation’”

i(V) = kp + kp'/? (9)
where i represents the total current at a fixed potential, with k;v
and k"% representing the current contributions from the
capacitive (including both pseudocapacitance and EDLC) and
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the diffusion-controlled processes, respectively. The parame-
ters k; and k, can be derived from the slope and the intercept
of the y-axis of straight-line plots of i(V)/v"/* vs v'/% as
illustrated in Figure 6b. By determination of the k; and k,
values, it is possible to differentiate the capacitive and diffusion
contributions to the total current response. Figure 6¢,d displays
the ratio capacitive to diffusion contributions at scan rates
ranging from S to 100 mV/s for 1 M H,SO,, 1 M Na,SO,, and
3 M KOH electrolytes, respectively. Notably, the ratio of the
capacitive contribution increases with higher scan rates.
Figure 7a,b displays CV and GCD curves of HAC measured
in 1 M H,SO, at different scan rates and different current
densities. At low scan rates and current densities, the HAC
electrode can demonstrate full electrochemical performance.
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metal oxide research.

However, at higher scan rates and current densities, the high
electrical resistance and small average pore size prevent HAC
from fully using its surface area. This limitation occurs because
the electrolyte ions cannot be efficiently transported into the
inner surfaces of the porous structure, thereby reducing the
charge storage capability. HAC electrode achieved the highest
energy density of 82 Wh/kg (135.7 mWh/cm?) with a power
density of 188 W/kg (311.1 mW/cm?), whereas the AB520Y
electrode had an energy density of 41 Wh/kg (30.7 mWh/
cm®) and a power density of 184 W/kg (1382 mW/cm?).
Furthermore, when compared to recently studied hemp-
activated carbon, the specific capacitance of the work in this
study was relatively high, as indicated in Table S. This implies a
promising potential for using HAC as a high-performance
supercapacitor.

The electrochemical properties of HAC electrodes in a 1 M
H,SO, electrolyte were further explored by assembling a
symmetric supercapacitor by using two HAC electrodes and a
PTFE membrane as the separator. The CV and CD curves for
this HAC supercapacitor are presented in Figure 8a,b. The
HAC supercapacitor exhibited good stability with increasing
scan rates and current densities. The efficiency of the HAC
supercapacitor calculated from the CD curve is approximately
84.06%, which aligns with the efficiencies reported in previous
studies. This efliciency level suggests that while some
irreversible processes are present, as is typical in practical
applications, the performance of our supercapacitor remains
within the expected range for this configuration. The specific
capacitance of the HAC supercapacitor, measured at a current
density of 0.3 A/g, was approximately 138 F/g (228.3 F/cm?).
Additionally, the maximum energy density and power density
achieved were 19 Wh/kg (31.4 mWh/cm®) and 165 W/kg
(273 mW/cm?), respectively. To facilitate a more compre-
hensive examination of the EIS test across a frequency range
from 1 mHz to 100 kHz, the Nyquist plot for the HAC
supercapacitor (Figure 8c) shows low Rg and Rcp values of
0.21 and 022 Q, respectively. Additionally, the Bode plot
(Figure 8d) illustrates the relationship between the frequency
and phase angle of the HAC supercapacitor. It is well-known
that capacitive behavior is improved as the phase angle
approaches 90°. The phase angle achieved by the HAC
supercapacitor is —81.1°, indicating significant capacitive
behavior. Additionally, a comparison between the character-
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istic frequency (f,), which is the frequency at a phase angle of
45°, and the relaxation time constant (7, = 1/f,) helps evaluate
the frequency response of the supercapacitors. The relaxation
time constant (7,) represents the minimum duration required
for the device to completely discharge its energy if its efficiency
exceeds 50%. The Bode plot in Figure 8d shows that the HAC
supercapacitor has a f, value of 163.8 mHz, equivalent to a
time constant of 6.1 s. Additionally, the Bode plots of the HAC
electrode measured in various electrolytes are presented in
Figure S1 for comparison. The HAC electrode measured in 1
M H,SO0, electrolyte exhibited a significantly shorter relaxation
time (~91 s) compared to the other two electrolytes. This is
likely due to the smaller size of the hydrated ions in H,SO,,
which can be more easily transported through the microporous
structure of the HAC electrode. Furthermore, the HAC
supercapacitor demonstrated an even shorter relaxation time
than the HAC electrode (~6.1 s), indicating considerably
lower electrical resistance in the HAC supercapacitor.

A durability test was conducted over 12,000 cycles for the
HAC supercapacitor using 1 M H,SO, electrolyte at a current
density of 0.3 A/g. After 500 cycles, the specific capacitance of
the HAC supercapacitor remains at approximately 95% of its
initial value and gradually decreases to 91% after 12,000 cycles,
demonstrating good stability and retention of capacitance
(Figure 9a). Figure S2 illustrates the specific capacitance
retention of the HAC electrodes (Figure S2a) and the HAC
supercapacitor (Figure S2b). The HAC electrodes in a 1 M
H,SO, electrolyte retained the highest specific capacitance at a
high current density of 10 A/g, demonstrating promising
electrochemical properties suitable for supercapacitor electro-
des, particularly in applications requiring a high energy density
alongside a moderate power density. The HAC supercapacitor
achieved a specific capacitance of 43.4 F/g at a current density
of 10 A/g, resulting in an energy density of 6 Wh/kg (9.9
mWh/cm®) and a power density of 5.5 kW/kg (9.1 W/cm?).

Finally, the Ragone plot of the HAC supercapacitor is
presented in Figure 9b. The HAC supercapacitor demonstrates
excellent performance as a high-energy material capable of
maintaining a relatively high energy density even at elevated
power densities compared to AC derived from other biomass
sources. Moreover, in comparison to advanced materials such
as perovskites and MXene transition-metal sulfide composites,
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the HAC supercapacitor achieves a higher power density while
retaining a substantial energy density.

B CONCLUSIONS

In conclusion, HAC has been successfully synthesized from
hemp raw fiber by a chemical activation process using NaOH,
with a mass ratio of biochar to NaOH is 1:4. The synthesized
HAC was then characterized for its suitability as a super-
capacitor electrode, with a comparison conducted among three
different types of electrolytes: acidic (H,SO,), neutral
(Na,SO,), and basic (KOH). Remarkably, the HAC electrode
exhibited an exceptionally high specific capacitance of 594 F/g
at a current density of 0.3 A/gin a 1 M H,SO, electrolyte. The
superior electrochemical performance of HAC, in comparison
to commercial AC, can be attributed to its large surface area
and the presence of oxygen functional groups on its surface.
These features not only contribute to the electrical double-
layer capacitance nature of AC but also provide pseudocapa-
citive behavior originating from the functional groups.
Furthermore, HAC demonstrated the highest specific
capacitance when immersed in the H,SO, electrolyte. This
can be attributed to the optimal size of its pores, as well as the
optimal micro- and mesopore distribution in relation to the
size of the hydrated ion. Notably, the maximum energy density
and power density achieved by the HAC electrode were 82
Wh/kg (135.7 mWh/cm®) and 188 W/kg (311 mW/cm?),
respectively, which are nearly twice as high as those of
commercial AC. Additionally, the specific capacitance of the
HAC symmetric supercapacitor, measured at a current density
of 0.3 A/g, was approximately 138 F/g (228.3 F/cm?), with
the maximum energy density and power density of 19 Wh/kg
(31.4 mWh/cm?) and 165 W/kg (273 mW/cm?), respectively.
The excellent electrochemical performance of HAC indicates
its potential as a cost-effective and high-performance electrode
material, particularly when used with the H,SO, electrolyte.
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