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ABSTRACT: This work presents a novel porous activated carbon
electrode based on quinoa straw (QSC), which is derived from the
Qinghai-Tibet Plateau. The QSC is prepared through simple precarbo-
nization and potassium carbonate (K,CO,) activation processes and is
intended for use in supercapacitors. The QSC-3 exhibits a high specific .
capacitance of 469.5 F g_1 at a current density of 0.5 A g_l, as well as @  Quinoa straw
high specific surface area of 1802 m’ g~'. Additionally, symmetrical
supercapacitors assembled using QSC-3 samples demonstrate a superior
energy power density. In a 3 M KOH electrolyte, the energy density can
reach 15.0 Wh kg™ at a power density of 689.7 Wkg™". Ina 1 M Na,SO, :
electrolyte, the power density reaches 999.00 W kg™', and the energy ‘. 2 R ]
density is 39.68 Wh kg™'. Furthermore, the device shows excellent cycle

life in both 3 M KOH and 1 M Na,SO, electrolytes, with capacitance

retentions of 97.55% and 96.20% after 10 000 cycles, respectively. This study provides an excellent example of utilizing waste quinoa
straw to achieve low-cost, high-performance supercapacitor electrode material for sustainable electrochemical energy storage
systems.
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1. INTRODUCTION

Given the rapid pace of global economic development, there is
a serious demand for green, low-cost, efficient, and sustainable
energy storage devices and conversion technologies. Super-
capacitors have gained significant attention among advanced
energy storage devices because of their high power and energy
densities, rapid charge—discharge speed, extended cycle life,
and environmentally friendly properties.l However, the
primary limitation of most commercial supercapacitors is
their inadequate capacitance. To ensure a consistent supply of straw,

materials have good cycle stability, a hierarchical porous
structure, high specific capacitance, and are easy to dope with
heteroatoms.

In recent years, biomass-derived carbon materials have
garnered increased attention as supercapacitor materials owing
to their sustainability, eco-friendliness, renewability, low cost,
high output, and easy availability.” Examples include
Faidherbia albida fruit shell,'® corn straw,'' tobacco .straw,lz

Typha angustifolia,”> rapeseed cake,'* hemp straw,"> wheat
among others. Biomass materials with hierarchical

energy, it is crucial to ameliorate the capacitance of
supercapacitors.

According to different working principles, supercapacitors
can be mainly classified into two categories: electric double-
layer capacitor (EDLC) and pseudocapacitor.” The operation
of EDLC is based on the electrostatic accumulation of charges
at the interface connecting the electrode and electrolyte, such
as carbon materials. On the other hand, pseudocapacitor
charge storage occurs via fast reversible redox reactions on the
surface of the electrode materials (metal oxide materials),” so
as to realize energy storage and conversion. Due to their high
specific surface area, chemical and physical stability, and
excellent conductivity, porous carbon materials have a wide
range of applications as EDLC electrode materials. Commer-
cial supercapacitor electrode materials are mainly made of
carbon materials, such as graphene,4 carbon fibers,” carbon
nanotubes,® carbon aerogels,7 and activated carbon.® These
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structures and abundant heteroatom groups (such as O, N, and
S) can provide additional pseudocapacitance on the material
surface, thus promoting the transfer of electrolyte ions. As a
result, developing biomass-derived materials with more
interconnected channels and active functional groups is a
significant research area. The main production area of quinoa
is Wulan County in Haixi Prefecture, Qinghai Province, China.
After the quinoa harvest, quinoa straw becomes a waste
byproduct and a major environmental issue. Burning straw
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causes both environmental pollution and resource loss.
Fortunately, quinoa straw is a sustainable, low-cost, natural
biomass source. It exhibits a high carbon content and is rich in
heteroatomic functional groups. The straw possesses a sturdy
hollow structure and is also characterized by an abundance of
sieve tube tissues. Typically, carbon materials need to be
carbonized using a hydrothermal or high-temperature treat-
ment method before use and then activated using various
methods.'” Most carbon materials use KOH as an activator,
but it can cause equipment corrosion.'”"' The resulting
materials must be washed with a certain concentration of
hydrochloric acid and distilled water to achieve neutralization,
which is not very environmentally friendly or sustainable in
experimental settings. In this study, K,CO; was chosen as the
activator to reduce pollution during the preparation process,
promoting environmental protection and carbon neutrality.
In this work, quinoa straw-based porous carbon (QSC) is
successfully prepared by carbonization and activation pro-
cesses, serving as a novel precursor for carbonaceous materials.
The morphology and structures of QSC samples were
characterized, which exhibit an interconnected morphology
of an abundant pore structure after K,CO; activation. The
prepared supercapacitors from quinoa straw-based materials
were studied in both two- and three-electrode systems. When
the K,CO; to carbon weight ratio is 3:1, the as-prepared
materials (QSC-3) exhibit remarkable electrochemical per-
formance, including high specific capacitance and high cyclic
stability. The assembled symmetric supercapacitors QSC-3//
QSC-3 demonstrate higher power and energy density.
Additionally, the QSC surface contains abundant oxygen and
nitrogen heteroatom groups that can contribute to additional
pseudocapacitance, thereby enhancing the conductivity of
electrode materials and increasing their energy storage
performance. Hence, using quinoa straw as a carbon source
for supercapacitor production emerges as a valuable approach
to developing cost-effective, sustainable, and high-performance
capacitor materials while also presenting a promising
opportunity for the utilization of waste natural resources.

2. EXPERIMENTS

2.1. Materials. The raw material, Quinoa Straw, was
sourced from Xizhuang Village in Haixi Prefecture, Qinghai
Province, and China. Potassium carbonate (K,CO;), hydro-
chloric acid (HCl), and ethanol (EtOH) of A.R. grade were
purchased from Shanghai Aladdin Biochemical Technology
Co., Ltd. (China). Nickel foam was supplied from Changsha
Liyuan New Materials Co., Ltd. (Changsha, China). Acetylene
black and 60% polytetrafluoroethylene lotion (PTFE) were
offered from the National Pharmaceutical Group Chemical
Reagent Company (China). Ultrapure water was used
throughout the experimental processes.

2.2. Preparation of Quinoa Straw Hierarchical Porous
Carbon (QSC-x). Quinoa straw (QS) was cleaned by being
soaked and washed with water to eliminate surface dust. The
cleaned QS was dried in an oven at 60 °C for 48 h. QS was
grinded (through a 40-mesh sieve) and placed in a crucible to
be precarbonized in an electric resistance furnace at 600 °C for
2 h. In quartz boats, carbonized QSC and K,CO; were
thoroughly ground and mixed in a certain proportion. The
mixtures were then placed into a tube furnace and heated at a
rate of 5 °C min~" under a nitrogen atmosphere to 800 °C for
2 h for activation. The resulting activated samples were cooled
naturally under a nitrogen gas flow, washed with 1 M HCl and

ultrapure water until neutral, and dried at 80 °C for 8 hin a
vacuum oven. These final samples were designated as QSC-x,
with x (equal to 2, 3, or 4) representing the mass ratio of
K,CO; to QS. The detailed experimental process is shown in
Figure 1.
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Figure 1. Preparation of biomass porous carbon from waste quinoa
straw.

2.3. Characterization of QSC. Scanning electron
microscopy (SEM, SU8000, Hitachi Co.) was employed to
observe the morphology of the QSC. The crystal structure was
determined using X-ray diffraction (XRD, XRD-6100, Japan).
The specific surface area and porous structure of the QSC
materials were evaluated using a N, adsorption—desorption
analyzer (BET, 3H-2000PS1, Beijing Beide Instrument
Technology Co. Ltd.). The elemental composition was
investigated through X-ray photoelectron spectroscopy (XPS,
Thermo ESCALAB 250X1I).

2.4. Preparation of Supercapacitor Electrodes. The
working electrode based on QSC was prepared using activated
carbon materials, a conductive acetylene black agent, and
polytetrafluoroethylene (binder, PTFE) with a mass ratio of
80:10:10. The obtained slurry was uniformly coated ona 1 X 2
cm?* foam nickel collector. Each sheet of the loaded electrode
contained QSC active materials with a mass of about 2—3.0
mg. The coating collector was dried in a vacuum oven at 70 °C
for 12 h. Then, the nickel foam sheets were compressed under
a pressure of 10 MPa to obtain the working electrode.

2.5. Electrochemical Characterization. The electro-
chemical characterizations of QSC were measured by a
CHI760E electrochemical working station (Chenhua, Shang-
hai, China) in a three-electrode system. The QSC-activated
carbon material served as the working electrode, platinum
sheet (1 cm X 1 cm) as the counter electrode, Hg/HgO as the
reference electrode, and 3 M KOH as the electrolyte. Cyclic
voltammetry (CV) testing was conducted at a scanning rate of
5—100 mV s™* under a voltage window of —1.0—0.0 V. At the
same voltage as the CV, the galvanostatic charge—discharge
(GCD) measurement was performed and determined under
different current densities (0.5-10 A g~'). The specific
capacitance (C,) value was determined based on the discharge
time (GCD curve) in a three-electrode system, the calculation
equation is as follows:'"

I X At
m X AV (1)

In the aforementioned equation, Cs (F g™') represents the
specific capacitance, I (A) denotes the discharge current, At

S
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(s) stands for the discharge time, m (g) represents the mass of
the active material, and AV (V) indicates the voltage window.

A symmetrical supercapacitor (QSC-3//QSC-3) was
assembled using the selected QSC-3 activated carbon material
electrode. In a two-electrode system, the capacitance perform-
ance of symmetric QSC-3//QSC-3 was tested in 3 M KOH
and 1 M Na,SO, electrolytes, respectively. The gravimetric
capacitance (C, F g™'), energy density (E, Wh g™'), and power
density (P, W g™') of the assembled QSC-3//QSC-3 device
were reckoned according to the following equation:

2 XIXAt
C=——-—

m X AV (2)
C x(AV)
F=—2"""7
2 X 3.6 (3)
b E X 3600
At (4)

3. RESULTS AND DISCUSSION

3.1. Morphology and Structure of QSC Materials.
Figure 2a shows a schematic diagram of the conversion of QSC

Figure 2. (a) Schematic diagram of QSC conversion into porous
carbon, SEM images of QSC (b), QSC-2 (c), QSC-4 (d), and QSC-3
(e=g).

to porous carbon. Figure 2b—g displays the surface
morphology of QSC, QSC-2, QSC-3, and QSC-4 by SEM.
The carbonized samples (Figure 2b) are relatively smooth and
dense, with very few pores (a small number of pores), which
can lead to high resistance during the process of charge transfer
on the material surface. Upon comparing the SEM images
(QSC-2, QSC-3, and QSC-4), it was discovered that chemical
activation with K,COj is crucial in etching a porous structure
into the carbon framework. During the activation reaction
process, K,COj, reacts with the precursor (carbon materials) to
generate K,0, CO,, K, and CO. QSC-2 (Figure 2c) presents a
highly developed porous structure on its surface, with small
and large pores interlaced with each other. In contrast, QSC-3
(Figure 3e—g) features a hierarchical pore structure. The
abundant pores can effectively facilitate the penetration of
electrolyte ions, provide more electrochemically active site, and
enhance the stability of materials. The porous structure can not
only improve ion diffusion channels but also reduce trans-
mission resistance, which enhances the charge storage capacity
of the material.'"® QSC-4 (Figure 2d) exhibits a clear
honeycomb-like porous layered structure, but the complete
pore structure collapses, which may be caused by excessive use
of the activator. This indicates that excessive activation can
damage the pore structure and reduce the specific surface area
of the material.'"” The main reaction mechanism for K,CO,
activation involves an initial solid—solid reaction, followed by a
solid—liquid reaction, the main reaction process is as follows:"*

K,CO; - K,0 + CO,1 ()
CO, + C = 2CO? (6)
K,CO, + 2C — 2K + 3CO?1 )
K,0 + C - 2K + CO? (8)

From these reactions, the activation of K,CO; plays an
important pore-forming role in constructing QSC materials
with porous network structures. These graded porous carbon
materials provide a source of high-quality electrode materials
for supercapacitors.

Figure 3a displays the XRD patterns of the four activated
carbon materials. In all QSC samples, two main peaks
appeared near 23° and 43°, corresponding to the (002) and
(100) planes of relatively low microcrystal graphite carbon.”
The QSC-2, QSC-3, and QSC-4 samples did not exhibit any
other featured peaks, indicating the formation of typical
graphene carbon structures. The broad peak at 23° indicated
the amorphous nature and low degree of graphitization of the

0
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Figure 3. XRD (a) and Raman spectroscopy (b) of QSC, QSC-2, QSC-3, and QSC-4.
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Table 1. Surface Areas and Volumes of Samples

samples SBET(mZg_l) Smicro(ng_l)a
QsC 365 283
QSC-2 708 396
QSC-3 1802 1163
QSC-4 886 504

View(em’g™)” Viniero(€m’g ™) Vineso(em®g ™)
0.189 0.159 0.026
0.342 0.238 0.112
0.756 0.615 0.147
0.433 0.304 0.139

“S micro is the surface area of the micropores. bV, is the total pore volume. “V, ;. is the volume of the micropores. 4y, ... is the volume of the

mesopores.
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Figure 4. (a—d) N, adsorption and desorption isotherms of the QSC, QSC-2, QSC-3, and QSC-4 (insets a—d stand for pore size distribution of

the QSC, QSC-2, QSC-3, and QSC-4).

QSC samples. With an increase in K,COj; dosage, the intensity
of the diffraction peak significantly weakens, indicating the
destruction of the pore structure by an excessive amount of
K,CO;. Furthermore, this observation also confirms the pore-
forming effect of K,CO; from another perspective, which is
consistent with the SEM analysis results.

Figure 3b presents the Raman spectroscopy results of all of
the QSC samples. The QSC and QSC-x samples exhibit two
well-defined peaks at 1344 and 1589 cm™’, corresponding to
the D band associated with defects and disturbances in the
graphite structure and the G band resulting from the vibration
of sp2 hybrid carbon atoms,”' respectively. The degree of
graphitization in carbon materials is commonly evaluated by
using the Ip/Ig ratio. With an increase in K,COj;, the Ip/Ig
values are 0.78, 0.83, 0.88, and 0.82, respectively. Notably, the
QSC-3 sample exhibits a higher Ij,/I; value of 0.88 compared
with the other samples, indicating a lower degree of
graphitization. This could be attributed to the etching effect
of K,COj, which increases the number of pores and introduces
disorder in the carbon material structure. This implies that the
activation process reduces the degree of graphitization and
elevates the defect level of carbon atoms. Consequently, it
facilitates electron conduction and improves the cycling
efficiency of the electrode.

To further investigate the pore structure and surface porosity
of QSC and QSC-x materials, N, adsorption—desorption tests
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were conducted on all samples at 77.3 K. Table 1 presents the
specific surface area, pore volume, and pore size parameters of
the QSC carbon materials. Figure 4a—d displays the isotherms
of the QSC and QSC-x samples, which can be classified as
type-I and type-IV isotherms according to the IUPAC
classification.”” In the low-specific pressure zone (P/P, <
0.2), the curves exhibit a steep increase, indicating the presence
of numerous micropores. At higher pressures (P/P, > 0.4), a
hysteresis loop is observed, indicating the existence of
mesopores in the materials. The slight increase in the curves
at high relative pressure (0.9 < P/P, < 1.0) is associated with a
certain number of macropores. The inset in Figure 4a—d shows
the pore size distribution curve of the QSC-x material,
confirming the abundance of micropores as well as a small
amount of mesopores and macropores. The SEM experimental
results also support the presence of a hierarchical porous
carbon structure in the activated QSC-x material, making it
suitable for use as an electrode material for supercapacitors.
The mesopores and macropores provide additional pathways
for electrolyte ion transfer, while the micropores offer space for
energy storage.'® Table 1 summarizes detailed information
based on the specific surface area of QSC and QSC-x samples.
Compared to the unactivated QSC sample, the BET-specific
surface area (Sggr) of QSC-x significantly increased, with
QSC-3 exhibiting the highest value (Sgpr = 1802 m*g™"). As
the mass ratio of the activator to inactive carbon increases, the
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Figure 5. XPS spectrum (a), C 1s (b), N 1s (c), and O 1s (d) of QSC-3.

Sger and microporous surface area (S,;.,) of the activated
QSC-x material initially increase and then decrease. These
results indicate that an appropriate amount of K,CO;-etched
carbon material can form a microporous structure, thereby
increasing the specific surface area of QSC-x. However,
excessive K,CO; can cause the microporous structure to
collapse, resulting in a reduction in the specific surface area.
Therefore, an appropriate amount of K,CO; is necessary for
achieving optimal results.

XPS analysis was performed to investigate the surface
element composition and chemical bond characteristics of
QSC-3 samples. The XPS survey spectrum (Figure Sa) shows
that the QSC-3 sample primarily consists of carbon (80.01%),
nitrogen (2.4%), and oxygen (17.59%) elements. The C 1s
spectrum (Figure Sb) displays five distinct peaks, correspond-
ing to different carbon bonds: graphite-type carbon C—C
(284.8 eV), C—0O (286.0 eV), C—O—C (287.2 eV), C=0
(287.2 eV), and C—N (287.1 eV). These ﬁndin§s confirmed
the partial graphitization of carbon materials.”> The N 1s
spectrum (Figure Sc) displayed three peaks, namely pyridine-
N (N-6, 398.5 eV), pyrrole-N (N-5, 399.5 eV), and
quaternary-N (N-Q, 401.0 eV).”* Pyridine and pyrrole
contribute to the pseudocapacitance effect and enhance the
wettability of electrode materials, while quaternary-N facilitates
electron transfer. All of these characteristics are advantageous
for improving the capacitance of supercapacitors. The O 1s
spectrum exhibited two peaks (Figure Sd) at binding energies
of 533.2 eV (C—0) and 534.0 eV (C=0).”* The XPS results
indicate that the QSC-activated carbon materials, comprising
carbon, nitrogen, and oxygen elements, provide additional
pseudocapacitance, enhance conductivity, offer more reactive
active sites, and enhance the capacitive performance of carbon
electrode materials.

3.2. Electrochemical Properties of QSC and QSC-X. To
evaluate the electrochemical properties of the synthesized
carbon materials, a three-electrode system was employed in a 3
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M KOH electrolyte for conducting comprehensive CV, GCD,
and EIS tests on QSC and QSC-x (x = 2, 3, and 4) electrode
materials. Figure 6a depicts the CV performance of the QSC-
based electrode material at a scanning rate of 20 mVs™". All the
samples exhibited quasi-rectangular shapes with a noticeable
reversible hump, indicating typical EDLC behavior. However,
the CV curve displayed slight deformation, which could be
attributed to the pseudocapacitance generated by the nitrogen
and oxygen functional groups. Notably, the CV curve of QSC-
3 displayed a larger area and a more rectangular shape
compared with the others, signifying a rapid electrochemical
response and high specific capacitance of QSC-3. At different
scanning speeds (5—100 mV s™'), the CV curves of QSC,
QSC-2, QSC-3, and QSC-4 (Figure 6c—f) consistently
maintained a good rectangular shape, indicative of excellent
capacitance behavior and favorable charge—discharge reversi-
bility. Among the tested materials, QSC-3 exhibited the most
outstanding capacitance performance with fast charge prop-
agation kinetics and excellent reversibility, surpassing QSC,
QSC-2, and QSC-4. The hierarchical porous structure and
diverse pore size distribution of the prepared samples
facilitated easy access for electrolyte ions, resulting in low
resistance and enhanced ion transport, thereby improving the
capacitive performance of the electrode.

Figure 6b shows the GCD curve of the QSC-based electrode
material at a current density of 0.5 A g”'. The GCD curve
displays an isosceles triangle, confirming the excellent double-
layer characteristics and favorable reversibility of the QSC-
based electrode material. At a current density of 0.5 A g~', the
specific capacitance of QSC (559 F g7'), QSC-2 (232.1 F
g'), QSC-3 (469.5 F g™'), and QSC-4 (222.9 F g™') samples
was calculated using Eq 1. Notably, QSC-3 exhibited a
significantly higher specific capacitance than the other samples,
indicating its superior charge storage potential, consistent with
the CV test results. This can be attributed to the large specific
surface area and interconnected 3D porous structure of QSC-3
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Figure 6. (A) CV curves at 20 mVs™'; (b) GCD curves at 0.5 A g™'; (c—f) CV curves of QSC, QSC-2, QSC-3, and QSC-4 at 5—100 mVs™".

obtained after activation and etching with K,COj;. These
characteristics provide a low-resistance pathway for electrolyte
ion diffusion, while the self-doping of heteroatoms enhances
the surface wettability of the material. The decrease in specific
capacitance observed for QSC-4 is attributed to the excessive
amount of K,CO; and the strong etching effect, leading to
pore collapse and a reduced charge storage capacity. Figure
7a—d illustrate the GCD profiles of QSC, QSC-2, QSC-3, and
QSC-4 samples at current densities ranging from 0.5 A g”' to
100 A g7'. The GCD curves maintain their symmetrical
triangle shape throughout the range. Even at a high current
density of 10 A g™', the GCD curve remains unchanged,
indicating the excellent rate performance of the material. When
compared with other reported biomass carbon materials, the
hierarchical porous structure materials synthesized from
quinoa straw precursor and green activator K,CO; in this
study exhibit a large specific surface area and high specific
capacitance (Table 2).

Cyclic stability is a crucial parameter for evaluating electrode
materials. The cyclic stability of all QSC materials was assessed
at a current density of 5 A ¢! (Figure 8a). After 10 000 cycles,
the capacitance retention rates for QSC, QSC-2, QSC-3, and
QSC-4 were determined to be 93.6%, 94.8%, 97.8%, and
95.5%, respectively. Remarkably, the capacity decay of QSC-3
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was merely 2.2% of the initial value, indicating the excellent
electrochemical stability and reversibility of carbon materials
derived from quinoa straw.

To further investigate the electrochemical performance of
the synthesized materials, electrochemical impedance spec-
troscopy (EIS) was conducted on the quinoa straw-derived
carbon material electrode, and the corresponding EIS diagram
is presented in Figure 8b. The Nyquist plots exhibit a
semicircle (at high frequency) and an inclined curve (at
medium to low frequency).”® The diameter of the semicircle at
high frequency represents the charge transfer resistance
between the electrode and the electrolyte with a smaller
radius indicating a lower charge transfer resistance. The
intercept of the semicircle with the x-axis reflects the
equivalent series resistance of the electrode. Based on the
fitting results, QSC-3 demonstrates a lower high-frequency
resistance compared to the other samples, indicating superior
conductivity and charge transfer ability. This characteristic can
be attributed to its large specific surface area and well-suited
porous structure. At low frequency, the slope of the line for
QSC-3 is relatively small, indicating facile ion intercalation and
delamination within the electrode. The low ion diffusion
resistance and charge transfer resistance primarily arise from
the extensive contact area between the electrode and the
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Table 2. Comparison of the Relevant Parameters of Electrode Materials Prepared From Different Biomass Precursor Samples

carbon precursor activator Sper (m?/g”™')  maximum capacitance (F g7')  current density (A g™') electrolyte ref.
faidherbia albida fruit shell KOH 52§ 426.7 0.5 3 M KOH 10
corn straw KOH 1229 285 0.5 6 M KOH 11
tobacco straw Nano-ZnO 1293 220.7 1 6 M KOH 12
Typha angustifolia KHCO; 1654 3172 1 6 M KOH 13
rapeseed cake K,CO;, 1641 358 0.0S 3 M KOH 14
hemp straw KOH 1105 273 0.5 6 M KOH 15
wheat straw CaCl, 892 275 0.2 6 M KOH 16
quinoa straw K,CO; 1802 469.5 0.5 3 M KOH this work
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Figure 8. (a) Cycling stability at 5 A g, and (b) Nyquist plots of QSC, QSC-2, QSC-3, and QSC-4.

electrolyte, enhancing the materials’ wettability and promoting
charge transfer and ion diffusion.

3.3. Electrochemical Testing of Symmetrical Super-
capacitors. To further explore the practical potential
applications of the material based on quinoa straw, symmetric
supercapacitors devices based on the QSC-3 electrode were
assembled, and the electrochemical performance of the device
(QSC-3//QSC-3) was tested in two different aqueous
electrolytes (3 M KOH and 1 M Na,SO,).
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Figure 9a—d tested the CV and GCD curves of QSC-3//
QSC-3 devices at different voltages and a current density of 1A
g~'. Figure 9a,c show that the CV curve shows a quasi-
rectangular shape without deformation at electrolytes (3 M
KOH and 1 M Na,SO,) and different voltage windows. Figure
9b shows that the GCD curves maintain good symmetry at
voltage range from 1.1 to 1.5 V. The symmetry of the GCD
curve deteriorates and the charging time prolongs at 1.6 V,

indicating the ideal voltage window for QSC-3//QSC-3 is 1.5
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V at 3 M KOH. Figure 9d displays that GCD curve shows
significant deformation at 2.1 V. Therefore, at different
scanning speeds and various current densities, the CV and
GCD curves were tested in electrolytes (3 M KOH and 1 M
Na,SO,) with voltage windows of 1.5 and 2.0 V. Within
different voltage windows (0—1.5 V and 0—2.0 V), the CV
patterns (Figure 10a,c) of QSC-3//QSC-3 devices at different
scanning rates of 10—100 mVs™ exhibit a rectangular shape,
indicating that the device has fast charge and discharge rates
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and ideal EDLC energy storage behavior. Figure 10b,d show
the GCD curves of the device at different current densities
(0.5-10.0 A g'). As the current density increases, the
charge—discharge curves were almost symmetrical, exhibiting
good reversibility and also proving the dominant role of EDLC
energy storage effect. In addition, by comparing the CV and
GCD curves tested in two electrolytes (3 M KOH and 1 M
Na,S0,), it was demonstrated that QSC-3//QSC-3 had a wide
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voltage window range of 2.0 V at 1 M Na,SO,, indicating its
potential for high-range voltage applications.

Figure 1la,c illustrate the cyclic stability of the symmetric
supercapacitor QSC-3//QSC-3. Under different electrolytes (3
M KOH and 1 M Na,SO,) and a current density of 5 A g7/,
after 10 000 consecutive GCD cycles, the capacitance retention
rates were 97.55% and 96.2%, respectively. There was no
significant change in the charge—discharge curves during the
middle 8 cycles, indicating excellent cycling stability of the
device.

The energy densities of the QSC-3//QSC-3 system at
various power densities are presented in Figure 11,bd,
calculated using Eq3s 33 and 4. In the 3 M KOH solution,
the device achieved an energy density of 15.0 Wh kg™" at a
power density of 689.7 W kg™ (0.5 A g™"). In the 1 M Na,SO,
electrolyte, at a current density of 0.5 A g, the power density
reached 999.0 W kg™', and the energy density reached an
impressive value of 39.68 Wh kg™'. Furthermore, the device
exhibited a notable energy density of 13.66 Wh kg™ even at an
ultrahigh power density of 19 650 W kg™". These values exceed
those reported in some previous literature reports (as shown in
Table 3). The high energy density can be attributed to the
wide operating voltage window of the supercapacitors in
neutral solutions. These results indicate that the QSC-3//
QSC-3 devices demonstrate excellent electrochemical perform-
ance, primarily attributed to the utilization of waste biomass
precursors doped with heteroatoms. The materials prepared
through high-temperature carbonization and K,COj activation
possess a high specific surface area, abundant pore structure,
improved surface wettability of electrode materials, and
increased active sites and provide a low-resistance channel
for charge transfer.

4. CONCLUSIONS

In summary, a high-performance porous carbon electrode
material was prepared from quinoa straw through K,COj;
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Table 3. Comparative Analysis of Maximum Power Density
Between QSC-3//QSC-3 and Other Biomass -Derived
Porous Symmetric Supercapacitors

Ppo-
wer densi-
ty maxi-
carbon voltage mum (Wk-
precursor electrolyte window g ref.
wintersweet- 1 M Na,SO, 1-20V 7000 26
fruit-shell
longan shell 1 M Li,SO, 1-16V 15930 27
Lentinus 1 M H,SO, 0-1.0V 5000 28
edodes
bagasses 6 M H,S0, 0-1.0V 10673 29
quinoa 1 M Na,SO, 1-20V 19650  this
straw work

activation and carbonization processes with the aim to achieve
superior performance in supercapacitors. This study represents
the first utilization of waste quinoa straw as a new eco-friendly
carbon source for the production of high-performance
supercapacitor electrode materials. The resulting QSC-3
carbon material exhibits a significant nitrogen content (2.4%)
and oxygen content (17.59%), which enhances the material’s
surface wettability and conductivity. Simultaneously, the
material possesses a high specific surface area of 1802 m* g™*
and a rich pore structure (Vi = 0.756 cm® g™'), facilitating
the diffusion of electrolyte ions. The combination of a high
specific surface area and heteroatom functional groups
synergistically contributes to the excellent electrochemical
performance of QSC-3, achieving a specific capacitance of up
to 469.5 F ¢! at 0.5 A g~'. Moreover, the symmetrical
supercapacitor QSC-3//QSC-3, assembled in a 1 M Na,SO,
electrolyte system, demonstrates a wide operating voltage
window of 0—2.0 V and a high energy density of 39.68 Wh
kg™'. Furthermore, the device exhibits outstanding cycle life,
with a capacitance retention of 96.20% after 10000 cycles.
This work holds promising application prospects for utilizing
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waste quinoa straw biomass to produce low-cost, environ-
mentally friendly, carbon-based supercapacitor electrode
materials with excellent electrochemical performance.
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