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Conversion of wood waste into nitrogen-doped
graphite-like multiporous carbon with high specific
surface area and electrical conductivity for high-

voltage supercapacitorst
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A novel synthesis method is proposed for preparing nitrogen-doped graphite-like multiporous carbon (N-
GMPC) from wood biochar using oyster shell powder as an activating agent without using inert gas. The

proposed method is demonstrated using three different biochar precursors: Acacia confusa, Leucaena
leucocephala, and a mixture of scrap wood. The N-GMPC derived from Acacia confusa exhibits a large
specific surface area of 1638 m? g% a high nitrogen content of 4.2 wt%, and a good electrical

conductivity of 9.37 S cm™. In addition, organic supercapacitor applications with 1.0 M TEABF,/PC

electrolyte demonstrate a specific capacitance of 129 F g~* and a capacitance retention rate of 90% in

the high voltage range of 2.3 to 2.7 V after 30 000 cycles. In contrast, commercial porous carbon shows
a capacitance retention rate of just 29% under equivalent conditions. Notably, the N-GMPC overcomes
many limitations of traditional porous carbon materials in supercapacitors, such as an amorphous
structure and poor conductivity, which hinder its rate performance and cycle life. Even without

conductive additive (Super P), the N-GMPC maintains a similar performance. In other words, the N-
GMPC has good intrinsic conductivity. In high-voltage electrolytes up to 4.0 V (1.0 M SBPBF4/ADN), the

Received 17th November 2024
Accepted 18th March 2025

N-GPMC maintains an impressive performance, with a specific capacitance of 164 F gfl, an energy

density of 61.19 W h kg™, a power density of 23.22 kW kg™, and a capacitance retention of 80% after
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1. Introduction

Taiwan generates approximately two million tons of agricultural
waste annually, including rice straw, fallen fruits, and livestock
manure." In the past, this waste was mainly managed through
composting, incineration, or on-site burial. However, with
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10 000 cycles. Overall, the synthesis strategy proposed in this study offers a novel pathway for deriving
sustainable energy storage materials from natural waste biomass resources.

growing awareness of the need for environmental protection
and resource sustainability, the requirement for more efficient
waste management practices has attracted increasing atten-
tion."” One promising approach is to convert agricultural waste
into biochar through biomass pyrolysis in an oxygen-limited or
oxygen-free environment.> Biochar has many advantageous
properties, including high stability, good porosity, and a low
production cost.>” Consequently, it has been the subject of
intense research in recent years, particularly regarding its
potential use in industrial and energy applications.’

Biochar has diverse applications in energy storage, catalysis,
absorbance, and soil improvement.>* Among these applica-
tions, its potential as an electrode material in supercapacitors
or batteries has attracted particular interest. However, the
inherent characteristics of biochar do not fully meet the strin-
gent requirements for supercapacitor electrodes, such as high
conductivity and specific surface areas.” Several techniques
have been developed to address these challenges, including
activation, heteroatom doping, and graphitization.”® While
these methods improve the performance of biochar in advanced
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energy storage systems, continued innovation in biochar
modification is still required to meet the ever-increasing
demands for higher energy density and longer cycle lives in
modern technological applications.

Porous carbon materials have high specific surface areas and
well-developed porosity and thus hold exceptional promise for
supercapacitor applications, which require rapid ion adsorp-
tion and desorption.”® The ability to produce high-quality
porous carbon from waste biomass aligns with the principles
of waste valorization and environmental sustainability.®™*
However, traditional porous carbon materials have poor elec-
trical conductivity, which restricts their effectiveness in high-
current applications.”” Moreover, the structure of traditional
activated carbon is predominantly composed of amorphous
carbon, which diminishes the conductivity and adversely affects
the cycle life during rapid charge-discharge cycles.***

Although the electrical performance of porous carbon
materials can be improved by doping the surface with hetero-
atoms and enhancing the graphitization degree of the
material,'**® increasing the degree of graphitization typically
requires the use of high temperatures (greater than 1000 °C).
Such high temperatures not only prompt a collapse of the
carbon pores, which hinders the doping effect but also incurs
a high energy cost.>*?® Consequently, enhancing the perfor-
mance of porous carbon materials in a sustainable and low-cost
manner in a one-step synthesis process remains a significant
challenge.

To address this challenge, this study proposes a novel
chemical synthesis method based on physical and chemical
activation to synthesize porous carbon materials using biochar.
The proposed method allows the simultaneous control of the
porosity, heteroatom doping, and degree of graphitization and
facilitates the one-step synthesis of nitrogen-doped graphite-
like multiporous carbon (N-GMPC) with a high specific
surface area and good conductivity. Furthermore, the study
replaces calcium carbonate reagents with oyster shells, incor-
porating the concept of waste reutilization and reducing
chemical reagents. In organic supercapacitor applications, the
N-GMPC demonstrates synergistic effects due to its optimized
pore characteristics, nitrogen content, and degree of graphiti-
zation. The experimental results show that the performance
metrics of the synthesized N-GMPC material surpass those of
commercial porous carbon.

2. Materials and methods

2.1. Materials

Biochar was produced from commercial industrial waste using
a top-lift updraft (TLUD) carbonization furnace by FanC Recy-
cling International Ltd (Taiwan).>* Potassium hydroxide (KOH)
and hydrochloric acid (HCI) were purchased from He Cheng
Chemical Co. Ltd (Taiwan). Melamine (99%) was sourced from
Thermo Scientific Chemicals (USA). Oyster shell powder (OSP)
was obtained from Taiwan Sugar Co. Ltd (Taiwan). Commercial
porous carbon (CPC) was acquired from Osaka Gas Chemicals
Co. Ltd (Japan). The properties of the CPC are shown in Fig. S1
and Table S1 in the ESL{
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2.2. Preparation of N-GMPC via simple one-step blending
method

Biochar was derived from Acacia confusa, Leucaena leucocephala,
and general leftover waste wood generated by a wood processing
factory in Taiwan. A mixture of 20 g of biochar, 6 g of melamine,
and 16 g of KOH was uniformly blended in an aqueous solution
and evaporated to obtain a solid sample. Subsequently, 60 g of
OSP and the solid sample were placed sequentially in an
alumina crucible for activation in a muffle furnace without
introducing inert gas. The activation process consisted of two
stages. In the first stage, the temperature was raised to 550 °C
and held for 4 h. Subsequently, it was increased to 900 °C and
maintained for 10 h. The heating rate was set to 8 °C min™" in
both stages. After activation, the samples were collected and
washed with 37 wt% hydrochloric acid and deionized water to
remove residual activators and impurities. The final N-GMPC
material was obtained by drying the washed samples at 100 °C.

2.3. Characterization of N-GMPC

The nitrogen adsorption-desorption isotherms were measured
at —196 °C using a Micromeritics Tristar II 3020 analyzer. The
Brunauer-Emmett-Teller (BET) model was employed to calcu-
late the specific surface area of the materials. The pore size and
volume were determined using the two-dimensional non-local
density functional theory with heterogeneous surfaces (2D-
NLDFT-HS) method. The morphology and microstructure of
the samples were observed using a scanning electron micro-
scope (SEM, HITACHI SU8010) and a high-resolution trans-
mission electron microscope (HRTEM, JEOL JEM-2100F + Cs
Corrector STEM). The crystalline properties were characterized
by X-ray diffraction (XRD, Bruker D8 Advance) using Cu Ko
radiation (40 kv, 25 mA, A = 1.5406 A). The average crystallite
size was calculated using the Scherrer equation based on the
XRD results. The structural features of the samples were
analyzed using confocal Raman spectroscopy (Horiba iHR-550,
wavelength 532 nm) and micro-Raman spectroscopy (Horiba
Jobin Yvon/Labram HR, wavelength 325 nm). The chemical
composition of the samples was examined by X-ray photoelec-
tron spectroscopy (XPS, PHI VersaProbe 4) using Al Ka radia-
tion. The elemental composition (C, H, O, and N) was
determined using an elemental analyzer (Elementar Vario EL
Cube). Finally, the electrical conductivity of the samples
deposited on the separator membranes was measured with
a four-point probe resistance meter (KeithLink LRS4-T).

2.4. Assembly and electrochemical measurement of
symmetric supercapacitors

Active material (87 wt%), carbon black (Super P, 6.5 wt%), and
polyvinylidene fluoride (PVDF) (6.5 wt%) were uniformly mixed
and deposited onto glass fiber membranes (GF/D, Whatman) to
serve as an electrode. Following the deposition process, the
electrodes were dried at 100 °C for 12 h to facilitate the complete
removal of any residual moisture and solvent. Each electrode
had an effective area of 1.33 cm” and contained approximately
3 mg of active material. Two identical electrodes were

This journal is © The Royal Society of Chemistry 2025
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assembled with carbon-plated aluminum foil to construct a CR-
2032 coin-cell supercapacitor. The assembly process was per-
formed in a glovebox under an Ar atmosphere to ensure a clean,
dry, and inert environment. The performance of the N-GMPC as
an electrode material was evaluated using two organic phase
electrolytes: commercial organic electrolyte 1.0 M TEABF,/PC
and high-voltage resistant electrolyte 1.0 M SBPBF,/ADN.

Electrochemical characterization of the coin-cell super-
capacitors was performed using a CHI6142C potentiostat (CH
Instruments, USA). The evaluations included cyclic voltammetry
(CV), galvanostatic charging-discharging (GCD), and electro-
chemical impedance spectroscopy (EIS). The CV measurements
were conducted over the potential range of —2.7 to 2.7 V. The
specific capacitance (F g~') was calculated as a function of the
voltage using the equation C = 2I/vm, where I is the current (A),
v is the scan rate (V s~ '), and m is the mass (g) of the carbon
material in each electrode. The potential was scanned between
0 and 2.7 V for the GCD tests. The specific gravimetric capaci-
tance of each electrode (F g~') was determined from the gal-
vanostatic cycles using the equation C = 2I/(dV dt ')m, where
dv dt™" is the slope of the discharge curve (V s™"). The energy
density (E) and power density (P) were calculated as E = CV?/(8
x 3.6) and P = E/At, respectively. The EIS measurements were
performed over the frequency range of 10°-10"> Hz with
a voltage amplitude of 5 mV.

2.5. Computational studies

Density functional theory (DFT) calculations were performed to
examine the conductivity effects of nitrogen doping in the N-
GMPC material. The biochar material was modeled using
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Fig. 1 SEM morphologies of (a) biochar (Acacia confusa) and (b) N-

distribution curves of biochar and N-GMPC.
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a coronene model. The N-GMPC was modeled by substituting
two central carbon atoms in the coronene structure with
nitrogen atoms. Both models were constructed using Gauss-
View software. DFT calculations for the geometry optimization
and electronic properties of the two materials were conducted
using the Gaussian 09 software package. Geometry optimiza-
tion, frequency analysis, and energy calculations for the studied
molecules were performed using the Minnesota meta-
exchange-correlation function M06-2X within the DFT frame-
work. All the computations used the 6-31G (d,p) basis set.

3. Results and discussion

3.1. Synthesis and characterization of N-GMPC

As shown in the SEM images in Fig. 1a and b, the biochar
(Acacia confusa) has a smooth surface, while the N-GMPC shows
a well-developed 3D interconnected porous structure. The
nitrogen adsorption-desorption isotherms in Fig. 1c show that
the biochar exhibits type I characteristics, indicating that its
pores are predominantly microporous. In contrast, the N-GMPC
material exhibits type IV characteristics, which suggests that its
structure consists of a combination of micropores and meso-
pores. The BET analysis results reveal that the biochar has
a specific surface area of approximately 230 m> g~', whereas
that of the N-GMPC is significantly higher at 1638 m”> g” . The
pore volume and average pore diameter of the N-GMPC mate-
rial, as calculated using 2-DNLDFT-HS, are also substantially
higher. In particular, the pore volume increases from 0.07 cm?
¢~ in the biochar to 0.92 cm® ¢ ' in the N-GMPC, while the
average pore diameter increases from 1.92 nm for the biochar to
2.89 nm for the N-GMPC. In other words, the proposed

Differential Pore Volume (cm3 g'l A'l)

20 30 40 50 60 70
Pore Width (A)

GMPC; and (c) N, adsorption—desorption isotherms and (d) pore size
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synthesis process not only enlarges the size of the existing pores
but also creates new ones. These results are corroborated by the
pore size distribution curves in Fig. 1d, which show that the N-
GMPC material has a broader pore size distribution than that of
the biochar.

The crystalline properties of the N-GMPC and biochar were
determined using XRD analyses. The XRD patterns of graphitic
carbon typically feature two characteristic peaks at 26 = 26° and
260 = 43°, corresponding to the (002) and (100) crystal planes of
graphite, respectively.”® As shown in Fig. 2a and b, the biochar
and N-GMPC materials exhibit notably different crystalline
structures. In particular, the (002) and (100) diffraction peaks of
biochar are broad and weak, indicating low crystallinity, while
those of the N-GMPC are narrower and more distinct, suggest-
ing improved crystallinity. To further evaluate the differences in
the crystalline structures of the two materials, baseline correc-
tion was applied to eliminate the influence of high-intensity
diffraction peaks at low angles. The resulting XRD patterns
were individually fitted to the (100) peak of the carbon material,
and the Scherrer equation was then employed to calculate the
corresponding La value.' The fitting results of the (100) peak
for the biochar and N-GMPC are shown in Fig. 2c and d,
respectively. The N-GMPC exhibits a narrower full width at half
maximum (FWHM) of the (100) peak (2.303°) and a higher La
value (6.24 nm) than that of the biochar (FWHM: 5.070°, La
value: 3.44 nm). These results confirm that the proposed
synthesis route successfully enhances the degree of graphiti-
zation in the N-GMPC compared to the original biochar.

View Article Online
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The graphitization of the activated N-GMPC material was
further investigated by Raman spectroscopy using visible (532
nm) and ultraviolet (325 nm) light. As shown in Fig. 3a, the
biochar and N-GMPC spectra exhibit prominent signals at 1350
and 1580 cm ™, corresponding to the D and G bands of carbon
materials, respectively.”® Interestingly, both materials show
similar R values (Ip/Ig), which indicates a similar degree of
graphitization.”” This result contradicts the XRD analysis but is
consistent with the literature.” The discrepancy most likely
arises because the increased specific surface area resulting from
activation introduces more defects into the carbon material.***®
Additionally, incorporating nitrogen into the carbon structure
further increases the defect level.*® In other words, the R-value
alone does not provide a fully objective measure of the degree of
graphitization. Instead, it is necessary to analyze the intensity of
the 2D band (2700 cm ™) and verify it using ultraviolet Raman
spectroscopy, which has a stronger incident light intensity.** As
shown in Fig. 3a, the N-GMPC exhibits a stronger 2D band
signal than the biochar. Furthermore, in the ultraviolet Raman
spectra shown in Fig. 3b, the N-GMPC exhibits a lower R-value.
These results confirm that the N-GMPC has a higher degree of
graphitization than the biochar.

To further substantiate the difference in graphitization
before and after activation, HRTEM was employed to observe
the microstructures of the biochar and N-GMPC. The low-
magnification images in Fig. 4a and e reveal significant differ-
ences between the two materials. In particular, the biochar has
a dense, block-like structure, while the N-GMPC has a loose,

Biochar

(a)
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Intensity (a.u.)

(b) N-GMPC
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Fig. 2 XRD patterns of (a) biochar and (b) N-GMPC samples. High-resolution XRD (100) peaks of (c) biochar and (d) N-GMPC.

2358 | Sustainable Energy Fuels, 2025, 9, 2355-2368

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4se01603c

Open Access Article. Published on 18 March 2025. Downloaded on 12/13/2025 6:26:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Sustainable Energy & Fuels
(a) (b)
Biochar Biochar
3 R=1.03 = R= 0.85
) - g ~
z i
z E N-GMPC
R=0.75
1 ZIOO 1 6'00 20IOO 24IOO 28IOO 1000 1 SIOO 20IOO 25I00 3000
Raman shift (cm™) Raman shift (cm1)
Fig. 3 (a) Visible Raman spectra and (excitation wavelength = 532 nm) and (b) UV Raman spectra (excitation wavelength = 325 nm) of the

biochar and N-GMPC.

veil-like structure, which indicates better pore permeability. The
high-magnification images in Fig. 4b-d and f-h show that both
materials have graphite-like layered structures. However, the
graphitized regions in the biochar are more localized, with the
majority consisting of amorphous carbon structures. In
contrast, the N-GMPC structure shows graphite lattice fringes

2.5 um

with an interlayer spacing of 0.34 nm and more graphene
structures.*>** These observations provide further evidence that
the activation process proposed in this study effectively
enhances the graphitization of the carbon material. The EDX
mapping results in Fig. 4i-1 reveal that the nitrogen doped into
the carbon structure is uniformly distributed. Oxygen signals

'1pm'

Fig. 4 HRTEM images of (a—d) biochar and (e—h) N-GMPC. (i-l) HRTEM EDX mapping results for N-GMPC.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) XPS survey spectrum, high-resolution (b) N 1s, (c) O 1s, and (

are also observed due to the use of biomass-derived carbon
sources in synthesizing the N-GMPC material.**

Notably, the proposed synthesis process simultaneously
enhances both the porosity and the graphitization of the carbon
material as a result of the activation mechanism that occurs at
temperatures above 900 °C. During this activation process, the
activating agent (KOH) generates substances such as K,0 and
K,CO3, which continue to react with the carbon.** Additionally,
the potassium atoms produced during the reaction process
penetrate between the carbon graphite microcrystals, facili-
tating their growth into long-range graphite structures.>**

The elemental analyses revealed that the nitrogen content in
the N-GMPC (4.2 wt%) was significantly higher than that in the
biochar (1.1 wt%). The increase in nitrogen content is ascribed
to the decomposition and N-doping reaction of the 3-5 wt%
protein in the oyster shell. Thus, the results confirmed that the
one-pot synthesis process proposed in this study effectively
doped nitrogen into the carbon material during activation using
oyster shell powder. The nitrogen bonding states in the N-
GMPC were investigated via an XPS analysis. As shown in
Fig. 5a, the XPS spectrum indicates the presence of only C, N,
and O, with atomic percentages of 83.6%, 4.1%, and 9.5%,
respectively. The absence of other metal signals indicates that
the N-GMPC has a low ash content. In addition, the high-reso-
lution N 1s spectrum shown in Fig. 5b reveals that the nitrogen-
doped in the carbon structure primarily exists in the forms of
pyridinic N (398.6 eV), pyrrolic N (400.5 eV), and graphitic N
(401.4 eV), with only a small amount in the less stable form of

2360 | Sustainable Energy Fuels, 2025, 9, 2355-2368
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d) C 1s spectra of the N-GMPC.

oxidized N (403.3 €V).*** Furthermore, as shown in the O 1s
spectrum in Fig. 5c, the peak was deconvoluted into three
components: a peak at approximately 531 eV corresponding to
carbonyl groups (C=O0) or ketonic functional groups; a peak at
around 532 eV assigned to C-O bonds (indicative of hydroxyl
(C-OH) or ether (C-O-C) linkages); and a peak at roughly
533.5 eV corresponding to carboxyl groups (O=C-OH).* These
functional groups result from surface oxidation or functionali-
zation of carbon and can significantly influence its electro-
chemical performance.®®** Further analysis of the C 1s XPS
spectrum in Fig. 5d reveals that it can be deconvoluted into
three main components: a peak at about 284.5 eV representing
C-C bonds (graphitic carbon), which is the major constituent of
the carbon-based material and corresponds to sp> carbon, as
found in graphene or carbon nanotubes; a peak at approxi-
mately 285.5 eV corresponding to C-O bonds (indicative of
hydroxyl or ether bonds); and a peak at around 288 eV corre-
sponding to C=O0 bonds (carbonyl) or carboxyl groups (O=C-
OH).** These components correlate well with the corresponding
peaks in the O 1s spectrum, confirming the presence of various
oxygen-containing functional groups on the surface. The C 1s
spectrum clearly exhibits prominent C-O and C=O0 peaks,
while the strong intensity of the C-C peak indicates that the
carbon material largely retains its graphitic structure, despite
some degree of surface oxidation leading to functionalization.

According to the literature, carbon materials with high
graphitization and nitrogen doping have enhanced electrical
conductivity.***>** Four-point probe measurements confirmed

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Optimized structures and energy gaps of (a) undoped carbon material and (b) nitrogen-doped carbon material.

that the conductivity of N-GMPC (9.37 S cm ™) was significantly
higher than that of the biochar (0.11 S ecm™'). This enhanced
electrical conductivity suggests that the N-GMPC has a reduced
frontier orbital energy gap, that is, a lower energy difference
between the lowest unoccupied molecular orbital (LUMO) and
the highest occupied molecular orbital (HOMO). The DFT
calculations shown in Fig. 6 confirm that the N-GMPC (Fig. 6b)
has a smaller energy gap than the original biochar (Fig. 6a). This
reduced energy gap implies a greater ease of charge transfer,
which is directly associated with improved electrical
conductivity.**

Overall, the structural and property analyses presented above
confirm that the one-step synthesis method proposed in this

study successfully produces nitrogen-doped graphite-like mul-
tiporous carbon materials with a range of exceptional charac-
teristics, including a large specific surface area (1638 m”> g™ 1),
high nitrogen content (4.2 wt%), and good electrical conduc-
tivity (9.37 Sem ™).

To assess the versatility of the proposed synthesis process,
two other common waste wood materials, Leucaena leucocephala
and general scrap wood, consisting of various unknown wood
types, all obtained from a wood processing factory, were
selected for further study. The experimental results in Table 1
and Fig. 7 show that the synthesis process achieved a similar
specific surface area, pore volume, nitrogen doping content,
and improvement in the degree of graphitization for the

Table 1 Properties of N-GMPC materials derived from Leucaena leucocephala and leftover wood

Sample Spgr/m”® g~ Pore volume/cm® g ™! N/wt%

Leucaena leucocephala No activated 159 0.09 1.02
Activated 1521 0.81 5.11

Leftover wood No activated 173 0.11 0.83
Activated 1646 0.86 3.74

Fig. 7 HRTEM images of N-GMPC materials derived from (a—d) Leucaena leucocephala and (e—h) leftover wood.

This journal is © The Royal Society of Chemistry 2025
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original Acacia confusa source. Long-range graphite microcrystal
structures are observed in the HRTEM images of both carbon
sources (Fig. 7). In other words, the proposed synthesis process
has good general applicability across various carbon sources.

3.2. Application of N-GMPC to supercapacitors

At alow scan rate (2 mV s~ '), the CV curves of the synthesized N-
GMPC and CPC exhibited quasi-rectangular shapes, indicating
a good electrical double-layer charge storage behavior (Fig. S27).
The similarity in the CV curve areas suggests that the two
materials have comparable specific capacitances (CPC: 131 F
g !, N-GMPC: 129 F g ). At a high scan rate (200 mV s '), the
CV curve of the CPC material shows pronounced redox peaks
and a small degree of distortion, as shown in Fig. 8a. In other
words, the charge-discharge performance of the CPC is less
stable than that of the N-GMPC at high scan rates. Conse-
quently, the N-GMPC has a higher electrode rate capability
(CPC: 70.2%, N-GMPC: 72.1%). Fig. 8b shows the EIS spectra of
the CPC and N-GMPC. The combined series resistance (Rs) of
the N-GMPC is smaller than that of the CPC (3.34 Q, N-GMPC:
2.74 Q) because of its high nitrogen content and well-
developed graphite microcrystalline structure. Due to its

View Article Online
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superior conductivity, the N-GMPC material also has a lower
charge-transfer resistance (R.) than the CPC in the high-
frequency region (CPC: 3.36 Q, N-GMPC: 1.13 Q).** In the low-
frequency region, both materials show a straight line with
a steep slope, suggesting low ion diffusion/transport resistance
or the Warburg element (W), both of which are associated with
good electrical double-layer behavior.***

As shown in Fig. 8c, at a low current density (1 mA cm™2), the
GCD curves of N-GMPC and CPC both have a regular triangular
shape. This result is consistent with the CV findings and indi-
cates an ideal electrical double-layer charge storage mecha-
nism. At a high current density (20 mA cm?), the N-GMPC
demonstrates a longer charge-discharge duration than that of
the CPC, as shown in Fig. 8d. This suggests that the N-GMPC
has a higher specific capacitance than the CPC at high
current densities. The superior pore structure and excellent
conductivity of the N-GMPC result in a smaller IR drop (CPC:
0.291 V, N-GMPC: 0.222 V), which enables it to maintain
a higher capacitance and better rate performance.**

To further substantiate the superior conductivity of N-
GMPC, its performance in supercapacitor applications was
investigated without adding the carbon black.**** As shown in
Fig. 9, even without this conductive additive, the N-GMPC still

10 150
s8] (@) I (b))
—~ 6 1251 N
IDD 4 4 II I E\
< 100 1 = 67
-’ —~ o
2 2] E 3
z S 751 4
2 =
S 2 N 21
= -
g -4 50
5 IR
-6
Q 25+ Z' (Ohm)
-8
—10 T T T T T T T 0 = T T T T T
-3 2 -1 0 1 2 3 0 25 50 75 100 125 150
Voltage (V) Z' (Ohm)
3.5 3.5
c d
3.0 ( ) 3.0 ( )
I, I I II
2.54 2.51
S S
% 2.0 < 2.0
13 S0
S S
S 1.51 S 1.51
> >
1.01 1.01
0.5 1 0.5 1
0.0 T T T T T T T 0.0 T T T T T
0 100 200 300 400 500 600 700 800 0 5 10 15 20 25 30
Time (s) Time (s)

Fig. 8 Electrochemical performance of CPC (1) and N-GMPC (1) symmetric supercapacitors in 1.0 M TEABF4/PC electrolyte. (a) CV curves at

ascan rate of 200 mV st

2362 | Sustainable Energy Fuels, 2025, 9, 2355-2368

. (b) EIS spectra. (c) GCD curves at a current density of 1 mA cm

-2 -2

. (d) GCD curves at a current density of 20 mA cm

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4se01603c

Open Access Article. Published on 18 March 2025. Downloaded on 12/13/2025 6:26:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

—2mvs!
10mv s-!
50mv s

—100mV §°

—200 mV $7

o] (@)

Current Density (A g_l)

'12 T T T T T
-3 -2 -1 0 1

Voltage (V)

o -
W

3.5

3.01
2.5 e

2.01

1.51

Voltage (V)

0.5

0.0 T T T
0 5 10 15

Time (s)

20 25

View Article Online

Sustainable Energy & Fuels

3.5
(b) —— 1 mA cm™
3.0 ——2 mA cm?
4 mA cm?
2.5 —— 10 mA cm?
g 20 mA cm?
> 2.04
=)
8
S 1.5
>
1.04 /
0.5+
A
0.0

0 100 200 300 400 500 600 700 800

Time (s)
150

(d) s

1251

(=2}
1

100+

-Z"(Ohm)
-

!
|
!
|
]
)
754 {
!

-Z" (Ohm)

501

A-N—p—py - -

254
Z' (Ohm)

Ll o

0 25 50 75
Z' (Ohm)

100 125 150

Fig.9 Electrochemical performance of N-GMPC without conductive additive. (a) CV curves, (b) GCD curves, (c) GCD at 20 mA cm™2, and (d) EIS

spectra.

maintains a high specific capacitance (123 F g~ ') and electrode
rate performance (72.3%), along with only a small IR drop
(0.267 V) and low impedance (Ry: 3.14 Q, R 1.46 Q).

The energy density and power density are important indi-
cators of the performance of energy storage devices. In the
Ragone plot shown in Fig. 10a, the N-GMPC and CPC materials
exhibit similar energy densities (N-GMPC: 25.2 W h kg~ ', CPC:

25.1 W h kg™') at low power densities (N-GMPC: 0.597 kW kg™,
CPC: 0.597 kW kg™ '). However, at high power densities (N-
GMPC: 11.9 kW kg™', CPC: 11.9 kW kg™ '), the N-GMPC has
a higher energy density compared to the CPC (N-GMPC:
20.5 W h kg™, CPC: 16.8 W h kg ). The superior rate perfor-
mance of N-GMPC can be attributed to two main factors.”>*
First, during high current density charge-discharge processes,
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the electrons in the N-GMPC material travel along its rich
graphite microcrystalline structure to the surface of some of the
pores, allowing these graphite-surrounded pores to store charge
more efficiently. Second, the nitrogen doping of the N-GMPC
structure enhances its conductivity and reduces the losses
caused by the IR drop at high current densities.

To further examine the difference in the cycle lives between
N-GMPC and CPC, both materials were tested at a high current
density of 10 mA cm ? (approximately 4.4 A g ) in the high
voltage range of 2.3 to 2.7 V for 30 000 cycles. It is noted that this
high voltage range is critical in practical applications, as
capacitors often experience significant performance degrada-
tion during rapid charge-discharge cycles at such voltages. As
shown in Fig. 10b, even after 30 000 cycles, N-GMPC maintains
a 90% capacitance retention rate. In contrast, the capacitance
retention rate of CDC drops to 70% after just 2000 cycles and
falls dramatically to 29% after 30 000 cycles.

The significant difference in the cycle life between the two
materials stems from their distinct structural and composi-
tional characteristics. N-GMPC has a significantly higher
nitrogen content than CPC (N-GMPC: 4.24 wt%, CPC: 0.69 wt%),
and properly structured nitrogen doping effectively suppresses
side reactions in the electrolyte or electrode during charge-
discharge processes, thus extending the cycle life of super-
capacitors.**** Furthermore, the HRTEM images in Fig. S3f
show that the CPC mainly consists of a disordered carbon
framework, compared to the ordered structure in N-GMPC
(Fig. 4e-h). This disordered carbon framework induces
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irreversible side reactions of the electrolyte or internal oxygen
groups in the carbon material during charge-discharge
processes and thus significantly impairs the cycle life perfor-
mance of supercapacitors.'*®

3.3. Application of N-GMPC to high-voltage supercapacitors

Since the power density and energy density of supercapacitors
are both related to the square of the operating voltage window
(E = 1/2 CV?, where C is the capacitance and V is the operating
voltage window; P = E t ', where ¢ is time), using an electrolyte
with a larger operating voltage window can effectively enhance
the energy and power densities of supercapacitors.”” Super-
capacitors generally exhibit low energy density under high
voltage conditions. Thus, to examine the robustness of the
synthesized N-GMPC as an electrode material, further charge-
discharge tests were conducted in a voltage-resistant electrolyte
(1.0 M SBPBF,/ADN) at voltages up to 4.0 V.

As seen in Fig. 11a, the CV curves maintain a regular rect-
angular shape at operating voltages as high as 3.5 V or even
4.0 V. This indicates that the electrodes and electrolyte operate
stably under high voltage conditions without undergoing
chemical reactions. The maximum specific capacitance is
calculated to be 164 F g~ *. The GCD curves in Fig. 11b have the
form of nearly perfect isosceles triangles without significant
distortion or plateau formation. Thus, the electrodes have an
ideal electrical double-layer capacitor behavior. As shown in
Fig. 11c, the elevated operating voltage and specific capacitance
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Fig. 11 Electrochemical performance of N-GMPC in 1.0 M SBPBF,/ADN electrolyte during 10 000 cycles at a current density of 1.0 Ag™™. (a) CV

curves. (b) GCD curves. (c) Ragone plot. (d) Cycling stability.

2364 | Sustainable Energy Fuels, 2025, 9, 2355-2368

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4se01603c

Open Access Article. Published on 18 March 2025. Downloaded on 12/13/2025 6:26:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

result in a high energy and power density (energy density:
61.19 W h kg™, power density: 23.22 kW kg™ ).

A 10 000-cycle life test was conducted in the voltage range of
3.0 to 3.5V, the region most prone to electrolyte degradation.>®
The results in Fig. 11d confirm that, even under high-voltage
conditions, the capacitance retention rate remains above 80%
after 10 000 cycles at a current density of 1 A g~ *. This superior
performance can be attributed to the nitrogen doping and high
degree of graphitization of the N-GMPC material, which reduces
potential side reactions in the electrolyte or electrode and
provides excellent conductivity to mitigate the exothermic
effects of the charge-discharge cycles>**

In summary, this novel synthesis method enhances the
electrochemical performance of nitrogen-doped carbon
through the following approaches: (1) formation of a porous
structure: This method employs physical and chemical activa-
tion techniques to create N-GMPC with a 3D interconnected
porous structure. Compared to untreated biochar, the specific
surface area and pore volume of N-GMPC increase significantly.
The high specific surface area provides more active sites for ion
adsorption and desorption, thereby improving electrochemical
performance. (2) Introduction of nitrogen doping: during the
synthesis process, melamine and oyster shell powder are used
as nitrogen sources, successfully incorporating nitrogen into
the carbon material. Nitrogen doping enhances the conductivity
of the carbon material and suppresses side reactions of the
electrolyte or electrodes during charge-discharge processes,
thereby extending the cycle life of the supercapacitor. (3)
Improvement of graphitization degree: in the high-temperature
(900 °C) activation process, the activator (KOH) reacts with the
carbon, promoting the formation of long-range graphite struc-
tures and enhancing the degree of graphitization. A higher
degree of graphitization improves the material's conductivity,
facilitating rapid charge transport. (4) Enhancement of
conductivity: nitrogen doping and a high degree of graphitiza-
tion together enhance the conductivity of N-GMPC. DFT calcu-
lations confirm that the energy gap of N-GMPC is smaller than
that of the original biochar, indicating easier charge transfer,
which further improves electrochemical performance. This
novel synthesis method effectively enhances the electro-
chemical performance of nitrogen-doped carbon by creating
a porous structure, introducing nitrogen doping, improving the
degree of graphitization, and enhancing conductivity. These
improvements make it an ideal candidate as an electrode
material for supercapacitors.

4. Conclusion

This study has presented a simple blending method for the one-
pot synthesis of high-quality N-GMPC from wood-derived bio-
waste and oyster shell powder. The proposed method is envi-
ronmentally friendly, straightforward, and applicable to various
carbon sources. The synthesized N-GMPC material has many
favorable characteristics for supercapacitor electrode materials,
including a well-developed pore structure, high nitrogen
content, and excellent graphitization. Its performance in
supercapacitor applications is comparable to, or even better

This journal is © The Royal Society of Chemistry 2025
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than, that of CPC in an organic electrolyte (1.0 M TEABF,/PC).
Furthermore, in a high-voltage electrolyte (1.0 M SBPBF,/ADN),
the N-GMPC demonstrates a high energy density
(61.19 W h kg™ ") and power density (23.22 kW kg™ "), together
with good cycling stability (81% capacitance retention after 10
000 cycles). Overall, the results suggest that the proposed
synthesis process has significant potential for the commercial-
scale conversion of waste wood biochar to high-value carbon
materials.
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