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A B S T R A C T

Preparing N-doped biochar from biomass pyrolysis is a highly valued utilization direction of biomass resource. 
Herein, porous N-doped biochar was prepared from ten types of agricultural and forestry residues via syn
chronous pyrolysis-activation-ammoniation of biomass, and the relationship among feedstock properties, biochar 
properties, and electrochemical performance was investigated. Results showed that the synergistic effect of 
ammonia and KOH significantly enhanced both the specific surface area (SBET) and N content of the N-doped 
biochar, with the SBET of biochar exceeding 799 m2/g and the N content exceeding 3.44 wt%. Specifically, the N- 
doped biochar from cotton stalk exhibited the highest SBET of 1470.99 m2/g and a N content of 8.61 wt%. The 
porous structure comprised mainly abundant micropores and narrow mesopores, which facilitated electrolyte 
transport effectively. Electrochemical tests showed that N-doped biochar from cotton stalk achieved a specific 
capacitance of 212.6 F/g in supercapacitor, maintaining an 84 % capacity retention at 10 A/g. In the oxygen 
reduction reaction (ORR) evaluation, N-doped biochar from cotton stalk achieved a half-wave potential (E1/2) of 
0.791 V and a limiting current density (JL) of 5.77 mA/cm2, demonstrating excellent energy storage and catalytic 
performance. Biomass rich in lignin and low in ash yielded N-doped biochar with high SBET and N content, with 
abundant pyridinic-N, pyrrolic-N, quaternary-N, O-C––O/-OH, and O-C––O/C––O functional groups; these 
properties of N-doped biochar exhibited excellent electrochemical performance in supercapacitor and ORR 
catalysis. The results could expand the research boundary for high-value utilization of biomass and the synthesis 
of multifunctional biochar material.

1. Introduction

In order to promote sustainable development and achieve carbon 
neutrality, the accelerated deployment and exploitation of renewable 
energy resources have become imperative (Culaba et al., 2023). Biomass 
is a green, renewable resource with huge reserves and a wide variety of 
types (Tan et al., 2015). Biomass pyrolysis can obtain biochar, bio-oil, 
and syngas (Liu et al., 2023). Biochar has attracted intense research 
attention for advanced biochar-materials (Yang et al., 2021). However, 
biochar from direct pyrolysis cannot satisfy high-performance applica
tions (Zhang et al., 2022). To prepare multifunctional biochar materials 
with high value, it is crucial to develop abundant porosity surface active 
sites (Li et al., 2012).

To achieve high-quality porous N-doped biochar, well-optimized 
activation and tailored chemical modification procedures are essential 
(Li et al., 2022). Among various activation methods, KOH activation is 
one of the most widely used due to its superior activation efficiency, 
lower activation temperature, and the ability to produce biochar ma
terials with high microporosity and SBET (Li et al., 2020). Chen et al. 
(2020b) revealed that during biomass pyrolysis, KOH can not only react 
with the carbon skeleton to induce etching but also interacts with 
O-containing functional groups, generating abundant new pores and 
introducing additional O-containing functional groups. Besides, exten
sive research has been conducted on the preparation of N-doped biochar 
through introducing nitrogen during biomass pyrolysis (Fu et al., 2023; 
Lian et al., 2016; Ma et al., 2025). The exogenous nitrogen sources 
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include urea, melamine, ammonium salts, and ammonia (Wan et al., 
2020). Ammonia has been proven to be an effective surface modification 
technique for introducing various nitrogen functional groups (e.g., 
pyridinic-N, graphitic-N, and -NH2) onto the surface of biochar (Zhang 
et al., 2014; Zhu et al., 2018). To further obtain biochar with porous and 
N-rich properties, integrating activators and nitrogen sources to achieve 
simultaneous activation and nitrogen doping of biomass has gained 
widespread attention. We proposed synchronous 
pyrolysis-activation-ammoniation of biomass, and prepared the 
N-doped biochar with high porosity and N content in a relative mild 
condition, based on the synergistic effect of activation and nitrogen 
doping process (Wang et al., 2024). Nevertheless, preparation mecha
nism of N-doped biochar still needs to be studied in depth, as well as the 
method applicability.

Tailoring the hierarchical pore architecture and interfacial chemistry 
of N-doped biochar enables improvements in electrochemical adsorp
tion capability and ion transport kinetics; consequently, porous N-doped 
biochar holds great promise in fields of supercapacitors, and ORR 
catalysis (Oladunni et al., 2018). The SBET, pore size, and elemental 
composition of biochar materials are important factors affecting the 
specific capacitance and electrochemical properties of biochar elec
trodes (de Almeida et al., 2020), while the characteristics of biomass 
derived biochar are predominantly dictated by feedstock and pyrolysis 
conditions (Rajapaksha et al., 2016). Thus, clarifying the 
structure-property relationship between biomass feedstock characteris
tics, biochar properties, and electrochemical performance is essential. 
Nzediegwu et al. (2021) revealed that variations in cellulose and lignin 
N content among the biomass led to distinct differences in the SBET and 
pore size distribution of the derived biochar. Arkhipova et al. (2022) and 
Zhang et al. (2023) found a well-developed pore structure of biochar 
(>2000 m2/g) demonstrated excellent electrochemical properties and 
recycling stability. Yet, no systematic study has linked biomass prop
erties to both the structure of N-doped biochar and its electrochemical 
behavior.

In this study, the universality of synchronous pyrolysis-activation- 
ammoniation of biomass for porous N-doped biochar was investigated, 
using ten types of agricultural and forestry biomass. And further ana
lyses systematically summarized how biomass composition shaped the 
properties of N-doped biochar and, in turn, dictated its electrochemical 
performance. Findings could provide theoretical insights and practical 
guidelines for the valuable utilization of biomass, eco-friendly synthesis 
of N-doped biochar, and its multifunctional application.

2. Materials and methods

2.1. Materials

Ten types of agricultural and forestry biomass, including wheat straw 
and peanut shells (collected from Huanghai Farm, yancheng, Jiangsu), 
cotton stalk (Shawan County, Xinjiang), bamboo (Wuhu, Anhui), and 

soybean straw, rice straw, corn straw, peanut straw, pinewood, and 
birch (Jiangsu), were ground and sieved to ensure particles with a size 
range of 40–80 mesh. To remove moisture, all biomass samples were 
dried at 105 ◦C for 1 day.

The proximate analysis of the biomass was performed by the Chinese 
national standard GB/T 28731–2012. Cellulose, hemicellulose, and 
lignin contents were quantified with an ANKOM 2000 fiber analyzer 
(ANKOM Technology, Macedon, NY). (Larter, 1992). A CHNS/O 
elemental analyzer was employed to perform the elemental composition 
determination (Vario Micro Cube, Elementar, Germany), and the results 
are placed in Table 1.

Biomass was pretreated via an impregnation method. Considering 
the pore-forming efficiency and economic feasibility, each biomass 
sample (3 g) was mixed with potassium hydroxide (1.5 g) at a mass ratio 
of 2:1, and 30 mL of deionized water was added to ensure uniform 
dispersion under continuous stirring.

2.2. Experiments

All experiment runs were carried out in a bench-scale tubular fixed- 
bed unit (45 mm in internal diameter and 600 mm in height), a feeding 
device, a liquid nitrogen condenser, an ice-water mixture trap, a drying 
bottle, a gas-flow regulator, and thermal-control module. The schematic 
diagram was shown in our previous research (Chen et al., 2020a).

Prior to the experimental run, the biomass-loaded quartz basket was 
positioned at the reactor’s uppermost section, and high-purity argon (Ar, 
99.9 %) flowed through the reactor at 200 mL/min to ensure complete 
purging residual air. Once the air was completely displaced, the Ar flow 
rate was reduced, and a gas mixture of 50 vol% ammonia (NH3, 99.9 %) 
was introduced. The total flow rate of Ar and NH3 was maintained at 
200 mL/min. Upon region for reaction attaining 600 ◦C, the quartz 
basket was swiftly translocated to the isothermal reaction zone, and the 
temperature was maintained at the target temperature for 30 min. After 
the reaction, NH3 flow was stopped during the cooling process, and then 
reactor was subsequently quenched to ambient temperature under a 
continuous Ar flow.

The resulting biochar products were washed with acid, filtered, and 
dried to obtain porous N-doped biochar. The samples prepared from 
different biomass were designated as follows: corn straw biochar 
(CSWB), pinewood biochar (PWB), soybean straw biochar (SSB), wheat 
straw biochar (WSB), cotton stalk biochar (CSKB), rice straw biochar 
(RSB), bamboo biochar (BBB), birch biochar (BIB), peanut shell biochar 
(PSLB), and peanut straw biochar (PSWB).

2.3. Characterization

2.3.1. Structure characterization
Elemental composition of the porous N-doped biochar was estab

lished via CHNS/O analyzer (Thermo Flash 2000, USA). Surface chem
ical functional functional groups were characterized by XPS using a 

Table 1 
Characteristics of biomass.

Materials Elemental composition (wt%,d) Proximate analysis (wt%,d) Fiber composition (wt%,d)

C H N S O* Volatile Matter Ash Fixed Carbon* Cellulose Hemicellulose Lignin

Corn straw 38.36 5.86 1.21 0.15 45.16 64.05 9.26 26.69 29.325 16.04 19.45
Peanut straw 48.55 6.21 0.47 0 41.37 80.1 3.4 16.5 35.18 12.31 28.99
Soybean Stalk 44.87 5.855 1.18 0 40.515 66.02 7.58 26.4 28.725 15.77 18.39
Wheat Stalk 36.7 5.7 0.6 0 47.66 74.13 9.34 16.53 36.1 26.1 22.6
Cotton Stalk 43.5 5.9 0.6 0 46.57 80.22 3.43 16.35 32.9 16.4 27.8
Rice Straw 40.59 5.08 0.57 0 37.06 69.61 16.7 13.69 33.925 15.185 21.04
Pine Wood 49.495 5.86 0.03 0 44.505 87.23 0.11 12.66 43.52 18.495 29.27
Moso Bamboo 48.95 5.31 0.34 0 44.53 81.79 0.77 17.44 39.42 22.41 35.38
Birch Wood 48.41 6.06 0.06 0 45.07 85.9 0.4 13.7 37.245 12.945 25.46
Peanut Shell 51.08 6.19 0.98 0 39.07 76.9 2.68 20.42 29.325 13.535 34.91

d：dry basis.*: Content was calculated by difference, O (wt%) = 100 wt%-(C+H+N + S+ Ash). Fixed carbon (wt%) = 100 wt%-Volatile Matter-Ash.
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Thermo Scientific K-Alpha spectrometer (USA). The pore architecture of 
the biochar was assessed by N2 adsorption-desorption isotherms at 77 K 
on an ASAP analyzer (NOVA 4200e, Quantachrome Instruments, USA). 
Before analysis, samples were degassed at 150 ◦C lasting for at least 10 h, 
and the specific surface area (SBET) was subsequently calculated from 
BET measurements. Pore-size distributions were derived from DFT cal
culations, whereas micropore volumes were quantified via t-plot anal
ysis. XRD (Bruker D8 Advance, Germany) was performed to probe the 
crystal structure of the washed biochar. Raman spectroscopy (Horiba 
LabRAM HR Evolution, Japan) was employed to analyze the graphiti
zation degree and defect structure of the samples.

2.3.2. Supercapacitor performance valuation
Ni foam was used as the current collector and cut into rectangular 

pieces with dimensions of 1 × 2 cm2. The cut nickel foam was sequen
tially immersed and ultrasonically treated for 30 min in 1 mol/L dilute 
hydrochloric acid, deionized water, and absolute ethanol to remove 
surface impurities. After cleaning, The Ni foam underwent vacuum 
drying at 60 ◦C for 6 h. The mass of treated Ni foam was measured and 
recorded as m1.

To fabricate the working electrode, porous N-doped biochar, acety
lene black, and PTFE were blended at an 8:1:1 mass ratio within a 
sample vial. Then, absolute ethanol (500 μL) served as the solvent, fol
lowed by 2 h of sonication to achieve a uniform dispersion. The obtained 
slurry was pipetted onto pre-treated Ni foam to coat a 1 × 1 cm2. The 
electrode was then vacuum-dried at 80 ◦C for 12 h, followed by 
compression at 12 MPa for 5 min in a tablet press to improve adhesion 
and lower interfacial resistance. The mass of the prepared electrode was 
measured and recorded as m2. The mass of the loaded porous N-doped 
biochar was calculated according to (m2-m1) × 0.8, and the final loading 
amount was controlled within the range of 1.5–2.5 mg.

Electrochemical tests were run in a three-electrode cell on a CHI660E 
workstation (CH Instruments, China): the as-prepared biochar electrode 

served as the working electrode, a 1 × 1 cm2 Pt foil as the counter 
electrode, and a saturated Hg/HgO electrode (with a 1.0 mol/L KOH salt 
bridge) served as the reference. The tests were conducted in 6 M KOH at 
25 ◦C.

Cyclic voltammetry (CV) was employed to analyze the relationship 
between electrode potential and current response. The CV curves were 
used to identify the capacitive behavior and determine the contribution 
types of the electrodes. The tests were carried out in a voltage window.

Galvanostatic charge-discharge (GCD) measurements were con
ducted within a specific potential window at constant current densities 
to obtain the relationship between potential and time. The GCD curves 
were used to derive the electrodes’ specific capacitance and rate capa
bility. When the GCD curve exhibited an ideal isosceles triangular shape, 
the specific capacitance of the biochar material was calculated using Eq. 
(1). In cases where the GCD curve displayed deviations from the ideal 
triangular shape due to pseudocapacitive contributions, Eq. (2) was 
applied for capacitance calculation. 

Cm = (I × Δt)/(m × ΔV) (1) 

Cm = (2I
∫

Vdt)
/

(m × (V2
2 − V1

2)) (2) 

Where Cm is specific capacitance of the electrode material (F/g), I is the 
discharge current (A), Δt is the discharge time (s), m is the mass of the 
porous N-doped biochar material loaded on the working electrode (g), 
and ΔV is the potential change during the discharge process (V).

Electrochemical impedance spectroscopy (EIS) was performed to 
investigate the electrochemical properties of the materials by measuring 
the impedance over a wide frequency range. Electrochemical impedance 
spectra were collected at the open-circuit potential from 0.01 Hz to 
100 kHz under a 5 mV AC perturbation. The impedance data were fitted 
using ZView software, and the Nyquist plots were generated based on 
the measured results.

Fig. 1. (a) N2 adsorption-desorption isotherms and (b) pore size distribution of porous N-doped biochar.
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2.3.3. ORR electrocatalytic performance valuation
For catalyst ink preparation, 5 mg of the sample and 1 mg of acety

lene black were uniformly dispersed in 10 μL of Nafion solution and 
490 μL of absolute ethanol. The mixture was sealed and subjected to 
ultrasonic treatment for 2 h to obtain a homogeneous catalyst ink.

The glassy carbon electrode (GCE) was polished on a felt pad using 
alumina powders with different particle sizes to achieve a smooth sur
face. The polished electrode was then cleaned by sequential ultrasonic 
treatment in deionized water and absolute ethanol for 2–3 min to 
remove surface residues. After drying, 10 μL of the uniformly dispersed 
catalyst ink was drop-cast onto the GCE surface using a micropipette and 
allowed to dry naturally in air. The prepared electrode was subsequently 
assembled onto a rotating disk electrode (RDE) system for electro
chemical performance evaluation.

ORR activity was evaluated in 0.1 M KOH within a three-electrode 
cell employing a saturated calomel reference (SCE, saturated KCl); all 
potentials were converted to the RHE scale through Eq. (3). A graphite 
rod functioned as the auxiliary electrode. Before the measurements, O2 
was purged into the electrolyte for at least 30 min to ensure oxygen 
saturation. During the ORR tests, oxygen flow was continuously main
tained throughout the entire measurement process to prevent oxygen 
depletion. 

E(RHE) = E(SCE) + 0.0592 × pH + 0.241 (3) 

CV test was first swept between − 1.0 and 0.2 V at 10 mV/s under 
static conditions to capture ORR voltammograms; subsequently, non- 
Faradaic scans from − 0.05–0 V were recorded at 2–10 mV/s to extract 
the double-layer capacitance.

Linear sweep voltammetry (LSV) was executed over − 1.0–0.2 V at 
10 mV/s. The rotation speeds of the RDE were set to 1600, 1225, 900, 
625, and 400 rpm to obtain the LSV curves. From the LSV data, the 
limiting current density, Tafel slope, half-wave potential (E1/2), and 
onset potential (Eonset) were calculated. Furthermore, the electron- 
transfer count for ORR was extracted from LSV data via the Koutecky- 
Levich (K-L) relations given in Eqs. (4) and (5). 

1/J = 1/JL +1/Jk = 1

/⎛

⎝Bω
1
2

⎞

⎠+1/Jk (4) 

B = 0.2nFC0D2/3v− 1/6 (5) 

Here, J denotes the experimental current density (mA/cm2), JL the 
diffusion-limited current density (mA/cm2), and Jk the kinetic current 
density (mA/cm2). Angular velocity ω (rpm) relates to rotation rate, F 
=96485 C/mol is the Faraday constant, C0 = 1.2 × 10− 6 mol/L is the 
dissolved O2 concentration, D = 1.9 × 10− 5 cm2/s is diffusion coeffi
cient, and ν = 0.01 cm2/s is the kinematic viscosity of 0.1 M KOH.

EIS was carried out at the open-circuit potential from 1 Hz to 
100 kHz with a 5 mV perturbation, fitted in ZView, and plotted as 
Nyquist diagrams.

3. Results and discussion

3.1. Structure characterization of N-doped biochar

Fig. 1(a) illustrates the pore structure of the porous N-doped biochar. 
The samples such as CSKB, PWB, BIB, PSLB and PSWB exhibited typical 
Type I isotherms, indicative of predominantly microporous structures. 
While the curves of some materials exhibited a combination of Type I 
and Type IV characteristics, such as SSB, WSB, CSWB, BBB and RSB, 
indicative of the material featuring a microporous-mesoporous multi- 
level pore structure. Nitrogen uptake rose steeply once the relative 
pressure dropped below 0.1, reflecting micropore filling; Between P/P0 
= 0.1 and 0.3, a gradual increase in adsorption capacity was found, 
reaching equilibrium with the further increase in pressure. This 

behavior suggests the presence of mesopores within the N-doped bio
char. The mesopores are beneficial for improving ion diffusion pathways 
and reducing mass transfer resistance, which is particularly advanta
geous for subsequent electrochemical energy storage applications 
(Rufford et al., 2009). When P/P0 exceeded 0.9, the adsorption capacity 
showed another significant increase. This phenomenon was typically 
associated with the formation of macropores or interparticle voids, 
which may result from the partial exfoliation of layered structures 
during high-temperature activation. The hierarchical pore structure, 
integrating micropores, mesopores, and macropores, facilitated the 
synergistic optimization of SBET and ion transport efficiency.

According to the pore size distribution curves (Fig. 1(b)), the biochar 
exhibited a hierarchical pore architecture dominated by micropores and 
narrow mesopores (2–5 nm), which were consistent with the afore
mentioned isotherm analysis. As shown in Table 2, CSKB exhibited the 
highest SBET and total pore volume (Vtotal), reaching 1470.99 m2/g and 
0.629 cm3/g, respectively. By comparison, BBB exhibited the lowest 
SBET and Vtotal values (799.21 m2/g and 0.332 cm3/g). Most of the 
biochar exhibited a micropore volume ratio (Vmicro/Vtotal) between 0.7 
and 0.8.

Elemental analysis of the porous N-doped biochar is shown in Fig. 2. 
The carbon content was within the range of 60–80 wt%, while the ox
ygen content ranged from 15 to 25 wt%. CSKB, BIB, and PSLB exhibited 
relatively higher carbon content, which may be closely related to the 
inherent higher proportions of cellulose and lignin (Sun et al., 2017). In 
contrast, WSB and RSB displayed significantly lower carbon content of 
39.81 wt% and 44.34 wt%, respectively. The carbon content of WSB and 
RSB became comparable to those of the other biochar by normalization 
after ash content removal, indicating that the low apparent carbon 
content was primarily due to the biomass’s elevated ash level rather 
than differences in activation or pyrolysis process.

CSKB exhibited the highest N content, reaching 8.61 wt%. The N 
contents of the other biochar mainly ranged from 3.85 wt% to 6.75 wt 

Table 2 
N2 adsorption-desorption analysis results of porous N-doped biochar.

Samples SBET (m2/ 
g)

Vtotal 

(cm3/g)
Vmicro 

(cm3/g)
Vmeso+macro 

(cm3/g)
Vmicro/ 
Vtotal

CSWB 848.03 0.378 0.274 0.104 0.725
PSWB 1196.53 0.522 0.403 0.119 0.772
SSB 1052.93 0.484 0.352 0.132 0.727
WSB 907.55 0.415 0.297 0.118 0.715
CSKB 1470.99 0.629 0.493 0.136 0.784
RSB 872.44 0.388 0.290 0.098 0.747
PWB 1207.78 0.501 0.412 0.089 0.822
BBB 799.21 0.332 0.272 0.060 0.851
BIB 1237.4 0.545 0.416 0.129 0.763
PSLB 1213.8 0.506 0.419 0.087 0.827

Vmeso+macro: Mesopore and macropore volume, Vmeso+macro = Vtotal - Vmicro.

Fig. 2. Elemental composition of the porous N-doped biochar.
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%. After ash-free normalization, the N contents of WSB and RSB also fell 
within this range. These results demonstrated that synchronous 
pyrolysis-activation-ammoniation of biomass for porous N-doped bio
char achieved efficient nitrogen incorporation across various biomass 
sources, exhibiting good universality. Under the activation effect of 
KOH, O-containing functional groups in biomass are etched, creating 
defects and vacancies in the carbon skeleton. Subsequently, NH3 and its 
radicals (NH2*, NH*) diffused into these active sites and bonded with 
the carbon skeleton, forming stable N-containing functional groups 
(Chen et al., 2020b; Zhang et al., 2016). This process effectively 
increased the N content on the biochar surface, providing abundant 
active sites for subsequent applications in electrochemical energy stor
age and catalysis.

Fig. 3 presents the N1s spectra of the N-doped biochar. The N-con
taining functional groups are primarily composed of pyridine-N-oxide 
(402.9–403.5 eV), quaternary-N (400.9–401.5 eV), pyrrolic-N 
(399.5–400.1 eV), and pyridinic-N (398.2–398.8 eV) (Chen et al., 
2020a). Pyridinic-N and pyrrolic-N were the dominant N-containing 
functional groups at 600 ◦C, usually accounting for more than 60 % of 

Fig. 3. The N1s peak plots of porous N-doped biochar.

Fig. 4. Absolute content of pyridinic-N, pyrrolic-N, and quaternary-N in the 
porous N-doped biochar.

Fig. 5. The O1s peak plots of porous N-doped biochar.
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the total N content (Chen et al., 2017).
Based on the N content and the relative proportions of N, the abso

lute yield of pyridinic-N, pyrrolic-N, and quaternary-N was calculated, 
as shown in Fig. 4. CSKB exhibited the highest content of all three N- 
containing functional groups. The abundant pyrrolic-N and quaternary- 
N in CSKB could enhance O2 adsorption, improve electronic conduc
tivity, and reinforce structural stability, thus boosting ORR activity. 
Furthermore, the high pyridinic-N content facilitates the coupling of 
oxygen atoms with protons, promoting electron transfer and acceler
ating the ORR kinetics (Sun et al., 2018).

The O1s spectra of N-doped biochar are displayed in Fig. 5. O-con
taining functional groups were identified as carboxyl -COOH 
(534.3–535.4 eV), O-C––O/C-O (533.1–533.8 eV), O-C––O/-OH 
(532.3–532.8 eV), and C––O (531.0–531.9 eV) (Chen et al., 2018). 
O-C––O/C-O and O-C––O/-OH were the abundant O-containing func
tional groups in all samples, while PWB, SSB, BIB, PSLB, PSWB, and 
CSKB also exhibited high content of C––O, and the content of -COOH 
was the lowest in all samples. These O-containing functional groups are 
beneficial for enhancing the wettability of the biochar material surfaces, 
thereby enhancing electrolyte-electrode interfacial contact, improving 
the overall electrochemical performance of the biochar (Wei et al., 
2016).

Fig. 6 presents the crystal features of the N-doped porous biochar. 
Every sample shows broad, low-intensity reflections at near 23◦and 44◦, 
indexing to the (002) and (100) planes of graphitic carbon, respectively 
(Yan et al., 2017). The broad (002) peak at around 23◦ indicates a 
predominantly amorphous carbon structure with disordered layer 
stacking, while the (100) peak at approximately 44◦ reflects in-plane 
structural disorder of carbon atoms (Chen et al., 2024). These results 

confirmed that the porous N-doped biochar exhibited low graphitization 
degrees and was mainly amorphous. Synchronous 
pyrolysis-activation-ammoniation of biomass not only facilitated the 
formation of hierarchical pore structures but also introduced abundant 
defects and edge sites into the carbon layers. This process inhibited the 
orderly growth of graphitic domains, resulting in reduced graphitization 
(Yan et al., 2017).

In addition, several sharp diffraction peaks were observed in the 
patterns of some samples, mainly at 21.7◦, 23.6◦, 26.5◦, 27.6◦, 36◦, and 
49.7◦, which correspond to the (92), (198), (180), (154), (152), and 
(210) planes of SiO2, respectively. This indicated that a considerable 
amount of silica remains in CSWB, SSB, WSB, RSB, and BBB. SiO2 could 
not be effectively removed during the acid washing process, resulting in 
its retention in the final biochar.

Raman spectroscopy the porous N-doped biochar is shown in Fig. 7. 
All samples exhibited ID/IG ratios close to 1, indicating that the biochar a 
reasonable combination of order and defects. CSKB displayed the 
highest ID/IG ratio, which could be attributed to its higher N content and 
more developed porous structure. This result was consistent with the 
elemental and pore structure results, further underscoring how con
current N incorporation and pore engineering jointly amplify defect 
formation in the biochar.

To investigate the influence of biomass properties on the SBET and N 
content of the porous N-doped biochar, the relationships among SBET, N 
content, proximate analysis, and biomass composition are presented in 
Fig. 8. As shown in Fig. 8(a), the SBET of N-doped carbon (from 848.03 to 
1471.99 cm2/g) was positively correlated with lignin content (from 
19.45 to 27.8 wt%) and slightly negatively correlated with hemicellu
lose content (from 16.61 to 16.4 wt%), while cellulose seemed not to 

Fig. 6. The patterns of porous N-doped biochar.

Fig. 7. Raman spectroscopy of porous N-doped biochar.
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show direct effect on SBET. As to proximate analysis, SBET of N-doped 
carbon was both negatively correlated with ash content (from 9.26 to 
3.43 wt%) and fixed carbon content (from 17.44 to 16.35 wt%). Large 
amounts of hemicellulose were converted into highly mixed non- 
condensable gases, which was not major contributor to carbon yield. 
The result was consistent with findings from previous studies that 
removal of hemicellulose helps increase the SBET and pore volume of 
biochar (He et al., 2023). Lignin, due to its high fixed carbon content, 
contributes to a high carbon yield; simultaneously, an appropriate 
amount of cellulose can inhibit lignin decomposition, thereby producing 
more solid carbon (Zhao et al., 2023). Biomass with high ash content left 
much ash residue in biochar after pyrolysis, blocking microporous 
channels (Grafmüller et al., 2022), thereby reducing SBET. Fig. 8(b) 
shows that N content (from 3.44 to 8.61 wt%) also exhibited an inten
sively positive correlation with lignin content (from 22.6 to 27.8 wt%), 
while both cellulose and hemicellulose showed a little negative corre
lation (from 36.1 to 32.9 wt% and from 26.1 to 16.4 wt%, respectively). 
Moreover, ash content (from 9.34 to 3.43 wt%) displayed a strong 
negative correlation while fixed carbon content didn’t show apparent 
correlation. This demonstrates the critical role of biochar yield and pore 
structure in element loading. As to distinct N-doping configurations, the 

three primary nitrogen configurations (pyridinic-N, pyrrolic-N and 
quaternary-N) showed nearly consistent correlations with raw material 
properties: lignin content exhibited a positive correlation, cellulose 
content showed a slight negative correlation, while hemicellulose con
tent demonstrated a significant negative correlation with ash content, as 
illustrated in Fig. S1. Fig. 8(c) illustrated the correlation among SBET, N 
and O content of N-doped biochar properties. The increase in SBET was 
accompanied by a decrease in O content and increase in N content, this 
further proved the reactions between ammonia and oxygen-containing 
functional groups, indicating that developed pores enhanced the func
tion as element carrier. These findings indicate that synchronous 
pyrolysis-activation-ammoniation of biomass can universally convert 
various biomass into porous biochar with high-porosity 
(799.21–1479.99 cm2/g), and high N content (3.44–8.61 wt%); 
low-ash biomass is more likely to obtain porous N-doped biochar.

3.2. Supercapacitor performance

Electrochemical evaluation of the porous N-doped biochar was 
conducted via CV tests in a three-electrode configuration, shown as 
Fig. 9. At 10 mV/s, every voltammogram remained almost perfectly 

Fig. 8. Relationships between biochar properties and biomass characteristics.
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rectangular, evidencing superior electric double-layer capacitive 
response. The maintenance of this rectangular shape at low scan rates 
also demonstrated good rate capability, primarily attributed to the 
synergistic effect of micropores and mesopores. At scan rates above 
100 mV/s, the CV profiles of all samples gradually deviated from the 
ideal rectangular shape. This phenomenon was mainly attributed to 

redox reactions involving oxygen- and N-containing functional groups, 
which contribute to pseudo-capacitance (Duan et al., 2019). Pyridinic-N 
and graphitic-N can facilitate electron transfer processes, while carboxyl 
and hydroxyl functional groups are prone to reversible redox reactions 
at higher potentials, jointly enhancing the pseudo-capacitive behavior.

The GCD curves are shown in Fig. 10(a-j). All biochar exhibited 

Fig. 9. The CV curves of porous N-doped biochar.

X. Chen et al.                                                                                                                                                                                                                                    Industrial Crops & Products 237 (2025) 122284 

8 



nearly symmetrical triangular GCD profiles with slight distortions, 
indicating good reversibility of the charge storage process. Minor de
viations from the ideal triangle indicated both electric double layer and 
faradaic charge storage, in line with the cyclic voltammetry data. 
Moreover, the absence of significant IR drops in the discharge curves 
implies low internal resistance and efficient charge transport during the 

electrochemical process. At a current density of 0.5 A/g, the specific 
capacitances of CSWB reached 211.50 F/g. This effect likely stemmed 
from the synergistic impact of abundant nitrogen and an extensive pore 
network (Liu et al., 2024).

The rate performance of the porous N-doped biochar is illustrated in 
Fig. 10(k) and (l). With increasing current density, all samples exhibited 

Fig. 10. GCD curves (a–j) and rate performance (k, l) of the porous N-doped biochar.
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a progressive decline in specific capacitance. This reduction was pri
marily attributed to the shortened charge-discharge time at higher 
current loads, which restricted the full utilization of electroactive sites. 
In addition, higher ion transport resistance within the porous network 
further limited capacitance retention under fast charging/discharging 
conditions. At the elevated current density of 10 A/g, RSB delivered the 
highest specific capacitance (165.3 F/g) and retention (84 %), while all 
other samples maintained ≥ 111 F/g and 70.4 %, respectively. These 
features collectively ensured outstanding capacitance retention and 
electrochemical reversibility, even at high current densities.

The Nyquist plots are presented in Fig. 11. Based on the plots, the 
CSKB demonstrated superior conductivity compared to the other sam
ples. By fitting the EIS data with an equivalent circuit model using 
ZView software (as illustrated in the figure), the Rct and Rs values for 
each sample were obtained. Among all the samples, CSKB exhibited the 
lowest Rct (0.79 Ω) and Rs (0.006 Ω) values, indicating the fastest charge 
and ion transport ability. The other samples all had Rs values below 1.2 
Ω and Rct values below 0.08 Ω, indicating that N doping and the 
microporous structure effectively suppressed the system resistance.

3.3. ORR electrocatalytic performance

Fig. 12 displays the cyclic voltammograms recorded at 10 mV/s. All 
samples exhibited distinct oxygen reduction peaks, confirming their 
catalytic activity toward ORR. CSKB exhibited the highest oxygen- 
reduction peak potential (Ep). A more positive Ep typically indicated 
enhanced electrocatalytic activity and lower overpotential for the ORR. 
Higher N content and abundant structural defects facilitated oxygen 
molecule adsorption and promoted efficient electron transfer, both of 
which are essential for accelerating the ORR process.

Rotating-disk LSV (400–1600 rpm) probed the ORR kinetics of the 
porous N-doped biochar (Fig. 13), obtaining Eonset, E1/2, and JL; of these, 
E1/2 is regarded as the prime indicator of activity, as it reflects the po
tential at which the reaction reaches half of the limiting current; a more 
positivquane E1/2 indicates better catalytic performance. Under 
1600 rpm rotation, the E1/2 and JL values of all samples are summarized 
in Fig. 14. CSKB exhibited the most favorable ORR performance, with an 
E1/2 of 0.791 V and a JL of 5.77 mA/cm2, higher than those of the other 
nine types of biochar (E1/2 = 0.754–0.789 V; JL = 4.37–5.58 mA/cm2). 
CSKB also registered the highest onset potential of the series, under
scoring its superior ORR performance. This enhanced performance is 
likely due to its high absolute yield of pyridinic-N and quaternary-N 
functional groups. Pyridinic-N is known to improve Eonset by facili
tating initial O2 adsorption and electron transfer (Zhang et al., 2021), 
while quaternary-N can contribute to higher limiting current densities 
by enhancing electron conductivity and catalytic site availability (Ding 
et al., 2022). K-L plots were also constructed at a potential of 0.2 V. 
Linearity of the plots indicated that oxygen reduction in these samples 
follows first-order kinetics for dissolved O2 concentration. K-L plots 
revealed electron-transfer numbers near four, indicating a predomi
nantly four-electron ORR mechanisms. These mechanisms directly 
reduced O2 to OH-, improving reaction kinetics, enhancing faradaic ef
ficiency, and minimizing the formation of undesirable peroxide 
intermediates.

Further analysis of LSV data were re-plotted as Tafel curves (Fig. 15
(a) and (b)) via linear fitting; the resulting slope gauges ORR kinetics, 
with smaller values signifying faster charge-transfer and more rapid 
approach to the limiting current density (JL) (Song et al., 2019). WSB 
exhibited the smallest Tafel slope (91.8 mV/dec), benefiting from the 
promotion of surface adsorption and electron pathways by residual SiO2; 

Fig. 11. The Nyquist plots of porous N-doped biochar (Illustration: Equivalent circuit diagram).

Fig. 12. The CV curves of porous N-doped biochar.
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the slopes of the other samples all fell within the higher range of 
110–147 mV/dec, corresponding to relatively slow ORR kinetics, 
mainly limited by lower SBET and active site density. This suggested that 
the Tafel slope alone cannot fully determine the overall catalytic per
formance of ORR catalysts. A comprehensive evaluation must include 
other factors such as surface area, porosity, and active site availability.

Catalytic efficiency was further gauged by deriving the electro
chemical surface area (ECSA) via the double-layer capacitance, which 
was obtained via CV tests at 2–10 mV/s within the non-Faradaic region. 
The results are placed in Fig. 15(c) and (d). CSKB displayed the highest 
double-layer capacitance (54.34 mF/cm2), significantly higher than the 
values obtained for the other samples (ranging from 39.46 to 53.73 mF/ 

Fig. 13. Rotating disk electrode (RDE) linear sweep voltammetry (LSV) curves of the porous N-doped biochar for ORR at various rotation speeds.
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cm2. Since double-layer capacitance is positively correlated with ECSA, 
these findings suggested that CSKB had a significantly larger electro
chemically active surface area. The combination of high ECSA and 
optimized pore architecture provided more accessible active sites and a 
reaction interface for O2 adsorption and electron transfer, explaining the 
superior ORR electrocatalytic performance observed in CSKB.

To further investigate the charge transfer capability and interfacial 
resistance of the porous N-doped biochar during the ORR tests. The 
Nyquist plots are shown in Fig. 16. The EIS data were fitted using ZView 
software, and the inset presents the equivalent circuit used for fitting. 
The equivalent circuit consists of Rs, Rct, double-layer capacitance, and 
Warburg elements, which can simultaneously describe electronic con
duction and interface behavior. In the Nyquist plots, the diameter of the 
high-frequency semicircle is Rct, reflecting the speed of interface elec
tron transfer; the low-frequency straight line corresponds to diffusion Fig. 14. The E1/2 and JL at 1600 rpm of porous N-doped biochar.

Fig. 15. The Tafel curves (a and b) and double-layer capacitance tests (c and d) of porous N-doped biochar.

Fig. 16. The Nyquist plots of porous N-doped biochar (Illustration: Equivalent circuit diagram).
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control; the curve and the intercept of the real axis are Rs, covering the 
electrolyte, electrode intrinsic, and contact resistance. Based on the 
fitting results, the CSKB exhibited the lowest Rct and Rs values, calcu
lated to be 27.43 Ω and 8.55 Ω, respectively. The small Rct indicated that 
CSKB facilitates faster electron transfer during the ORR process, while 
the low Rs reflected its excellent overall electrical conductivity and 
favorable electrode-electrolyte interface contact. Overall, the excellent 
EIS performance of CSKB further confirmed its structure-performance 
advantages in ORR catalysis, consistent with the trends observed in 
CV, LSV, and Tafel analyses. The results indicated biomass-derived, 
porous N-doped biochar as an encouraging, low-cost catalyst for green 
energy equipment, including fuel cells and metal-air batteries.

To further explore the relationship among structure characteristics of 
porous N-doped biochar and their electrochemical performance, the 
correlations among specific capacitance (F/g), half-wave potential (E1/ 

2), and structural parameters are shown in Fig. 17. Specifically, the 
specific capacitance and E1/2 at 0.5 A/g were plotted against the SBET, 
Vmicro/Vtotal, and N content SBET, Vmicro/Vtotal, and N content. This was 
because a large surface area provides more space for charge storage, 
while higher N content introduced pseudo-capacitance, improved elec
trolyte wettability, and facilitated charge accumulation. Although 
studies have reported the effective generation of pseudo-capacitance 
effects (Lin et al., 2022), O content exhibited a certain degree of nega
tive correlation. On one hand, its contribution to capacitance was rela
tively weaker compared to N content. On the other hand, the loading of 
nitrogen content in this study competed with the retention of oxygen, 
limiting its effectiveness to some extent. While micropores effectively 
enhance the surface area, excessive micropore content may lead to 
prolonged ion diffusion paths during electrochemical processes. This 
results in increased ion transport resistance and hinders efficient charge 
storage and release (Yakaboylu et al., 2021). A rational pore size dis
tribution is critical for achieving both high capacitance and rapid ion 
transport kinetics. It also indicated that there existed a complex syner
gistic among surface area, microporosity, and N content in determining 
the electrochemical behavior of biochar.

Besides, E1/2 also increased with the increase of SBET, Vmicro/Vtotal, 
and N content. Quaternary-N and pyridinic-N are the primary contrib
utors to ORR active sites (Li et al., 2016), which could introduce addi
tional electrons and create catalytically active sites (Matter et al., 2006). 
Pyrrolic-N can also influence ORR performance by altering the elec
tronic properties of the biochar. There may be a synergistic effect be
tween pyrrolic-N, pyridinic-N, and quaternary-N, collectively enhancing 
ORR activity (Du et al., 2015). A high SBET combined with a 
well-developed hierarchical porous structure facilitates efficient contact 
between the electrolyte and active sites, ensuring effective mass trans
port. The PSLB and PWB samples exhibit abnormal behavior, with 
Vmicro/Vtotal for E1/2 exceeding the fitted values. This indicated that 
further increases in micropore volume did not result in higher E1/2 

values. This may stem from limited ion accessibility within the active 
biochar micropores, likely due to prolonged ion entry times into the 
electrode micropores. Mesoporous structures can enhance ion accessi
bility within the pores (Dehkhoda et al., 2016). Micropores enlarge the 
surface and host the majority of active sites, mesopores act as rapid ion 
channel that cut diffusion resistance, and macropores shorten 
mass-transfer paths by buffering reactant and electrolyte supply (Zaman 
et al., 2021). In summary, porous N-doped biochar with high SBET, N 
content, and a well-optimized micropore-to-total pore volume ratio 
exhibited superior performance in both supercapacitor and ORR 
applications.

As distinct, CSKB delivers a higher capacitive performance of 
212.6 F/g and ORR performance E1/2 of 0.791 V. The electrochemical 
performance of the CSKB was compared to that of other materials in 
Table S1 and S2. Although the primary objective of this study was to 
perform a correlation analysis, the electrochemical performance of 
CSKB exhibited relatively above-average level and can be applied as a 
promising industrial approach to produce electrode materials for the 
applications of supercapacitors and catalysts.

4. Conclusion

This study systematically investigated synchronous pyrolysis- 
activation-ammoniation of biomass for N-doped biochar and its elec
trochemical applications, and constructed the relationship between 
biomass, biochar, and electrochemical performance. The results 
demonstrated that ammonia significantly enhanced the N content of the 
biochar, with the cotton stalk biochar reaching 8.61 wt%. Meanwhile, 
the oxygen content was substantially reduced. KOH activation promoted 
the development of porous structures, achieving a maximum SBET of 
1470.99 m2/g for CSKB. Quantitative results of XPS show that pyridine- 
N, pyrrole-N and quaternary-N are the primary N-containing functional 
groups in CSKB, with the absolute content accounting for 2.8 at%, 
respectively, serving as the primary source of ORR active sites; oxygen 
functional groups are primarily O-C––O/C-O and O-C––O/-OH, whose 
surface concentration not only improves electrolyte wetting but also 
synergistically provides additional pseudo-capacitance with pyridine-N. 
CSKB exhibited a specific capacitance of 212.6 F/g at 0.5 A/g, retaining 
84 % of its capacity at 10 A/g. In ORR performance evaluation, CSKB 
achieved a E1/2 of 0.791 V and a JL of 5.77 mA/cm2, along with the 
lowest Rct (0.79 Ω) and Rs (0.006 Ω) values. In summary, Biomass with 
high lignin content and low ash content is most conducive to the prep
aration of porous N-doped carbon with high SBET, high N content, and 
rich in pyridine-N, pyrrole-N, quaternary-N and O-C––O/-OH and O- 
C––O/C––O functional groups; These structures collectively contribute 
to high specific capacitance and excellent ORR activity. Cellulose and 
hemicellulose showed a slight negative correlation with SBET and N 
content, as their decomposition during pyrolysis contributed less to 

Fig. 17. The relationship between the specific capacitance (a), E1/2 (b) and the characteristics of the N-doped biochar.
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carbon retention and pore development. This work clarified the prepa
ration of porous N-doped biochar and reveals the significant relationship 
among biomass properties, biochar properties, and electrochemical 
performance. The findings provided both theoretical insights and prac
tical guidance to utilize the full potential of varied biomass feedstocks 
and the green preparation of multifunctional biochar for renewable 
energy applications.
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