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“Win-Win” Structural Engineering of Chinese Herb
Residues-Derived Porous Graphitic Carbons: Decoupling the
Porosity-Graphitization Antagonism for Ultrahigh-Rate

Supercapacitors

Chuixiong Kong, Tingmin Di, Geming Wang, Quanrong Deng, Yuan Gao, and

Shenggao Wang*

The antagonism between porosity and graphitization critically limits carbon
supercapacitor performance. Here, we demonstrate a structural engineering
strategy that converts Sargentodoxa Cuneata residue (SCR) into hierarchically
porous graphitic carbons (SCR-HPCs). By precisely regulating biomass
precursor porous architecture, this methodology decouples the antagonism
between porosity development and graphitization progression in
KOH-mediated activation, achieving simultaneous high specific surface area
(2465.1 m*> g ") and graphitization (Ip/lg of 0.73). In 6 m KOH electrolyte, the
specific capacitance of the optimized SCR-HPC-900 electrode reaches
415.6Fg " at 0.5 A g ', with a capacitance retention of 75.1% even at an
ultra-high current density of 200 A g . The fabricated symmetric
supercapacitor achieves an energy density of 8.5 Wh kg ' at a power density
of 37803 W kg, retaining over 100.8% of its capacitance after

100 000 cycles. Remarkably, in 1 m TEABF,/PC organic electrolyte, the
supercapacitor achieves maximum energy and power densities of

45.6 Wh kg ' and 41750 W kg ', respectively. This study presents an
effective methodology for decoupling the antagonism between porosity and
graphitization in conventional processes, offering a new idea for converting
biomass waste into high-performance energy storage materials.

behavior at electrode—electrolyte interfaces.
Owing to millisecond-level charge/discharge
response, exceptional cycling stability exceed-
ing 10000 cycles, and broad temperature
adaptability, this technology demonstrates
irreplaceable advantages in dynamic energy
management scenarios including grid fre-
quency regulation and rail transit regenerative
braking systems.[l_s] Porous carbon materials,
serving as the core energy storage medium,
exhibit exceptional energy storage perfor-
mance due to their porosity and high
antagonism
between porosity and graphitization in
carbon-based electrodes hinders performance
optimization.””"'*"*] Therefore, developing
carbon materials with both high specific sur-
face area (SSA) and graphitization degree,
while elucidating the intrinsic synergistic
mechanisms between porous structure optimi-
zation and graphitization enhancement, holds
crucial significance.

Biomass waste, such as agricultural and for-

conductivity 1" Yet, the

1. Introduction

Electric double-layer capacitors (EDLCs), serving as critical compo-
nents in high-power electrochemical energy storage systems, derive
their charge storage dynamics from electric double-layer capacitive

Dr. C. Kong, Prof. T. Di, Prof. G. Wang, Prof. Q. Deng, Dr. Y. Gao, Prof. S.
Wang

Provincial Key Laboratory of Plasma Chemistry and Advanced Materials,
School of Materials Science and Engineering, Wuhan Institute of Technology,
Wuhan 430205, China

E-mail: wyysg@wit.edu.cn

Dr. C. Kong

Department of Intelligent Manufacturing and Equipment, GuiZhou
Vocational Technology College of Electronics & Information, Kaili 556000,
China

The ORCID identification number(s) for the author(s) of this article can
be found under https://doi.org/10.1002/eem2.70174.

DOI: 10.1002/eem2.70174

Energy Environ. Mater. 2026, 9, 70174

10of 13

estry wastes, food processing by-products, and
traditional Chinese medicine residues, etc., is an
ideal precursor for constructing porous carbons.l'*'*™'*) In recent
years, there have been significant advancements in the research of con-
verting biomass waste into porous graphitic carbon. Notably, the com-
bined use of activators and graphitization catalysts, as well as the
application of bi-functional catalysts (such as K,FeO4, K Fe(CN)g,
K;[Fe(C,0,4)5]) that simultaneously achieve activation and graphitiza-
tion, has been particularly prominent.[l 2l
For instance, Li et al.’?%1 demonstrated a method combining KOH
activation with bimetallic Ni/Mo catalytic graphitization to convert
wood shavings into porous graphitic carbon (PGC-Ni-Mo). The
optimized material showed a 9.4% increase in graphitic crystallinity,
achieved a specific capacitance of 267 Fg™' at 1 A g~', retained
77.2% at 10 A g~ (34.7% improvement), highlighting the syner-
gistic effect of bimetal catalysis. Gong et al.?!] optimized the K,FeO,
activation process to simultaneously carbonize and graphitize bam-
boo charcoal (PGBC), producing PGBC electrode material with a
high SSA (1732 m” g~') and excellent graphitization (I/Ip=1.61),
which showed a specific capacitance of 296.0Fg™" at 0.5 A g~ ' in
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6M KOH electrolyte. Wu etal.l'™! synthesized nitrogen/sulfur
co-doped  hierarchical ~porous (NSHPC)
dual-activation strategy. They employed Chinese rice wine lees as a
carbon precursor, KOH as a chemical activator, and FeCl;-6H,0 as a
dual-functional catalyst/activator. The optimized NSHPC-700 has a
SSA of 1357 m” g~ " and graphitic ordering (Ig/Ip = 1.05), achiev-
ing 433.5Fg " at 1 A g”' in 6 m KOH electrolyte.

Nevertheless, the current methods of preparation are constrained by
high cost, complex procedures, and environmental incompatibility. Cru-
cially, it is difficult to achieve both a well-developed porous structure and
a high degree of graphitization with existing techniques. Since enhancing
porosity often sacrifices the degree of graphitization and vice versa, this
mutual restriction impedes the improvement of the overall performance
of the material.['?! Moreover, regarding biomass-derived porous gra-
phitic carbon, existing research primarily focuses on selecting precursor
and activator species. However, to the best of our knowledge, there are
few studies on synergistically optimizing the porosity and graphitization
of porous carbon by regulating the pore structure of bio-carbon matrices.

Herein, the present work innovatively employs the medicinal plant
Sargentodoxa cuneata (SC) as a precursor. During decoction, this material
not only releases bioactive components but also spontaneously forms a
natural interconnected pore network within its organic framework, exhi-
biting a unique self-templating effect, which offers a novel strategy for
constructing carbon materials that combines high porosity with high
graphitization. Compared to conventional biomass, SC requires no com-
plex pretreatment or external templating agents, yet provides an ideal
structural foundation for the KOH activation process, thereby effectively
regulating the competition between pore structure development and
graphitization. Inspired by these attributes, we propose a simple, effi-
cient, and environmentally friendly “win-win” strategy that leverages
the unique self-templating properties of SC to synergistically optimize
the porous structure and graphitization of carbon materials during KOH
activation. Ultimately, this approach enables the targeted conversion of
its decoction residue (SCR) into high-performance hierarchical porous
graphitic carbon (SCR-HPCs). An in-depth investigation was conducted
to explore the influence of the porosity of biomass chars on the SSA, pore
structure, and degree of graphitization of the as-derived porous carbon.
The mechanism of KOH-induced graphitization was revealed by regulat-
ing the activation temperature. Structural characterization and electro-
chemical performance measurements demonstrated that constructing
interconnected pore networks within the biomass char matrix facilitates
homogeneous diffusion and mass transfer of the activator, eliminates the
concentration gradient, and achieves synergistic optimization of the
porosity and graphitization of the porous carbon. By optimizing the reac-
tion conditions, the prepared porous graphitic carbon materials possessed
high SSA, hierarchical porous architecture, and high degree of graphitiza-
tion, resulting in superior electrochemical performance.

carbon using a

2. Results and Discussion

The hierarchical porous carbons (SC-HPCs and SCR-HPCs) were synthe-
sized using SC and its decoction residue (SCR) as precursors via a com-
bined pre-carbonization and KOH activation strategy (Figure 1a). SC, as
a typical medicinal herb, possesses a lignocellulosic matrix (-
cellulose/hemicellulose/lignin complex) with a high content of organic
active ingredients (tannins, polyphenols, saponins, etc.l**)) that results
in a distinctive biomass texture. Decoction pretreatment has been dem-
onstrated to induce cell wall rupture and the release of active ingredients
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through a concentration gradient mass transfer effect, as well as to pro-
mote the decomposition of the lignin—carbohydrate complex
(1CC).[*72°1 This process establishes critical structural templates that
facilitate the oriented growth of graphitic crystallites and the construc-
tion of a hierarchical porous structure during subsequent activation.

Scanning Electron Microscopy (SEM) images (Figure 1b—e) clearly
reveal that both SC and SCR exhibit the raw SC unique 3D
honeycomb-like porous structure, indicating their natural porosity.
However, following decoction pretreatment, a significant change in the
microstructure of the SCR was observed, with surface tissues separating
to form a more loose skeletal structure (see Figure Sla,b, Supporting
Information for cross-sections). Energy Dispersive Spectroscopy (EDS)
verifies that the SC and SCR surfaces are mainly composed of carbon
(C), oxygen (O), and nitrogen (N) (Figure 1f,g). The pore structure of
SC and SCR was further investigated using N, adsorption/desorption at
77 K. As shown in Figure 1h,i, the decoction pretreatment raises the
SSA from 12.3 m* gﬂ (SC) to0 28.8 m? g7l (SCR), and increases meso-
pore numbers in the 2.4-8 nm range, demonstrating effective SSA and
porosity optimization in SCR. Fourier transform infrared spectroscopy
(FT-IR) analysis (Figure S2a—c, Supporting Information) reveals the dis-
tinct chemical structures of lignin, cellulose, and hemicellulose in both
the SC and SCR samples.!**] Decoction pretreatment resulted in partial
bond scission and reorganization of the cellulose and hemicellulose in
the samples.l””] Also, the lignin aromatic ring conjugation system was
partially disrupted and the hydroxyl hydrogen-bonding network was
weakened.'* The effect of decoction pretreatment on the chemical
composition and bonding configuration of the SC surface was further
evaluated by using X-ray Photoelectron Spectroscopy (XPS) spectros-
copy (Figure S3, Supporting Information). As evidenced by the XPS
analyses in Figure 1j—m and Table S1, Supporting Information, a nota-
ble decrease in sp>-C content from 14.06% (SC) to 9.66% (SCR) was
observed, indicating partial degradation of aromatic structures during
pretreatment processing. Concurrently, the decrease in C—O content,
combined with the increase in C=0 and sp’-C, suggests the oxidative
transformation of ether and hydroxyl groups into aldehyde/carboxyl
groups.['"*) These findings offer direct proof of the chemical composi-
tion changes after decoction pretreatment. Overall, decoction effectively
disrupts SC’s original structure, forming a hierarchical porous frame-
work that provides the structural foundation for the synthesis of high
SSA porous graphitic carbon.

As illustrated in Figure 2a, the surface elemental composition of the
porous carbon material was characterized using XPS. The quantitative
analysis results (Table S2, Supporting Information) show that the C, O,
and N contents of SC-BC and SCR-BC are 88.29%, 0.81%, 10.91% and
86.76%, 1.45%, 11.79%, respectively. The slightly higher content of
heteroatoms in SCR-BC will provide a more reactive interface for its
subsequent activation process.[zs] It is noteworthy that oxygen content
decreases significantly with increasing activation temperature in both
groups of samples, but the decrease is more pronounced for the SCR-
HPCs. These changes collectively optimize the energy storage perfor-
mance by balancing increased surface area and conductivity against the
reduced pseudocapacitance from oxygen functionalities.*”]  The
high-resolution O 1s XPS spectra (Figure 2b) reveal diverse oxygen
binding states, including C=0 (531.6 ¢V), C-O-C/C-OH (532.8 ¢V),
and O=CO (534.1 eV).BO’“] As shown in Table S1, Supporting Infor-
mation, the C=0O contents of SC-BC and SCR-BC are 60.95% and
70.30%, respectively, indicating a greater surface activity of SCR-BC.
The high-resolution C 1s XPS spectra (Figure 2c) were deconvoluted
into four peaks centered at 283.2, 284.8, 286.6, and 289.0 eV, which
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Figure 1. a) Schematic of the preparation of SC-HPCs and SCR-HPCs, b—e) SEM images, f, g) EDS mappings of C, O, and N, h) N, adsorption—desorption
isotherms, i) pore size distribution, j, k) high-resolution XPS spectra of C 1s, and |, m) high-resolution XPS spectra of O 1s of SC and SCR samples.

are assigned to sp’-C (C=C), sp>-C (C-C), C-O, and C=0 bonds,
respectively.[gz] Quantitative analysis demonstrates a negative correla-
tion between the sp>/sp” hybrid carbon ratio and the activation tem-
perature of the porous carbon, confirming that high-temperature
activation promotes the graphitized assembly of the carbon matrix.F*?!
The results indicate that the decoction pretreatment, by modifying the
chemical state of precursors and increasing the activation reaction inter-
face, effectively facilitates the conversion of sp® to sp” hybridization and
significantly improves the ordering of the carbon skeleton.
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As depicted in Figure 2d,g, the SCR-BC (SSA of 300.8 m” g~ ', Vg
of 0.27 cm® g~ ") has a larger SSA and more favorable pore characteris-
tics compared to SC-BC (SSA of 147.9m” g™!, Vpg of 0.16 cm® g™ ).
The results demonstrate that the decoction pretreatment successfully
constructed a hierarchical porous structure with synergistic develop-
ment of micro- and mesopores within the carbon matrix, which facili-
tates the homogeneous diffusion and mass transfer of the KOH. The
higher diffusion coefficient (D=1.91x 10 '*cm”s ™', Figure $4 and
Table S3, Supporting Information) and more homogeneous distribution
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Figure 2. XPS and porosity characterization of SC- and SCR-derived porous carbon: a) XPS survey spectra, b, ¢) XPS spectra of O 1s and C 1s for SCR-BC and
SCR-HPCs, d—f) nitrogen adsorption—desorption isotherms, g—i) pore size distribution.

of K elements in SCR-BC (Figures S5 and S6, Supporting Information)
further confirm its advantages in activator distribution and mass trans-
port. The optimizing structure in SCR provides a foundation for synthe-
sizing carbon materials with SSA and a hierarchically porous structure.
This has been verified in experiments carried out at different activation
temperatures. As shown in Figure 2e,f, as the activation temperature
rises, the isotherm shifts gradually from a Type I to a Type IV pattern
with a pronounced H;-type hysteresis loop at medium-to-high relative
pressures (P/Py > 0.4), signifying a hierarchical porous structure with
coexisting micropores and mesopores as well as enhanced pore
connectivity.[“’“] Notably, under identical activation temperatures,
SCR-HPCs consistently exhibit higher N, adsorption quantities than SC-
HPCs, demonstrating that pretreatment effectively enhances the SSA and
Vro of porous carbons. SC-HPCs (800—1000 °C) exhibit SSAs of
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1281.9-1672.6 m* g~ ', whereas SCR-HPCs show significantly higher

values (1843.7-2465.1 m?’ gfl), highlighting the critical role of pre-
treatment in porosity optimization (see Table S4, Supporting Informa-
tion for details). However, it has been demonstrated that excessive
activation temperatures lead to a high degree of graphitization and par-
tial structural collapse, which reduces the SSA of carbon materials, as
evidenced in SCR-HPC-1000.

The PSD (Figure 2h,i) and pore structure parameters (Table S4, Sup-
porting Information) demonstrate that all samples exhibit a predomi-
nant pore size distribution within the range of 0.5-2 nm. Notably, the
pretreatment process significantly optimizes the pore architecture of
SCR-HPCs. SCR-HPC-800 shows a 38% increase in micropore volume
(0.62cm® g ") and a remarkable 125% surge in mesopore volume
(0.27 cm® g~ ") compared to SC-HPC-800. The optimal equilibrium of

© 2025 The Author(s). Energy & Environmental Materials published by
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this pore structure modulation effect is achieved at 900 °C. SCR-HPC-
900 exhibits good pore structure characteristics, with a Vg of
1.27 cm® g~', a microporous volume fraction of 70.1%, a high SSA
(2465.1m> g™ "), and interconnected mesoporous channels (fraction
of 29.9%). These features demonstrate the effectiveness of the pretreat-
ment in synchronously optimizing both pore volume and size distribu-
tion. Micropores provide abundant active sites for electrolyte
interaction, whereas mesopores facilitate ion transport by forming a
loose diffusion layer, which reduces internal resistance and shortens
diffusion pathways. Additionally, macropores act as electrolyte reser-
voirs and improve interfacial wetting, effectively reducing the resistance
of ion transport and improving mass transfer efficiency.¢! Therefore,
porous carbon with a suitable distribution of micropores and meso-
pores shows better electrochemical performance.[ls]

SEM images reveal the microstructural evoluton of SC- and
SCR-derived porous carbon. As shown in Figure 3a,b, both the SC-BC
and the SCR-BC have inherited the distinctive 3D architecture of the
raw SC. However, their dense surfaces and underdeveloped porosity
also reveal the structural limitations inherent to conventional pyrolysis
processes. Thermal activation experiments have demonstrated a compet-
itive mechanism of pore formation and graphitization in the evolution
of the carbon skeleton. At 800 °C, both SC-HPC-800 and SCR-HPC-
800 exhibit amorphous porous carbon matrices (Figure 3c,d). Thermal
activation at 900 °C triggers structural reorganization, evidenced by the

Mesaopores

emergence of crumpled graphene nanoribbons on their surfaces
(Figure 3e,f). Upon reaching 1000 °C, the materials undergo further
graphitization, forming extended graphene nanoribbons with pro-
nounced structural ordering (Figure 3g,h). These highly ordered gra-
phene nanoribbons have the potential to enhance the overall
electrochemical performance by facilitating electron transport, reducing
internal resistance, and enhancing structural stability.l'>'***] The
results indicate that the microstructural evolution of the carbon mate-
rials exhibits significant temperature-dependent features, reflecting the
dynamic competition between the development of porous architecture
and the growth of graphite microcrystals: disordered KOH etching
dominates the low-temperature activation process, forming an amor-
phous porous network, while ordered graphitization progressively pre-
vails as the temperature rises.

Further analysis reveals that the pretreatment significantly influences
the microstructure of porous carbon. As shown in Figure 3d,
SCR-HPCs exhibit a well-developed pore architecture at 800 °C activa-
tion. At 900 °C, the SCR-HPCs exhibit a continuous distribution of
wrinkled graphene nanoribbons, forming a distinctive soft-hard car-
bon composite structure (Figure 3f). A large number of channels and
voids form between adjacent wrinkled graphene nanoribbons, provid-
ing a favorable environment for electron transport and ion
diffusion.7%1 contrast, the surface of SC-HPC-900 retains an
amorphous carbon matrix, with graphene nanoribbons confined to

Figure 3. Surface morphologies and microstructures of SC- and SCR-derived porous carbon: SEM images of a) SC-BC, b) SCR-BC, c) SC-HPC-800, d) SCR-
HPC-800, e) SC-HPC-900, f) SCR-HPC-900, g) SC-HPC-1000, h) SCR-HPC-1000, i—k) TEM images of SCR-HPC-900, and I) elemental mapping images of SCR-

HPC-900.
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macropores derived from the precursor (Figure 3e). Furthermore,
SCR-HPC-1000 undergoes more intense graphite reorganization, yield-
ing larger graphene nanoribbons (Figure 3h), while the wrinkled
structure is significantly reduced. However, the SC-HPC-1000 exhibits
a structure similar to the SC-HPC-900 (Figure 3g), but the graphene
size appears to be smaller. TEM images further reveal the structural fea-
tures of SCR-HHP-900. As shown in Figure 3i, the material exhibits a
distinct hard—soft carbon composite topology, with both amorphous
carbon regions and graphene nanoribbons clearly visible, which con-
tributes to enhanced electrochemical charge storage and electrical con-
ductivity. Figure 3j shows a highly developed hierarchical porous
structure with noticeable micro- and mesopores. The HRTEM image
(Figure 3k) reveals graphene nanoribbons with clear lattice fringes,
indicating high crystallinity. Elemental mapping (Figure 31) confirms
the homogeneous distribution of oxygen and nitrogen within the car-
bon framework. Furthermore, the high-resolution TEM image of SCR-
HPC-900 exhibits a well-defined diffraction pattern of a long-range
ordered graphite lattice after Fourier transformation (FigureS7, Sup-
porting Information). By measuring the lattice fringe spacing across
10  different average distance  of
dopp = 0.3401 nm was obtained, approaching that of ideal graphite
(0.335 nm), with significant continuous crystalline domains observed.
This value is in close agreement with the result calculated from X-ray
diffraction (XRD) (0.342 nm).

The XRD patterns of porous carbons (Figure 4a,b) exhibit two char-
acteristic peaks at ~22° and 44°, corresponding to the (002) and (100)
planes of graphitic carbon.["*! As the activation temperature increased,
the (002) diffraction peak of the activated samples (SC-HPCs and SCR-
HPCs) gradually shifted to a higher angle and sharpened near 26°
(Figure 4a,b), indicating not only an increase in sp” hybridized carbon
domains but also a decrease in interlayer spacing (dyo,), enhanced struc-
tural ordering, and increased crystallinity.[zo] The XRD crystallite size
analysis results (Table S5, Supporting Information) indicate that the
degree of graphitization in the carbon material increases with rising acti-
vation temperature. Collectively, these changes contribute to the
improved electrical conductivity and thermal stability of the carbon
materials. In addition, the intensity of the diffraction peak at 26° for
SCR-HPCs significantly enhances at activation temperatures higher than
900 °C. Raman spectroscopy was employed to further explore the effects
of precursor structure engineering on the structural disorder—order evo-
lution in porous carbon materials. As shown in Figure 4c,d, all samples
exhibit two distinct characteristic peaks corresponding to the D band
(~1340an™ ") and G band (~1590 cm™ "), respectively. Among them,
SC-BC and SCR-BC show comparable structural disorder, with Ip/Ig
intensity ratios of 0.89 and 0.88, respectively (Figure 4e,f). After activa-
tion, the SC-HPC-800 and SCR-HPC-800 exhibit Ip/I; intensity ratios of
1.11 and 1.38, respectively, with minor 2D peaks emerging. At an acti-
vation temperature of 900°C, the I/I; intensity ratio of SC-HPCs fur-
ther increases to 1.14, indicating the continued accumulation of
disordered defects. In contrast, the In/Ig ratio of the SCR-HPCs decreases
to 0.73, suggesting that the pretreatment facilitates the ordered assembly
of spz—C. Additionally, the I,/I; ratio of SCR-HPC-900 is 0.50, which
is significantly higher than that of SC-HPC-900 (0.31), consistent with
its superior graphitization and crystallinity. For high-temperature activa-
tion, SCR-HPC-1000 exhibits a low I,/I ratio of 0.36 and an increased
Lp/Ig ratio of 0.55, confirming enhanced graphitization. This result can
be attributed to the synergistic interplay among preengineered carbon

structure, high-temperature defect healing, potassium catalysis, and the
[19.35]

regions, an interlayer

decoupling of antagonism.
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The D bands in the Raman spectra were deconvoluted into four sub-
bands using Gaussian-Lorentz numerical fitting (Figure 4g—n and
Table S6, Supporting Information).P] The results demonstrate that the
intensity ratios of Ip,/Ig (reflecting defect concentration) and Ipz/Ig
(representing the proportion of amorphous phases) first increase and
then decrease with rising activation temperature, peaking at 800 °C for
both SC-HPCs and SCR-HPCs.[***!] Notably, the Ip;/Ig and Ips/Ig
ratios for SCR-HPCs decrease more rapidly at higher temperatures, indi-
cating that precursor structural engineering accelerates the transforma-
tion of porous carbons from disorder to order. The Ip,/I; intensity
ratio also shows a clear temperature-dependent trend, increasing ini-
tially before declining beyond 900 °C. This nonmonotonic behavior
reflects competing mechanisms during KOH activation: etching domi-
nates at lower temperatures, introducing edge defects such as disloca-
tions and dangling bonds that raise I, /15, while graphitization prevails
at higher temperatures, promoting structural ordering and edge reorga-
nization that reduce the ratio. Notably, SC-HPCs exhibit consistently
higher Iy, /I values than SCR-HPCs across all temperatures, indicating
that the pretreatment endows the precursor with more developed
three-dimensional diffusion pathways and suppresses disordered defect
formation through more uniform etching. Additionally, the intensity of
the D4 band, which is associated with heteroatom-related defects, grad-
ually decreased with increasing temperature, a trend consistent with the
XPS analysis. Based on a statistical analysis of 152 porous carbon sam-
ples reported in the literature (Figure4o and TableS7, Supporting
Information),[lo'l5’17’18’20’21’26’30’32’33’“_67] the results show that
79.6% of the samples exhibit I,/I; ratios ranging from 0.8 to 1.2, with
only 5.3% of the samples having ratios below 0.8. This indicates a sig-
nificant antagonistic effect between porosity and graphitization in the
structural development of porous carbon materials. In this study, the
Ip/1; ratios of SC-HPCs (1.11 at 800 °C, 1.17 at 900 °C, and 1.07 at
1000 °C) remain highly consistent with this statistical pattern. In con-
trast, the SCR-HPCs, which underwent decoction pretreatment, exhibit
significant variations: the ratio rises to 1.38 at 800 °C (indicating more
pronounced disordered etching), declines sharply to 0.73 at 900 °C
(reflecting synergy between pore development and graphite microcrys-
tal assembly), and falls further to 0.36 at 1000 °C (corresponding to
the formation of long-range ordered graphitic domains), thereby sys-
tematically deviating from the statistical trend. Such a temperature gra-
dient response feature reveals that pretreatment, through structural
engineering of precursors, effectively decouples the kinetic competition
between porosity formation and graphitization in conventional
processes.

Based on the above experimental results, the formation mechanism
of porous graphitic carbon can be rationally inferred. The KOH activa-
tion of carbon materials involves multiple mechanisms: 1) chemical
etching by KOH and its derivatives (e.g., K,CO5 and K,0O) generates
hierarchical porosity, 2) physical activation via gaseous products (CO,
and H,0) optimizes pore structure, and 3) catalytic graphitization
through the intercalation of potassium into carbon lattices,[*!+3°] During
activation, KOH preferentially reacts with sp>-C and oxygen-containing
groups in the carbon matrix and undergoes a disordered etching from
the outside to the inside, which mainly produces K,CO3.1"93°] Ag etch-
ing proceeds, the sp>-C and oxygen-containing functional groups in
the carbon matrix are gradually consumed, resulting in an increase in
the number of graphite microcrystals unconstrained by sp>-C. This, in
turn, provides a greater quantity of feedstock for the graphitization pro-
cess. When the activation temperature exceeds the melting point of
K,CO; (T, = 891 °C), the reaction changes from a solid—solid reaction
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Figure 4. Structural characterizations of SC- and SCR-derived porous carbon: a, b) XRD patterns, ¢, d) Raman spectra, e, f) trend of Ip/lg, Lo/l loi/le b2/l
and Ips/Ig values, g—n) Raman spectra with fitted curves, and o) Ip/lg ratios as a function of the corresponding SSA of the reported porous carbon materials.

to a solid-liquid reaction. In situ XRD results (Figure S8, Supporting  presence of KOH, the lack of interconnected pores hinders the penetra-
Information) indicate that the emergence of liquid-phase K,CO; pro-  tion of KOH into the interior, resulting in uneven activator distribution
vides a key driving force for the formation of large graphene domains  and predominantly disordered etching from the outside to the inside.
and accelerates the graphitization process.”*>”1 In the case of SC-HPCs, At elevated temperatures, the carbon matrix is rapidly oxidized and
the raw SC was carbonized at 700 °C to form a dense aromatic carbon  etched by the high concentration of K,CO; on the outer surface. This
skeleton with a relatively underdeveloped pore structure. In the  process disrupts the graphite microcrystal structure, thereby hindering
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its potential to reorganize into graphene nanoribbons. Additionally,
the disorder of the structure is further exacerbated by gases (e.g.,
CO, and H,0) produced by violent reactions on the outer surface.
Conversely, the etching effect of KOH within the internal macropores
may be less pronounced, and graphite microcrystals have the oppor-
tunity to undergo ordered reorganization to form graphene nanorib-
bons. In the case of SCR-HPCs, the microstructure and chemical
composition of the raw SC were changed by pretreatment, construct-
ing a hierarchical porous structure enriched with reactive functional
groups (sp’~C, C=0, etc.) in the carbon matrix. Such a structure
could provide abundant active sites and exposure interfaces for subse-
quent KOH activation. More importantly, the interconnected porous
structure facilitates the uniform diffusion and reaction mass transport
and eliminates the concentration gradient of the activator, achieving
synergistic optimizaton of the porous structure development and
graphitization, thereby creating favorable conditions for the storage

and transfer of charges, which is expected to achieve a superior elec-
trochemical energy storage.

The electrochemical performances of the as-prepared samples were
characterized by a three-electrode system using 6 M KOH solution as
the electrolyte. The cyclic voltammetry (CV) curves of SC-HPCs and
SCR-HPCs at 50 mVs ' are displayed in Figure 5a. The CV curves of
all the samples exhibit rectangle-like curves without obvious redox
peaks, demonstrating typical EDLC behavior.[**] Among them, SCR-
HPC-900 shows the largest integrated CV area, indicating the highest
specific capacitance, which results from its optimized hierarchical
porous structure, high SSA (2465.1 m” g~ ") and appropriate degree of
graphitization. The galvanostatic charge/discharge (GCD) curves of the
SC-HPCs and the SCR-HPCs at 0.5-200 A g™ ' are shown in Figure S9a—
f, Supporting Information. The charge/discharge curves of all samples
exhibit approximately triangular shapes, indicating good electrochemi-
cal reversibility. The specific capacitances of all electrodes, obtained
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Figure 5. Electrochemical performances of SC-HPCs and SCR-HPCs at three-electrode: a) CV curves at 50 mVs™ ', b) rate performances, c¢) Nyquist plots, d)

The linear relation of o~ "2

contributions at different scan rates of SCR-HPC-900, respectively, i) the comparison of the capacitance contributions at 50 mVs™ .
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versus Z', e) absolute current density and scan rate follow the power law, i=kv®, f-h) CV, GCD curves and capacitance

1

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.



Energy &
Environmental Materials

from galvanostatic charge—discharge (GCD) tests at various current den-
sities, are shown in Figure 5b. At a current density of 0.5Ag ", the
specific capacitances of the SC-HPC-800, SC-HPC-900, SC-HPC-1000,
SCR-HPC-800, SCR-HPC-900, and SCR-HPC-1000 are 253.9, 278.3,
315.2, 361.2, 415.6, and 353.1 Fgfl. The SCR-HPC-900 exhibits the
highest specific capacitance, approximately 1.5 times greater than that
of the SC-HPC-900, which is consistent with the CV results. Clearly,
SCR-HPCs electrodes have higher specific capacitance compared to
SC-HPCs. As the current density increases to 200 A g~ ', the specific
capacitance of all the electrodes decreases to some extent. The SC-HPCs
electrodes exhibit a rate performance of 41.0%, 66.8%, and 75.5%,
respectively, while the SCR-HPCs electrodes achieve 53.2%, 75.1%,
and 77.6%. Obviously, demonstrating superior rate performance. The
relatively lower rate performance of SC-HPC-800 and SCR-HPC-800 is
primarily attributed to their micropores-dominated pore structure
(which restricts rapid ion transport) and lower degree of graphitization
(resulting in reduced electrical conductivity). Moreover, the optimized
SCR-HPC-900 exhibits superior specific capacitance and rate perfor-
mance relative to the most advanced carbonaceous electrodes in recently
reported literature (Table S7, Supporting Information).

The Nyquist plots are depicted in Figure 5c. The curves are almost
semicircle-free in the high-frequency region and nearly vertical in the
low-frequency region (except for the samples activated at 800 °C),
demonstrating rapid ion diffusion and ideal EDLC behavior. This can be
attributed to the hierarchical porous structure and the suitable graphiti-
zation of the electrode material, which synergistically enhance the
charge transfer and ion diffusion capability.l*” To gain insight into the
ion diffusion process, the Warburg factor (), which represents the ion
diffusion resistance, was calculated from the slope of the fitted curve by
constructing a linear relatonship between the impedance (Z’) and the
reciprocal of the square root of the angular frequency (@~ '/?) in the
low-frequency region.l’®! The synergistic effects of a well-developed
hierarchical porous structure and suitable graphitization in SCR-HPC-
900 substantially mitigate ion diffusion resistance and create abundant
ion transport channels. This endows the SCR-HPC-900 electrode with
the smallest Warburg coefficient (o =3.56, Figure 5d), markedly
enhancing its electrochemical performance. The impedance spectra
were fitted to equivalent circuits (Figure S10, Supporting Information)
using ZView software, with the resulting R, Ry, and R,, values listed in
Table S8, Supporting Information. The R, values for all samples
(SC-/SCR-HPC-800/900/1000) range from 6.26 to 1.41 Q and indi-
cate a clear decreasing trend, which aligns closely with the variation of
the Warburg coefficient (6) in Figure 5d. Furthermore, the diffusion
coefficients (D) in SC-HPCs and SCR-HPCs were investigated from fol-

low equation:'""J

7 =R, + Ry + o /2 (1)

R*T’
D= AR @
where R, T, A, n, C, F, and o represent the gas constant, absolute
temperature (K), effective electrode area, electron transfer num-
bers, concentration of ions, Faraday constant, and Warburg coeffi-
respectively. As summarized in TableS8, Supporting
Information, the SCR-HPC-900 electrode a rapid D
(1.55% 10 7 cm*s™ ') compared to other electrodes. The result
suggests that the diffusion kinetics of SCR-HPC-900 is enhanced
significantly, which is attributed to the well-developed hierarchical

cient,
shows
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porous structure that provides efficient pathways for ionic transport
and a moderate degree of graphitization that ensures good elec-
tronic conductivity of the SCR-HPC-900.

The charge storage kinetic behavior of the SC-HPCs and SCR-HPCs
was analyzed in depth by using CV curves (Figure 5f; Figure S11la—e,
Supporting Information).’”] The power law relationship between
the scan rate and current density is illustrated in Figure 5e. Accord-
ing to the Dunn kinetic model, the b value, as a characteristic param-
eter of the charge storage mechanism, presents a clear threshold
response, where a b value of 0.5 implies that the current is con-
trolled by a diffusion process, whereas a b value of 1.0 indicates that
the current follows an ideal surface-controlled process.”*) The b
value of the SCR-HPC-900 electrode was calculated to be 0.977,
confirming ultrafast charge storage kinetics approaching that of an
ideal electric double-layer capacitor. As depicted in Figure 5f, the
SCR-HPC-900 electrode exhibits superior rate performance and ideal
EDLC behavior over a wide range of scan rates (5-200mVs~ '), and
the CV curve maintains a quasirectangular feature at a high scan rate
of 200mVs . Similarly, the GCD curve of the SCR-HPC-900 elec-
trode exhibits a symmetric triangular shape without obvious IR drop
even at an ultra-high current density of 200 A g~ ' (Figure 5g), con-
sistent with the results of the CV test.

Figure Sh depicts the results of the quantitative analysis of the
surface-controlled versus diffusion-controlled contribution ratios for the
SCR-HPC-900 electrode. A significant increase in the surface-controlled
proportion from 81.2% to 96.4% was observed when the scan rate was
increased from 5 to 200mVs~'. This phenomenon can be attributed
to the kinetic limiting effect of diffusion-controlled processes under
rapid scanning conditions, resulting in surface-controlled kinetic pro-
cesses acting as the dominant mechanism for charge storage.””*! As dis-
played in Figure 5i, the charge storage of all electrodes is dominated by
surface-controlled kinetics with minor diffusion-controlled contribu-
tions. Obviously, the surface-controlled contributions of the SCR-HPCs
are higher than those of the SC-HPCs fabricated at the same tempera-
ture, and this gap is more pronounced at low activation temperatures.
The results demonstrate that pretreatment significantly optimizes the
ion/electron transport paths and charge transfer kinetics of the electrode
materials, resulting in excellent rate performance.

To evaluate the performance of SCR-HPC-900 electrode in
practical applications, symmetric supercapacitors SCR-HPC-900//SCR-
HPC-900 were assembled by using 6 M KOH as electrolyte. As shown
in Figure 6a, the CV curves of the capacitor at various scan rates (5—
500mVs ') maintain good quasirectangular features, reflecting the
excellent rate performance and rapid charge response of the electrodes.
Additionally, the CV curves (Figure S12, Supporting Information) mea-
sured at different operating potentials indicate that the devices exhibit a
stability window extending up to 1.3 v.”*] The GCD curves are
approximately symmetric triangles at different current densities
(0.5-100 A g™ "), showing good EDLC behavior (Figure 6b). The EIS
test results (Figure 6¢) indicate that the capacitor has low equivalent
series and charge-transfer resistances, rapid ionic diffusion kinetics (ion
relaxation time Ty = 0.27 s, Figure S13a, Supporting Information), and
an ideal EDLC behavior, as evidenced by the small intercepts and semi-
circle diameter in the high- and mid-frequency regions, and a nearly
vertical low-frequency curve. Based on these advantages, the capacitor
exhibits excellent rate performance with a capacitance retention of
68.9% at 100 A g ' (FigureS13b, Supporting Information). The
Ragone plot of the SCR-HPC-900//SCR-HPC-900 is illustrated in
Figure 6d. The energy density of the supercapacitor is 14.9 Whkg ™' at

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.



Energy &
Environmental Materials

(a)
T 401 =08
< 20 2 5 0.6
= 0 =04
g 9 8 N 021
c 0.2
@ -20+
o] 6 0
= -40 - 0608101214
@ 4
%-50'—5:"\: st ——10mV st ——20mV s Z' (ohm)
O 80— 50mV s 100 mV s~ 200 mV s~ 2
‘—EI)H I'r'l\‘I 5! . . . . 0‘0 ) . . 3 0_ . . . . . . .
00 02 04 06 08 1.0 0 150 300 450 0 2 4 6 8 10 12 14
(d) Potential (V) (e) Time (s) Z' (ohm)
T, R @10A g in 6 M KOH X
\_3_’ ——oOurwork = 100 E-80 G
= —O—ref.18 2 =101, . ¥ ok | 1k | ! Q
E - :f_3_4 E 80 %gg_ / ',I ,I'Ilul / I'| i '.I .'II | ',I II'II | / \ Ilf',I f\ | I'. I.'llul | ',I I|'I||I 100 éo/ -60 =
& 10% o refa2 o 60 =Zos; f." \ R A i ll.'l Vo i \ by \ 1 I g
-;U.., —0— ref.46 8 40 2 g:;}" I'\I / Lt g I'\ A ,-"l VoA / I‘\ ,u"l I"u, x5 ,-'II \ ;A i 40 0
o —o— ref.47 0] Ll VU N VY Y L VY Y Y Y Log E
© o ref 47 S .20 0 40 80 120 1899920 1899960 1900000 <]
L g1 [0 ret70 L .. E— Y T
10’ 102 10° 10* 108 8 0 20000 40000 60000 80000 100000 ©
Power density (W kg™") Cycle number
(U (9) h)
~ 30 —o05ag7 " 5] T
'@ 20 — Ay, Ee
< ] —2Ag" | 404 59
= 10+ —sAg’ | = x4
= 4| E N
w0 ——10Ag £ 30 bl
5 : ' —20Ag" | S 0
S-107 ; 50Ag"| N 20- 4 6 8 1012
3 -20- Z' (ohm)
5_30_—5m\ls"'-—1l}m\fs‘1 ——20mvs™ 10+
O ——50mV s~ 100 mV 57— 200 mV s~
—40 — M\f 5:1 T T T T 0‘0 ¥ ¥ ¥ T J T 0' T ¥ ¥ J
00 04 08 12 16 2.0 24 0 100 200 300 400 500 0 10 20 30 40 50
(i) Potential (V) (i) Time (s) Z' (ohm)
= 4n2d _ = =
o " S SO AN ENLIEROEEG) o
£ s%@é& D = F I
% 10" {—— Our work =8 % 100 " - 80 §
%‘ K ;:::; % 80 ;;g ,-'"", I.""II ,-'l"', f-'l"', I.-'I"-, I.""\ I."ﬁ". ,"ﬂ'. ,""I, I"‘III |lI.|II |II.lII I.'H"I l."".l ;/! 60 t-:g
@ —Oo—ref.19 2 60 18101 [ [} [} [ by AR P g VAV 2ok 40 ©
2 bl 2 a0l 2o \/\[ AV VAV | ssBofa0
& G ref 55 c e Yy v /L ) O (S [ ' O L20 el
@ —O—=yef42 S 20 0 30 60 80 120 1762290 1762320 1762350 1762380 i =
lﬁ 10_1 _.:.I_ ref-48 % 0 1 " T ¥ T -rlme' (s> 1 ol 1 L 0 %
102 103 10* 100 & 0 20000 40000 60000 80000 100000 8
Power density (W kg™') - Cycle number

Figure 6. Electrochemical properties of SCR-HPC-900//SCR-HPC-900 symmetric supercapacitor in both 6m KOH and 1m TEABF,/PC electrolytes: a) CV
curves, b) GCD curves, c) Nyquist plots, d) Ragone plots, ) cycle performance in KOH electrolyte, f) CV curves, g) GCD curves, h) Nyquist plots, i) Ragone
plots, j) cycle performance in TEABF,/PC electrolyte. The electrode featured an active material mass loading of ~1.5mgcm™ and was fabricated from a
slurry with a mass ratio of 8:1:1 (active material:acetylene black:PVDF) using NMP as the solvent.

a power density of 250 Wkg ™', and even at a high power density of  supercapacitors reported in the literature (TableS9, Supporting

37,803 Wkg ', the energy density can be maintained at 8.5 Whkg™',  Information).l'83##2#¢47761 " The ¢ycling stability test results

which is superior to that of the porous carbon-based symmetric ~ (Figure 6e) show that the SCR-HPC-900//SCR-HPC-900 has a
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capacitance retention of 100.8% and a Coulombic efficiency over
99.8% after 100,000 cycles at 10 A gfl. Furthermore, three series-
connected SCR-HPC-900//SCR-HPC-900 successfully lit up an LED
device (FigureS14, Supporting Information), further evidencing its
excellent capacitance performance and practical application potential.

Since aqueous carbon-based supercapacitors usually have a narrow
operating voltage window, to improve the practical applicability, the
operating voltage window of the SCR-HPC-900//SCR-HPC-900 sym-
metric supercapacitor was further widened from 1.0 V with 6 » KOH
electrolyte to 2.5V by employing 1M TEABFE,/PC electrolyte. As
depicted in Figure 6f, the CV curves of the SCR-HPC-900//SCR-HPC-
900 symmetric supercapacitor exhibit a quasirectangular feature at a
! indicative of superior rate performance.l’’!
Additionally, the GCD curves exhibit nearly symmetric triangular
shapes (Figure 6g), a feature that reflects good EDLC behavior. How-
ever, the larger ion radius of organic electrolytes increases transport
resistance in porous electrodes compared to aqueous ones."*! When
comparing the Nyquist plot of an organic electrolyte system
(Figure 6h) to that of an aqueous electrolyte (Figure 6¢), it is
observed that the former exhibits a smaller slope in the low-
frequency region and a larger semicircle in the high-frequency
region. This can be attributed to the larger radius of the organic elec-
trolyte ions, which consequently leads to an increase in the transport
resistance of ions within a porous electrode. Furthermore, the corre-
sponding Bode plot (Figure S15a, Supporting Information) indicates a
To of 2.17s. To gain deeper insight into the ion diffusion kinetics,
Electrochemical Impedance Spectroscopy (EIS) of SC-HPC-900 was
additionally performed in a two-electrode system, as shown in
Figure S16a,b, Supporting Information. The values of R, Ry, and Ry,
obtained by fitting with the equivalent circuit (Figure S10, Supporting
Information) are summarized in Table S10, Supporting Information.
The results show that in 6 M KOH electrolyte, the R,, values of SC-
HPC-900 and SCR-HPC-900 electrodes are 0.31 and 0.18 Q, respec-
tively, while in 1M TEABE,/PC electrolyte, the R,, values are 4.08
and 3.34 Q, respectively. Evidently, in both electrolytes, the pretreat-
ment significantly reduces the Ry, of SCR-HPC-900. Additionally, EIS
(Figure S16, Supporting Information) and Galvanostatic Intermittent
Titration Technique (GITT) (FigureS17, Supporting Information)
results demonstrate that SCR-HPC-900 achieves higher ionic diffusion
coefficients (D, TableS10, Supporting Information) in both electro-
lytes, owing to its well-developed conductive network and hierarchi-
cal porous structure, which effectively shorten ion diffusion distances
and enhance ion migration.

The specific capacitances of the SCR-HPC-900//SCR-HPC-900 sym-
metric supercapacitors were 52.6, 51.7, 48.5, 46.3, 40.6, and
37.1Fg ' from 0.5 to 50.0 A g~ ', respectively (Figure S15b, Support-
ing Information). Although the specific capacitance in 1 M TEABF,/PC
is lower than that in 6 M KOH, the symmetric supercapacitor achieves
higher energy density (45.6Whkg™') and power density
(41750 Wkg™ ") in the organic electrolyte.

This improvement results from a wider voltage window and a dense
electric double layer formed in meso-/ macropores.[78] In comparison
to organic supercapacitors constructed with porous carbons reported in
other works, the SCR-HPC-900//SCR-HPC-900 supercapacitor exhibits
even more outstanding energy—power integration performance
(TableS11, Supporting Information).'”!?**#2*8] purthermore, the
capacitance retention of 88.5% can be achieved after 100 000 cycles,
demonstrating exceptional cycling stability.

scan rate of 500 mVs~
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3. Conclusion

This study demonstrates a simple and efficient “win-win” strategy for
converting Sargentodoxa Cuneata residue (SCR) into hierarchical
porous graphitic carbon. Structural characterizations indicate that the
decoction pretreatment can effectively modulate the microstructure and
chemical composition of raw SC and construct a hierarchical porous
architecture rich in active functional groups in biochar, providing
abundant active sites and exposed interfaces for the subsequent activa-
tion process, which is conducive to the promotion of graphitization of
carbon materials while maintaining a high porosity. The optimized
SCR-HPC-900 exhibits a high SSA (2465.1m”g '), a hierarchical
porous structure (Vo of 1.27 cm® g "), as well as a significant degree
of graphitization (Ip/Ig of 0.73 and I,p/Ig of 0.50). The SCR-HPC-900
electrode exhibits a high specific capacitance of 415.6Fg ' at 0.5 A
g~ ! in a three-electrode system with 6 M KOH. Impressively, it remains
at 312.0Fg~" (75.1%) even at an ultra-high current density of 200 A
g~ '. The fabricated symmetric supercapacitor achieves an energy den-
sity of 8.5 Whkg™' at a high power density of 37 803 Wkg™ ' and a
capacitance retention of 100.8% after 100 000 cycles, demonstrating
excellent rate performance and cycling stability. Additionally, the
assembled supercapacitors in organic electrolytes obtain the maximum
energy density and power density of 45.6Whkg ' and
41750 Wkg ™', respectively. This study develops a strategy based on
precursor structural engineering, revealing the intrinsic synergistic
mechanism between the porous structure development and graphitiza-
tion enhancement in carbon materials, offering new insights for the
development of high-performance carbon materials.

4. Experimental Section

Materials: Sargentodoxa Cuneata (SC) for the experiment was collected from
Qiandongnan Prefecture, Guizhou Province, China. Potassium hydroxide (KOH)
and hydrochloric acid (HCI) were purchased from Aladdin Life Science Technol-
ogy Co, Ltd, Shanghai, China. All chemicals were used without further
purification.

Synthesis of SCR-HPCs/SC-HPCs: Fresh SC was cut into pieces (~10 cm),
washed thoroughly with deionized (DI) water, and then dried at 105 °C for 24 h.

SCR-HPCs were synthesized via a combined carbonization and chemical acti-
vation strategy. Specifically, 50 g of dried SC was immersed in a ceramic pot reac-
tor with DI water and decocted at 100 °C for 1h under atmospheric pressure,
with periodic water replenishment to ensure complete submersion. Subsequently,
the residue was washed and filtered with DI water, then dried at 105 °C for 24 h
to obtain SCR. Next, the dried SCR was placed in a horizontal tube furnace and
heated to 700 °C at 5°C min~" under a nitrogen atmosphere for pyrolytic car-
bonization for 3 h. After carbonization, the material was naturally cooled, repeat-
edly washed with 1m HCl and DI water, and finally dried at 80 °C for 12 h to
yield Sargentodoxa Cuneata residue-derived biochar (SCR-BC).

The pre-carbonized SCR-BC was mixed with KOH at a mass ratio of 1:2 and
then heated to 800, 900, and 1000 °C, respectively, at a ramp rate of 5 °C min™'
in the same tube furnace device and held for 3 h for activation. Finally, the result-
ing porous carbon samples were thoroughly washed and filtered with 20 wt.%
hydrochloric acid (HCI) solution and DI water to remove impurities, then dried
at 80 °C for 24 h. The dried samples were subjected to physicochemical character-
ization and labeled SCR-HPC-X (where X denotes the activation temperature).

As controls, parallel experiments using raw Sargentodoxa Cuneata (SC) with-
out decoction pretreatment were conducted under identical conditions, with
products designated as SC-HPC-X. This comparative design enables systematic
evaluation of the structural modifications induced by decoction on porous car-
bon properties.

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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