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Abstract

The conversion of low-cost, widely available, and renewable agricultural and forestry bi-
omass waste into high-performance electrode materials for supercapacitors has attracted
significant research interest. In this study, bamboo was used as a raw material to prepare
bamboo-derived activated carbon (BAC) and nitrogen-doped biomass activated carbon
(N-BAC) via a two-step process involving carbonization and KOH activation. The ob-
tained materials were subsequently evaluated as electrode materials for supercapacitors.
The effects of carbonization temperature and time, activation temperature and time, and
impregnation ratio on the structural properties and iodine adsorption capacity of the ac-
tivated carbons were systematically examined. The results revealed that all process pa-
rameters influenced the iodine adsorption value of the samples in a volcano-type trend.
The BAC prepared under optimized conditions (carbonization at 600 °C for 60 min, acti-
vation at 850 °C for 60 min, and an impregnation ratio of 6:1) exhibited the highest specific
surface area (3013.30 m?/g), a total pore volume of 1.5813 cm?/g, and an average pore di-
ameter of 2.0992 nm. Although nitrogen doping slightly reduced the specific surface area
and pore volume of BAC, the introduced nitrogen-containing functional groups partici-
pated in redox reactions with the electrolyte, leading to a significant enhancement in the
electrochemical performance of N-BAC. In a 6.0 M KOH electrolyte at a scan rate of 0.01
V/s, the specific capacitance of N-BAC reached 288.8 F/g, exceeding that of the optimized
BAC (180.85 F/g). The supercapacitor assembled with N-BAC demonstrated a high energy
density of 14.4 Wh/kg at a power density of 73.1 W/kg in aqueous electrolyte, the specific
capacitance retention rate is about 90.3% after 5000 cycles between —1.2 V and 0 V at a
scan rate of 10 mV/s. Overall, this work successfully developed high-performance super-
capacitor electrode materials, providing a promising approach for the high-value utiliza-
tion of biomass resources.

Keywords: activated carbon; bamboo; KOH activation; N doped; supercapacitor

1. Introduction

With the rapid advancement of the economy and continued population growth, the
demand for electricity in both daily life and industrial production is steadily increasing.
However, current power generation remains heavily reliant on fossil fuels such as
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petroleum, coal, and natural gas. The overexploitation of these resources has led to in-
creasingly severe energy shortages and environmental pollution [1]. As a result, there is a
pressing need to advance the development of renewable energy and efficient energy stor-
age technologies, which can bridge the gap between energy supply and demand while
minimizing adverse environmental impacts.

Supercapacitors, as high-power energy storage devices, achieve rapid charge and
discharge through the formation of an electric double layer (via electrostatic adsorption)
and pseudocapacitance (via redox reactions) at the electrode-electrolyte interface [2].
They offer advantages such as a power density of up to 10 kW/kg, high reliability, long
cycle life, excellent electrical conductivity, high charge-discharge efficiency, and strong
safety performance [3]. These characteristics render them irreplaceable in applications
such as power grid frequency regulation, regenerative braking, and pulse power systems
[4]. As a critical component of supercapacitors, electrode materials significantly determine
device performance. Porous carbon materials—including activated carbon, activated car-
bon fibers [5], carbon aerogels, carbon nanotubes, and graphene—are regarded as prom-
ising electrode candidates due to their environmental friendliness, excellent electrical con-
ductivity, stable physicochemical properties [6,7], and wide working voltage windows
enabled by their three-dimensional porous structures [8]. Among these, activated carbon
stands out for its high porosity, large specific surface area, excellent conductivity, and low
cost [9].

Activated carbon can be prepared through various methods, including physical acti-
vation [10,11], chemical activation [12,13], combined chemical-physical activation [14],
and templating approaches [15]. Among these, chemical activation is often preferred due
to its ability to effectively control the surface functional groups and pore structure of the
activated carbon, as well as its procedural simplicity and pronounced effects. In particular,
KOH activation enables efficient activation at relatively low temperatures. The resulting
activated carbon not only exhibits a well-defined micropore size distribution and an ex-
ceptionally high specific surface area, but also maintains a high production yield [16].
Zhan et al. [17] compared the activation effects of K2COs, KCl, KOH, and NaOH on peanut
shell-derived activated carbon. Their results indicated that activated carbons produced
via K2COs and KCl activation were predominantly microporous, whereas those obtained
through KOH and NaOH activation displayed a well-developed porous structure com-
prising both micropores and mesopores. Moreover, compared to other activating agents,
KOH-activated peanut shell-derived activated carbon exhibited the highest specific sur-
face area (2936.8 m?/g).

Activated carbon can be produced from a variety of high-carbon natural materials,
including petroleum derivatives [18], animal manure [19], and biomass [20]. Among these,
biomass stands out as a green, renewable, and abundant carbon source. Its inherent bio-
logical structure can be utilized to form porous nanostructures, making it a promising
precursor for activated carbon synthesis [21]. Extensive research has been conducted on
biomass-derived carbon-based electrode materials, which often exhibit high specific sur-
face areas (around 3000 m?/g) and moderate specific capacitances (200-250 F/g). For in-
stance, Quan et al. [22] prepared layered porous carbon materials from osmanthus via
hydrothermal carbonization and KOH activation. The optimized material achieved a spe-
cific surface area of 1462 m?/g and a specific capacitance of 252 F/g at 1 A/g. Yu et al. [23]
used KCl as a template to pretreat walnut shells and subsequently produced sandwich-
structured porous carbon through CO: activation. The resulting material possessed a spe-
cific surface area of 1958 m?/g and delivered a specific capacitance of 245.0 F/g at 0.1 A/g
in 6 M KOH electrolyte. Aktas et al. [24] prepared highly micro-/mesoporous activated
carbons from waste tea leaves by K2COs and HsPOs activation, with the best material
reaching a specific capacitance of 203 F/g at 1.5 mA/cm?.
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To further enhance the specific capacitance and energy density of conventional acti-
vated carbon, various heteroatoms, such as nitrogen [25,26], oxygen [27], boron [28], sul-
fur [29], and phosphorus [30], have been employed for modification. Among these, nitro-
gen, which is adjacent to carbon in the periodic table, can be readily incorporated into the
carbon framework to form nitrogen-containing functional groups. Heteroatom doping ef-
fectively tunes the electronic structure of carbon materials, thereby improving their elec-
trical conductivity and surface wettability. Moreover, the introduced heteroatoms can
contribute pseudocapacitance through redox reactions with surface functional groups,
significantly boosting the overall electrochemical performance. For example, Chen et al.
[31] synthesized nitrogen-doped mesoporous carbon using melamine as the nitrogen pre-
cursor and chemical activation with a hard template, demonstrating that the nitrogen con-
figuration enhances electron transfer and contributes to pseudocapacitance. Wang et al.
[32] prepared nitrogen-doped activated carbon sheets with a specific surface area of 1997.5
m?/g, achieving a maximum specific capacitance of 312.0 F/g at 0.5 A/g via melamine-as-
sisted chemical foaming and subsequent KOH activation. Ma et al. [33] fabricated nitro-
gen-doped porous carbon nanosheets from expanded persimmon gum through KOH ac-
tivation and urea-assisted foaming, obtaining a material with a specific surface area of
2030.0 m?/g and a specific capacitance of 350.0 F/g at 0.5 A/g in 6 M KOH aqueous solution.
Therefore, nitrogen doping serves as an effective strategy to further improve the electro-
chemical performance of carbon materials and is anticipated to advance the application
of biomass-derived activated carbons in supercapacitors.

Bamboo, as a representative biomass resource, offers significant advantages such as
rapid growth, high yield, short growth cycles, and the ability to establish mature stands
in a single planting. China is home to a wide variety of bamboo species, leading the world
in both production output and cultivation area. However, its current utilization rate re-
mains below 50% [34]. Therefore, transforming bamboo into supercapacitor electrode ma-
terials presents a promising pathway for improving the utilization efficiency of bamboo
resources.

In this study, bamboo was used as the precursor to prepare bamboo-based activated
carbon (BAC) and nitrogen-doped bamboo-based activated carbon (N-BAC) through a
two-step process involving carbonization and KOH activation, and their performance as
supercapacitor electrode materials was evaluated. The effects of process conditions—in-
cluding carbonization temperature and duration, activation temperature and duration,
and impregnation ratio—on the structure and iodine adsorption value of the BAC were
systematically investigated. The structural properties of BAC and N-BAC were character-
ized using N2 adsorption—-desorption, SEM, XRD, FTIR and XPS analyses. Meanwhile, the
electrochemical performance of the BAC and N-BAC electrode materials was assessed
through cyclic voltammetry (CV), galvanostatic charge—discharge (GCD), electrochemical
impedance spectroscopy (EIS), and cyclic stability tests.

2. Materials and Methods
2.1. Materials

Potassium hydroxide was purchased from Ji Gong Biochemical Technology Co., Ltd.
(Hangzhou, China), urea was supplied by XI Long Scientific Co., Ltd. (Guangzhou,
China), and ethylene glycol was obtained from Shanghai Ling Feng Chemical Reagent
Co., Ltd. (Shanghai, China). Ethanol and hydrochloric acid were provided by Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals and reagents were of analyt-
ical grade and used as received.

Bamboo powder (BP) was prepared from bamboo (Bambusoideae sp.) cultivated in
Lishui City, Zhejiang Province. The raw material was mechanically pulverized to an av-
erage particle size of 0.08 mm, followed by thermal drying at 110 °C for 12 h under
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ambient conditions. The dried powder was stored in sealed containers for subsequent use.
Its elemental and proximate compositions are listed in Table 1.

Table 1. Elemental analysis and industrial analysis of bamboo powder.

Ultimate Analysis (wt.%) Proximate Analysis (wt.%)
Sampl Volatil
AP ¢ H O' N S Moisture Ash Fixed Carbon olatile
Matter
Value 50.025.88 43.56 0.38 0.16 5.40 3.68 15.22 75.70

! Calculated by difference.

2.2. Preparation of BAC

Bamboo-based activated carbon (BAC) was synthesized through a two-step proce-
dure involving carbonization followed by KOH activation, as depicted in Figure 1.

) — () (e )—(romoc
P 3O

i) +— (o m -

Figure 1. Schematic diagram of preparation of BAC.

The carbonization process was carried out as follows: A predetermined mass of bam-
boo powder (BP) was loaded into a custom-designed reactor placed inside an electric heat-
ing furnace. The reactor was purged with nitrogen gas at a flow rate of 40 L/h to establish
an inert atmosphere. The heating rate was carefully controlled at 20 °C/min. The carboni-
zation temperature and duration were adjusted according to the specific experimental
protocols. Once the product temperature approached room temperature, the reactor was
removed from the furnace. The resulting carbonized material was thoroughly washed
with distilled water to remove residual impurities and subsequently dried to constant
weight. This carbonized product is referred to as BC hereafter.

For the activation step, BC was mixed with KOH at a designated impregnation ratio
(mass ratio) and then oven-dried at 110 °C. The dried mixture was transferred to a tube
furnace and heated to the specified activation temperature and held for a defined dura-
tion, with a heating rate of 5 °C/min under a nitrogen flow of 0.4 L/min. After cooling to
room temperature, the product was sequentially washed with dilute hydrochloric acid
solution and distilled water until the pH reached 7.0. The resulting activated carbon was
designated as BAC.

2.3. Preparation of N-BAC

The BC sample was initially prepared by pyrolysis at 600 °C for 60 min. Subse-
quently, the obtained BC was mixed with KOH and urea at a mass ratio of 1:6:0.3 using
the impregnation method, followed by thorough mixing for 11 h. The mixture was then
thermally dried at 110 °C. Nitrogen-doped activated carbon (N-BAC) was produced by
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activating the dried sample at 850 °C for 60 min under a nitrogen atmosphere (flow rate:
0.4 L/min). The nitrogen-doped activated carbon was labeled as N-BAC.

2.4. Preparation of Electrode Material

A specified mass of activated carbon powder was weighed and wetted with anhy-
drous ethanol. It was then mixed with a conductive additive (acetylene black) and a binder
(polytetrafluoroethylene, PTFE) in a mass ratio of 8:1:1. The resulting viscous slurry was
uniformly applied onto a nickel foam current collector with an area of 1.0 cm?, yielding an
active material loading of approximately 5 mg. The coated electrode was dried at 80 °C
until constant weight was reached. Subsequently, the dried electrode was pressed at 10
MPa for 1 min to ensure good adhesion of the coating to the nickel foam substrate.

2.5. Determination of lodine Valve

The iodine number of the activated carbon samples was determined in accordance
with GB/T 12496.8-2015 [35], the standard test method for iodine adsorption value of
wood-based activated carbon.

2.6. Material Characterizations

The specific surface area, pore size distribution, and pore volume of the samples were
analyzed using N2 adsorption/desorption isotherms measured at 77 K with a specific sur-
face area and pore structure analyzer (Micromeritics TriStar II 3020, Norcross, GA, USA).
The morphology was observed by scanning electron microscopy (SEM, Hitachi SU8010,
Tokyo, Japan) at an accelerating voltage of 15 kV after sputter-coating with gold. X-ray
diffraction (XRD) patterns of the samples were recorded on a diffractometer (PANalytical
X'Pert Pro, Almelo, The Netherlands) over the 20 range of 5-90°. Functional groups were
identified by Fourier-transform infrared spectroscopy (FTIR, Thermo Scientific Nicolet
6700, Waltham, MA, USA) in the wavenumber range of 4004000 cm™. X-ray photoelec-
tron spectroscopy (XPS, Thermo Scientific K-Alpha, Waltham, MA, USA) was used to test
the elemental composition and surface characteristics of the activated samples, and the
XPS spectra, covering a broad range of binding energies from 0 to 1350 eV, provided a
comprehensive understanding of the elemental statuses within the carbon samples.

2.7. Measurement of Electrochemical Performance

The electrochemical performance of the samples was evaluated using a CHI7960E
electrochemical workstation (Chenhua, Shanghai, China). A three-electrode configuration
was employed, with a platinum plate as the counter electrode, an Ag/AgCl electrode as
the reference electrode, and the prepared supercapacitor electrode as the working elec-
trode. A 6 M KOH aqueous solution served as the electrolyte. The specific capacitance (Cs)
was calculated from the cyclic voltammetry (CV) curves using the following equation:

__ 0
T 2mvAv @)

N

where C; is the specific capacitance (F/g), Q is the integrated area of the CV curve, m is the
mass of active material on the electrode (g), v is the scan rate (V/s), and AV is the potential
difference (V).

Theoretically the specific capacitance of a three-electrode cell is one-fourth that of a
two-electrode cell [36], so the energy density (E) and power density (P) can be calculated
using the following equations based on the above three-electrode system:

- CSAV2
28.8

)

https://doi.org/10.3390/en19051199



Energies 2026, 19, 1199

6 of 19

p= 3600E
At

®)

where E is the energy density (Wh/kg), P is the power density (W/kg), and At is the dis-
charge time (s).

3. Results and Discussion
3.1. Influence of Process Parameters for Preparing BAC

The activation mechanism of KOH is complex, and its primary function is to disrupt
the carbon layer structure of biomass-derived carbon. During KOH activation, multiple
reactions proceed simultaneously. The overall activation reaction can be expressed as fol-
lows [4,37]:

6KOH +2C — 2K2COs + 2K + 3Hz (4)
K2COs — K20 + CO2 (5)
K2COs +2C — 2K +3CO (6)

C + K0 — 2K + CO @)
CO2+C —2CO 8)

The iodine adsorption values of BAC samples prepared at different carbonization
temperatures are shown in Figure 2a. As the carbonization temperature increases, the io-
dine value of BAC rises from 1218.8 mg/g at 300 °C to 2412.1 mg/g at 600 °C, and then
decreases to 2179.3 mg/g at 700 °C. In the temperature range of 300-600 °C, the release of
volatile matter and the increase in carbon content within the carbon matrix jointly promote
continuous pore structure development. Simultaneously, the synergistic effects of the
KOH activation reaction and the intercalation of metallic potassium further enhance the
formation of micropores, leading to a significant improvement in the iodine adsorption
value of the activated carbon. However, when the carbonization temperature reaches 700
°C, excessive carbonization results in pore collapse, with micropores being enlarged into
mesopores under the etching effect of KOH, thereby reducing the iodine adsorption ca-
pacity. Therefore, the optimal carbonization temperature is determined to be 600 °C.

The effect of carbonization time on the iodine adsorption value of BAC is shown in
Figure 2b. As the carbonization time was extended from 30 min to 150 min, the iodine
value of BAC first increased and then decreased, reaching a maximum of 2412.1 mg/g at
60 min. This trend can be attributed to the fact that a moderate extension of carbonization
time promotes the release of volatile matter and facilitates the formation of abundant mi-
cropores during subsequent KOH activation. Conversely, excessively prolonged carboni-
zation can cause the collapse of the original pore structure and the widening of micropores
into mesopores under the etching effect of KOH. Therefore, a carbonization time of 60 min
is considered optimal.

Figure 2c illustrates the influence of activation temperature on the iodine adsorption
value of BAC. As the activation temperature increases from 800 °C to 900 °C, the iodine
value of BAC shows a volcano-type trend, rising initially and then declining. The maxi-
mum iodine value of 1928.8 mg/g is achieved at 850 °C. In the high-temperature KOH
activation process, intermediate products such as potassium oxide, carbon dioxide, and
potassium carbonate are formed. These intermediates react with the carbon matrix to
drive the pore-forming process, with potassium carbonate playing a key role in creating
additional micropores. As the activation temperature increases, KOH is reduced by car-
bon, and metallic potassium intercalates into the carbon lattice, activating and generating
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new porous structures. However, when the activation temperature exceeds 850 °C, a
greater amount of metallic potassium is produced. These potassium atoms aggregate and
migrate within the existing micropores, continuing to react with the carbon matrix, which
results in the expansion of micropores into mesopores.

4
Carbonization temperature (C)

1 m)

1 1
80 140 160
arbonization time (min)

1
00 500 600 700 20 40

1 L 1 41
840 860 880 900 30 40 50 60 70 80 90
Activation temperature (°C) Activation time (min)

2500

alue (mg/g)

5
Impregnation ratio

Figure 2. The effects of process conditions on the iodine value of BAC. (a) The effect of carbonization
temperature (Carbonization time: 60 min; activation temperature: 850 °C; activation time: 60 min;
impregnation ratio: 6:1). (b) The effect of carbonization time (Carbonization temperature: 600 °C,
Activation temperature: 850 °C, Activation time: 60 min, Impregnation ratio: 6:1). (c) The effect of
activation temperature (Carbonization temperature: 600 °C, Carbonization time: 60 min, Activation
time: 60 min, Impregnation ratio: 6:1). (d) The effect of activation time (Carbonization temperature:
600 °C, Carbonization time: 60 min, Activation temperature: 850 °C, Impregnation ratio: 6:1). (e) The
effect of impregnation ratio (Carbonization temperature: 600 °C, Carbonization time: 60 min, Acti-

vation temperature: 850 °C, Activation time: 60 min).
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The effect of activation time on the iodine adsorption value of BAC is shown in Figure
2d. As the activation time was extended, the iodine value of BAC slightly increased from
1902.2 mg/g at 30 min to 1928.8 mg/g at 60 min, and then gradually decreased to 1764.9
mg/g at 90 min. This indicates that a moderate extension of activation time promotes the
thorough reaction of carbon with KOH and its intermediates, thereby facilitating the for-
mation of more micropores. However, excessive prolongation of activation time leads to
continued reaction of KOH and its intermediates with the carbon surrounding the pores,
resulting in over-etching of the formed pore structure and partial pore collapse, which
ultimately reduces the iodine value.

The impregnation ratio of KOH to carbon precursor is also a significant factor affect-
ing the iodine adsorption value of BAC (Figure 2e). As the impregnation ratio increases,
the iodine value of BAC initially rises from 1570.9 mg/g at a ratio of 1:1 to 2272.2 mg/g at
6:1, and then declines to 1894.27 mg/g at 7:1. This trend can be explained as follows: A
moderate increase in the impregnation ratio allows KOH and its intermediates to react
more completely with the carbon matrix. A greater amount of metallic potassium interca-
lates into the carbon layers, the degree of carbon etching increases, and more microporous
structures are formed, thereby enhancing the adsorption capacity of BAC. However, a
further increase in the impregnation ratio results in an excess of KOH and its intermedi-
ates reacting with the carbon matrix within the already formed micropores, leading to
micropore collapse and a reduction in iodine value [38].

3.2. Material Characterization

The morphology of the prepared samples was examined by scanning electron mi-
croscopy (SEM). As shown in Figure 3, BP, BC, BAC, and N-BAC exhibit significant dif-
ferences in their microscopic morphology and pore structure. The surface of BP is smooth
and flat, with no obvious pores visible. In contrast, BC begins to show a small number of
pores on its surface while largely retaining the original fibrous morphology of bamboo.
The surface of BAC displays a typical three-dimensional hierarchical porous structure,
with a high density of pores, as well as numerous cracks, pits, and cavities, indicating that
a rich hierarchical pore system has been successfully formed after carbonization and KOH
activation. Compared to BAC, the surface of N-BAC shows more severe structural disrup-
tion, suggesting that the addition of urea has partially damaged the porous architecture
of the carbon matrix.

Specific surface area and pore size distribution are critical factors influencing the per-
formance of supercapacitors. Figure 4a,b show the N2 adsorption-desorption isotherms
and pore size distributions of BAC prepared at different carbonization temperatures. Ac-
cording to the IUPAC classification, all samples exhibit typical Type I adsorption iso-
therms. In the low-pressure region (P/Po <0.1), the adsorption capacity increases sharply,
indicating that micropores dominate the adsorption process. As the relative pressure in-
creases into the medium-pressure region (0.1 < P/Po < 0.8), the rate of adsorption increase
slows, further confirming the microporous nature of the materials. Notably, samples pre-
pared at 600 °C and 700 °C show slight H4-type hysteresis loops in the medium-pressure
range (0.4 < P/Po < 0.8), suggesting the presence of mesopores in these samples.

As shown in Table 2, the preparation conditions —including carbonization tempera-
ture, carbonization time, activation temperature, activation time, and impregnation ra-
tio—exhibit a typical volcano-type effect on the specific surface area and total pore volume
of the samples. This trend is highly consistent with the influence of these conditions on
the iodine adsorption value. Among the tested conditions, the activated carbon prepared
at 600 °C for 60 min shows the highest specific surface area (3013.30 m?/g) and the largest
total pore volume (1.5813 cm?/g). Combined with the pore size distribution analysis in
Figure 4b, it can be seen that the pore size distribution of the activated carbon is relatively
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concentrated, mainly in the range of 0.5-3.0 nm, with an average pore diameter between
2.0785 nm and 2.8078 nm. The structure is predominantly composed of micropores and
mesopores. The presence of micropores can significantly enhance the specific capacitance
of activated carbon in aqueous and organic electrolytes, while mesopores facilitate the
rapid diffusion of larger ions, which is of great importance for improving the overall per-

formance of activated carbon.

-
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Figure 3. SEM images: (a) BP; (b) BC; (c) BAC; (d) N-BAC.
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Figure 4. (a) Adsorption isotherms and (b) pore size distribution of samples; (¢) XRD patterns of BP,
BC, BAC, and N-BAC; (d) FTIR spectroscopy of BP, BC, BAC, and N-BAC.
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Table 2. Specific surface area and pore structure parameters of activated carbons prepared under

different process conditions.

Process Parameters Value Sser'(m?g) Vr2(cm3/g) Vm?(cm?/g) Da*(nm)
carbonization temperature 400 2469.51 1.2786 0.7185 2.0785
C) 600 3013.30 1.5813 0.7218 2.0991
700 2837.19 1.5474 0.6714 2.1816
carbonization time 30 2708.31 0.8532 0.2646 2.1648
(min) 60 3013.30 1.5813 0.7218 2.0991
90 2980.38 1.5871 0.7169 2.1300
activation temperature 800 1091.85 0.3218 0.3203 2.7545
0) 850 3013.30 1.5813 0.7218 2.0991
900 617.84 0.3904 0.0557 2.8078
activation time 30 1786.07 0.5200 0.4013 2.1808
(min) 60 3013.30 1.5813 0.7218 2.0991
90 1417.78 0.6035 0.1461 2.3214
4:1 1928.66 0.5269 0.4726 2.2458
impregnation ratio 6:1 3013.30 1.5813 0.7218 2.0991
7:1 1757.35 1.068 0.1963 2.5726

! The specific surface areas were calculated using the BET method. 2 Total pore volume at P/Po~0.99.

3 Micropore volume determined by using the t-plot method. * Average pore diameter.

Table 3 provides a comprehensive comparison of the prepared BAC and N-BAC with
commercial bamboo-based activated carbon (commercial-AC) and Japanese Kuraray YP-
80F activated carbon. The results show that BAC exhibits a high specific surface area of
3013.30 m?/g, which is significantly higher than that of the other samples, indicating its
greater potential for achieving high specific capacitance. In terms of total pore volume,
BAC surpasses YP-80F but is slightly lower than commercial-AC. Its micropore volume
lies between those of commercial-AC and YP-80F. Overall, the prepared BAC possesses a
high specific surface area and a favorable pore structure, which facilitates ion transport
and storage within the material. In contrast, N-BAC shows a lower specific surface area
and pore volume compared to BAC, suggesting that the addition of urea may have par-
tially disrupted the pore structure.

Table 3. Specific surface area and pore structure parameters of four activated carbons.

Sample SeeT (M?/g) Vr (cm?/g) Vm (cm?/g)
BAC 3013.30 1.5813 0.7218
N-BAC 2447.32 1.2143 0.2684
Commercial-AC 1681.82 1.6438 0.5469
YP-80F 2316.40 1.3110 1.0209

Figure 4c shows the XRD patterns of BP, BC, BAC, and N-BAC. The diffraction peaks
of BAC shift to higher angles compared with those of BC, which is attributed to the in-
creased graphitization degree and reduced interlayer spacing of the carbon layers in BAC
after activation at 850 °C. In the 20 range of 20.0-30.0°, the broad and diffuse peaks ob-
served for both BC and BAC indicate the presence of disordered carbon layers, which may
contain a small number of graphite microcrystals. The two distinct peaks of BP at 20 =
15.6° and 22.0° are assigned to cellulose and hemicellulose, respectively. The broad and
weak peak of BC at 20 = 23.0° suggests its amorphous carbon nature, likely due to incom-
plete carbonization. The crystalline peaks of BC at 20 = 25.6° and 43.0° indicate partial
graphitization [8]. The sharper peaks of activated carbon imply a higher content of graph-
ite microcrystals compared with carbonized carbon. The sharp peaks of BAC at 20 = 35°,
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37°, 52°, 57°, 66°, and 68° are associated with inorganic impurities; the reduced intensity
of these peaks may result from the dispersion of metallic potassium into the carbon layers
during KOH activation [39]. The broad peak of N-BAC in the 20 range of 15.0-30° corre-
sponds to amorphous carbon, indicating the formation of disordered carbon structures
induced by nitrogen doping [40].

The FTIR spectra of BP, BC, BAC, and N-BAC are shown in Figure 4d. The broad
peak around 3400 cm™ corresponds to the O-H stretching vibration of hydroxyl and car-
boxyl groups. The absorption bands in the range of 1000-1450 cm™ are attributed to a large
number of residual hydroxyl groups, which can be assigned to O-H bending vibrations
and C-O (hydroxyl, ester, or ether) stretching vibrations. BP exhibits absorption peaks at
3400 cm™ and 2900 cm™, corresponding to O-H and C-H stretching vibrations, respec-
tively. BC shows distinct absorption peaks compared to BP in the 1000-1500 cm™ region,
which are associated with abundant residual hydroxyl groups attributable to O-H bend-
ing and C-O (hydroxyl, ester, or ether) stretching vibrations [39]. BAC displays absorption
peaks at 3410 cm™, 2660 cm™, 1720 cm™, 1210 cm™, 1024 cm™, and 675 cm™, which corre-
spond to the stretching vibrations of -OH, -COOH, C=0O, C-C, C-O-H, and aromatic C-
H structures, respectively. N-BAC exhibits absorption peaks at 3740 cm™, 3450 cm-1, 2930
cm, 2660 cm™, 1720 cm™, 1210 cm™, and 1008 cm™, which are assigned to the stretching
vibrations of N-H, -OH or N-H, C-H, C-N-N=C/~-COOH/C=0, C-C, C-O, and C-C, re-
spectively. During the nitrogen doping process, the pore size of N-BAC ranges from 0.5
to 3 nm, while the atomic radius of nitrogen is about 0.075 nm, indicating that N atoms
can potentially enter the pores of the activated carbon. The results demonstrate that after
carbonization and activation of BP, the surface functional groups change significantly, and
nitrogen is successfully doped into the activated carbon matrix. Nitrogen doping is
achieved through the chemical reaction of urea with surface functional groups and sub-
sequent thermal conversion. Oxygen-containing functional groups (such as hydroxyl
groups) can react with amino groups of urea, allowing N atoms to incorporate into the
graphite lattice. These functional groups can participate in redox reactions with the elec-
trolyte, thereby enhancing the electrochemical performance of the activated carbon [41].
The following reactions may occur in the electrolyte [42]:

-CN = NH + 2H20 + 2e~«»-CH-NH: + 20H- 9)

-CN-NHOH + 2H20 + 2e~-C-NHz + 20H- (10)

The chemical composition of each sample was analyzed by XPS. As shown in Figure
5a, the XPS spectra of BC, BAC, and N-BAC exhibit distinct binding energy peaks at 283.8
eV, 399.2 eV, and 531.8 eV, which correspond to the Cls, N1s, and Ols orbitals, respec-
tively. In addition, trace amounts of S2p (168.1 eV) and P2p (136.7 eV) were also detected
in the samples. Figure 5b displays the peak-fitted C1s spectrum of N-BAC, in which three
major binding energy peaks are observed at 283.8 eV, 284.8 eV, and 288.2 eV, attributed to
C—graphite, C-C, and C=0, respectively. A weaker peak at 289.3 eV can be attributed to
O-C=0 functional groups, such as carboxyl and lactone groups. Figure 5c shows the peak-
fitted N1s spectrum of N-BAC, where three characteristic binding energy peaks are lo-
cated at 398.4 eV, 400.1 eV, and 402.9 eV, corresponding to pyridinic N, pyrrolic N, and
nitrogen oxides, respectively. Pyridinic and pyrrolic N species create abundant electro-
chemically active sites, enhance the surface-controlled pseudocapacitive effect, promote
ion diffusion kinetics, and thereby significantly improve the specific capacity [43]. In ad-
dition, nitrogen oxides are strongly hydrophilic, which improves the wettability of the
material surface and consequently enhances the conductivity, rate capability, and cycling
stability of the activated carbon [44]. Figure 5d compares the N1s peaks among BC, BAC,
and N-BAC samples. The N1s peak of N-BAC is notably more pronounced, with a
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nitrogen content of 1.75%, surpassing that of BAC (1.56%) and BC (1.32%), demonstrating
the successful doping of nitrogen atoms into bamboo-derived activated carbon via the
experimental approach.
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Figure 5. XPS spectra of samples: (a) full of spectra of BC, BAC and N-BAC; (b) C1s spectra and (c)
N1s spectra of N-BAC; (d) N1s spectra of BC, BAC and N-BAC.

3.3. Electrochemical Characterization

Figure 6a,b show the cyclic voltammetry (CV) curves of BAC and N-BAC electrodes
at different scan rates. CV analysis reveals the relationship between the response current
and voltage, reflecting the electrochemical behavior at the electrode surface [9]. Within the
tested potential range (-1.2 V to 0 V), the CV curves of both electrodes display a well-
defined rectangular shape, indicating that the charge—discharge process is primarily gov-
erned by electric double-layer capacitive behavior. This suggests that both BAC and N-
BAC electrodes possess excellent capacitive and power characteristics. This performance
benefit can be ascribed to their three-dimensional hierarchical porous structure: the open-
pore architecture facilitates electrolyte penetration and charge transport, while the abun-
dant micropores and suitably sized mesopores provide a large electrochemically active
surface area and enhance the material’s conductivity, thereby endowing the electrodes
with rapid kinetic response and outstanding capacitive performance [45].

As the scan rate increases, the area enclosed by the CV curves gradually expands, a
trend consistent with previous reports [45]. At identical scan rates, the CV curve area of
N-BAC is significantly larger than that of BAC, indicating a higher specific capacitance.
This enhancement is closely related to the synergistic effects of nitrogen doping, which
not only introduces pseudocapacitance through faradaic reactions but also likely
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improves electric double-layer capacitance by enhancing surface wettability and electro-

lyte accessibility.
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Figure 6¢,d display the galvanostatic charge—discharge (GCD) curves of the BAC and
N-BAC electrodes at different current densities. The charge—discharge curves of both elec-
trodes show quasi-symmetrical triangular shapes, confirming their excellent electric dou-
ble-layer capacitive behavior, including good electrochemical reversibility and charge—
discharge performance. As the current density increases, the discharge time decreases ac-
cordingly. At the same current density, the charge—discharge time of the N-BAC electrode
is longer, further confirming its higher specific capacitance, which is consistent with the
CV analysis results.

Figure 6e presents the electrochemical impedance spectroscopy (EIS) Nyquist plots
of the BAC and N-BAC electrodes. These Nyquist plots exhibit approximately straight
line in lower frequency region and small semi arc in high frequency region thus signifying
typical capacitive behavior for BAC and N-BAC materials. The diameter of the semi arc is
directly related to charge transfer resistance, which is obtained from the resistance be-
tween the electrode and current collector, and the smaller diameter demonstrates the
lower internal resistance exhibited by the activated carbon materials [46]. By performing
equivalent circuit fitting based on the Nyquist plots, the solution resistances (Rs) for the
BAC and N-BAC electrodes are determined as 0.55 Q and 0.49 Q, respectively, while the
charge transfer resistances (Rct) are 8.20 Q2 and 7.98 Q. This indicates that nitrogen doping
can enhance the electrochemical performance of bamboo-based activated carbon materi-
als. The porous structure of the bamboo-based activated carbon facilitates ion diffusion
[47], resulting in lower reaction resistance, improved interfacial contact, relatively homo-
geneous surface characteristics, and promising application potential.

As shown in Figure 6f, the specific capacitance calculated from the CV curves de-
creases with increasing scan rate. As the scan rate increases from 0.01 V/s to 0.1 V/s, the
specific capacitance of the BAC electrode decreases from 180.85 F/g to 138.63 F/g (retention
rate 76.65%), while that of the N-BAC electrode drops from 288.83 F/g to 219.96 F/g (re-
tention rate 76.15%). The higher specific capacitance of the N-BAC electrode is attributed
to the pseudocapacitive contribution introduced by nitrogen doping. The specific surface
areas of the BAC and N-BAC electrodes are 3013.30 m?/g and 2447.32 m?/g, respectively,
which are significantly larger than the size of the electrolyte ions (K* radius ~0.133 nm,
OH- radius ~0.137 nm). This provides abundant active sites for charge storage and pro-
motes ion diffusion within the material. Consequently, both BAC and N-BAC electrodes
exhibit excellent electrochemical performance.

To systematically evaluate the overall performance of BAC and N-BAC, Table 4 com-
pares their specific surface area and specific capacitance with those of typical biomass-
derived activated carbons reported in the literature. It should be noted that the type of
raw material plays a decisive role in determining the electrochemical behavior of biomass
carbons. Among biomass-derived carbon materials from similar agricultural and forestry
sources, the BAC and N-BAC prepared in this work exhibit leading performance in terms
of both specific surface area and capacitive properties, demonstrating clear competitive
advantages and confirming their potential as high-performance supercapacitor electrode
materials.

Table 4. Comparison of the specific surface area and capacitive performance of BAC and N-BAC

with representative biomass-derived activated carbons reported in the literature.

Sample Sser (m?/g) Cs (F/g) Reference
N-doped hierarchical porous carbons from peanut shell 2014.6 310.59 [48]
Activated carbon from walnut shell 1958.0 245.0 [23]
Activated N-doped mesoporous carbon 2505.6 336.9 [31]
Activated carbon from bamboo-cellulose fiber 2366.0 43.0 [49]
Bamboo-based nano-activated carbon 1273.0 143.0 [50]
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Activated carbon from corncob residue
N/P co-doped hierarchical porous carbon

BAC
N-BAC

1210.0 314.0 [11]
2170.0 2219 [51]
3013.3 180.9 This work
24473 288.8 This work

The energy/power density of supercapacitors is an important indicator for assessing
their practical application capability. Ragone plots of BAC and N-BAC based on the 6 M
KOH electrolyte are displayed in Figure 7a. N-BAC with the 6 M KOH electrolyte exhibits
the maximum energy density of 14.4 Wh/kg at a power density of 73.1 W/kg, and holds
11.0 Wh/kg at the power density of 1624.6 W/kg, both of which exceed those of BAC (9.0
Wh/kg at 67.9 W/kg and 6.9 Wh/g at 1442.7 W/kg). The values of N-BAC are higher than
those of previously reported biomass-based carbon materials such as CPCes0-13 [3], ad-
sorbed AC [44], ABC-900 [52], TC [53], ACF [54], HJPC-4 [55], and LAC800-4 [56]. The
cyclic stability of the N-BAC electrode using the 6 M KOH electrolyte was assessed at the
a rate of 10 mV/s. As shown in Figure 7b, the specific capacitance is about 260.9 F/g, and
the retention rate is nearly 90.3% of the original capacitance after 5000 cycles between —1.2
V and 0V, demonstrating excellent cyclic stability for supercapacitor applications.
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Figure 7. (a) Ragone plots of BAC and N-BAC in 6 M KOH and comparison with related works; (b)
Cycle stability after 5000 cycles between -1.2 V and 0 V at scan rate of 10 mV/s.

4. Conclusions

In this work, bamboo was utilized as the raw material to synthesize bamboo-based
activated carbon (BAC) and nitrogen-doped bamboo-based activated carbon (N-BAC)
through a two-step process of carbonization followed by KOH activation. The materials
were subsequently applied as electrode materials for supercapacitors. It was observed that
process parameters such as carbonization temperature, carbonization time, activation
temperature, activation time, and impregnation ratio significantly influenced the
structure and iodine adsorption capacity of the activated carbon, showing a volcano-type
dependence. Under the optimized conditions of a carbonization temperature of 600 °C for
60 min, an activation temperature of 850 °C for 60 min, and an impregnation ratio of 6:1,
the prepared BAC exhibited the highest specific surface area (3013.30 m?/g), a total pore
volume of 1.5813 cm?/g, and an average pore size of 2.0992 nm.

Although nitrogen doping slightly reduced the specific surface area and pore volume
of BAC, the introduced nitrogen-containing functional groups were able to participate in
redox reactions with the electrolyte, thereby significantly enhancing the electrochemical
performance of N-BAC. In a 6.0 M KOH electrolyte, the specific capacitance of N-BAC
reached 288.8 F/g at a scan rate of 0.01 V/s, exceeding that of the optimal BAC (180.85 F/g).
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The supercapacitor assembled with N-BAC delivered a high energy density of 14.4 Wh/kg
at a power density of 73.1 W/kg in an aqueous electrolyte, while the specific capacitance
retention rate was about 90.3% after 5000 cycles between -1.2 V and 0 V at a scan rate of
10 mV/s. In summary, this study successfully developed high-performance
supercapacitor electrode materials, offering a new pathway for the high-value utilization
of biomass resources.
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