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A B S T R A C T

Bamboo is an abundant and fast-growing lignocellulosic resource with considerable potential as a sustainable 
precursor for functional carbon materials. In this work, bamboo-derived carbon microspheres were employed to 
induce the self-assembly of Mg-modulated Ni-Co layered hydroxide heterostructures, forming a hierarchical 
composite electrode denoted as NCM@BC. During synthesis, the carbon microspheres acted not only as 
conductive supports but also as heterogeneous nucleation sites for hydroxide growth, leading to an open ar
chitecture that facilitated electrolyte penetration and charge transport. Meanwhile, Mg incorporation regulated 
the local coordination environment of the Ni-Co hydroxide phase and improved the structural stability of the 
layered framework during repeated redox reactions. As a result, the optimized NCM@BC-20 electrode delivered 
a specific capacitance of 1226.8 F g− 1 at 1 A g− 1 with favorable rate capability. Furthermore, the assembled 
asymmetric supercapacitor, using NCM@BC-20 as the positive electrode and activated carbon as the negative 
electrode, operated over a 1.6 V voltage window, achieved an energy density of 63.16 Wh kg− 1 at 800 W kg− 1, 
and retained 89.1% of its peak capacitance after 6000 cycles. These results demonstrate that bamboo biomass 
can be converted into a value-added carbon component that not only directs heterostructure formation but also 
contributes to enhanced electrochemical performance, providing a practical route for the development of sus
tainable carbon-based electrode materials.

1. Introduction

The worldwide rise in energy consumption, together with increas
ingly severe environmental pressures, has accelerated the pursuit of 
efficient and sustainable energy-storage technologies (Huang et al., 
2025; Tavakoli et al., 2025). Renewable resources, particularly solar and 
wind energy, are regarded as key options for building low-carbon energy 
systems (Braff et al., 2016). However, the fluctuating and 
weather-dependent nature of these resources poses a major challenge to 
stable and continuous power delivery (Guerra et al., 2020). In response 
to this challenge, supercapacitors have been extensively investigated as 
efficient electrochemical energy-storage devices (Seenivasan et al., 
2025; Zhao et al., 2026). Their storage behavior can generally be divided 

into two categories (Wang et al., 2023a; Kumar et al., 2021). Electric 
double-layer capacitors (EDLCs) operate through electrostatic ion 
accumulation at the electrode/electrolyte interface, whereas pseudoca
pacitors depend on fast Faradaic reactions (Tang et al., 2024). Although 
EDLCs generally exhibit outstanding rate capability and cycling lifespan, 
their energy density is still limited because charge storage mainly relies 
on interfacial ion adsorption on carbon surfaces (Nithya, 2021). In 
comparison, pseudocapacitors offer greater potential for enhanced 
capacitance and energy density (Cheng et al., 2021). Among the various 
pseudocapacitive materials reported to date, transition-metal layered 
hydroxides are considered promising pseudocapacitive materials 
because they offer abundant redox-active states, tunable compositions, 
and high theoretical capacitance (Zhao et al., 2025; Maity et al., 2020). 
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Nevertheless, their practical application is still hindered by slow 
charge-transfer kinetics, poor intrinsic electrical conductivity, and 
structural degradation during repeated redox cycling (Huang et al., 
2018).

Nickel- and cobalt-based materials are representative pseudocapa
citive electrodes due to their rich redox chemistry and relatively high 
intrinsic conductivity compared with other transition-metal compounds 
(Zhang et al., 2024; Wang et al., 2025a). Nevertheless, monometallic Ni- 
or Co-based electrodes commonly suffer from limited rate capability and 
rapid capacity fading, primarily resulting from constrained ion diffusion 
pathways and severe structural degradation during cycling (Chen et al., 
2020; Tang et al., 2022). To address these challenges, bimetallic systems 
such as Ni-Co- and Ni-Mn-based materials have been extensively 
explored (Zhang et al., 2024; Chen et al., 2025), in which the synergistic 
interaction between different metal cations enables improved redox 
activity, enhanced charge transport, and better cycling stability. Despite 
these advances, bimetallic systems still face inherent limitations, 
including restricted structural tunability and insufficient durability 
under high current densities (Luo et al., 2022).

Extending bimetallic systems to ternary compositions is an effective 
way to further enhance electrochemical performance (Lan et al., 2024). 
Rather than simply increasing the number of redox-active centers, 
multimetal synergy provides additional degrees of freedom to regulate 
electronic structure, defect chemistry, and charge-transfer pathways 
(Xia et al., 2016). Under mild hydrothermal or solvothermal conditions 
with controlled OH⁻ release (e.g., urea-assisted precipitation), such 
multimetal systems preferentially evolve into layered double hydroxide 
(LDH)-type structures rather than fully crystallized oxides. LDH-type 
materials feature intrinsically open layered frameworks, tunable metal 
compositions, and abundant electrochemically accessible sites, 
rendering them particularly attractive for pseudocapacitive energy 
storage (Wang et al., 2025a; He et al., 2025a). Notably, beyond the 
incorporation of additional redox-active elements, introducing electro
chemically inactive metal species offers an alternative route to regulate 
structure and kinetics without compromising cycling stability. In this 
regard, magnesium (Mg) represents an attractive yet underexplored 
component. Although Mg2+ does not directly participate in Faradaic 
reactions within the relevant potential window, previous studies have 
shown that Mg incorporation can stabilize Ni/Co hydroxide micro
structures, regulate nanosheet growth, and improve long-term cycling 
stability in related hydroxide-based supercapacitor electrodes (Yao 
et al., 2023a, 2023b). The studies have proved that the Mg can primarily 
function as a structural and microstructural modulator rather than as an 
additional redox-active center (Xie et al., 2018; Yin et al., 2019). 
Moreover, it is well established that Ni/Co-based LDH electrodes un
dergo reversible surface reconstruction in alkaline electrolytes, forming 
highly active oxyhydroxide species that dominate pseudocapacitive 
charge storage (Wang et al., 2023b, 2025a). Therefore, rational design 
of ternary LDH systems with controlled composition and microstructure 
is essential for achieving high-performance supercapacitors.

However, the practical use of ternary LDH materials is still restricted 
by low intrinsic conductivity and unsatisfactory mechanical stability, 
especially under fast-charging and long-term cycling conditions. Inte
grating LDH-based materials with conductive matrices has thus been 
widely adopted to enhance charge transport, buffer structural stress, and 
mitigate structural degradation (Jiang et al., 2025; Yang and Li, 2023). 
While advanced conductive additives such as graphene (Jeong et al., 
2019) and carbon nanotubes (Perez-Gonzalez et al., 2020) are effective, 
their high cost and complex synthesis limit large-scale application. By 
comparison, biomass-derived carbon has attracted increasing attention 
as an alternative electrode material because of its renewability, low cost, 
and tunable structural characteristics (Gu et al., 2025). Recent studies 
have shown that biomass-derived carbons can be engineered into 
porous, doped, and even self-supporting electrode architectures for 
advanced electrochemical energy-storage systems, highlighting their 
value beyond that of conventional conductive additives (Huang et al., 

2025, 2024). In particular, hydrothermally derived carbon microspheres 
possess abundant oxygen-containing functional groups, hierarchical 
porosity, and strong interfacial affinity toward metal species, enabling in 
situ growth and self-assembly of LDH nanostructures without additional 
surface modification (Gao et al., 2024; Zhang et al., 2025a).

Bamboo, as a typical lignocellulosic biomass, contains cellulose, 
hemicellulose, and lignin, which together serve as carbon precursors 
during hydrothermal carbonization and subsequent carbonization. In 
the present work, these biomass components do not remain only as 
native biopolymers in the final electrode; instead, they are converted 
into bamboo-derived carbon microspheres that provide both the struc
tural carbon framework and surface functionalities for subsequent hy
droxide nucleation and growth (He et al., 2025b). Owing to these 
features, the bamboo-derived carbon microspheres function simulta
neously as conductive frameworks and structure-directing platforms, 
promoting the formation of hierarchical LDH nanoflowers with favor
able ion/electron transport pathways. Based on this design, 
bamboo-derived carbon was introduced to construct a ternary Ni-Co-Mg 
LDH/carbon composite electrode (NCM@BC) for efficient super
capacitive energy storage. In this system, Mg incorporation helps sta
bilize the layered framework and regulate growth behavior, while the 
synergistic Ni-Co redox chemistry ensures high pseudocapacitive ac
tivity. As a result, the NCM@BC electrode exhibits excellent electro
chemical performance and shows strong potential for application in 
high-energy asymmetric supercapacitors.

2. Experimental

2.1. Chemicals and materials

Bamboo powder (moso bamboo, passed through a 60-mesh sieve) 
was used as the biomass precursor. Cobalt(II) nitrate hexahydrate (Co 
(NO3)2⋅6 H2O, ≥ 99%), nickel(II) nitrate hexahydrate (Ni(NO3)2⋅6 H2O, 
≥ 99%), magnesium sulfate (MgSO4, ≥99%), urea (CO(NH2)2), anhy
drous ethanol, polyethylene glycol-600 (PEG-600), potassium hydroxide 
(KOH), acetylene black, polyvinylidene fluoride (PVDF), and N-methyl- 
2-pyrrolidone (NMP) were purchased from Shanghai Aladdin 
Biochemical Technology Co., Ltd. (Shanghai, China). Nickel foam was 
adopted as the current collector, while Hg/HgO and Pt foil were pro
vided by Kelude Co., Ltd. and used as the reference and counter 
electrodes.

2.2. Synthesis of NCM@BC electrode materials

2.2.1. Preparation of bamboo-derived carbon (BC)
BC microspheres were produced through a two-step route combining 

hydrothermal treatment and subsequent carbonization. Briefly, 1 g of 
bamboo powder was added to 50 mL of deionized water and magneti
cally stirred to form a homogeneous suspension. The purpose was to 
ensure uniform contact between the biomass particles and water before 
hydrothermal treatment rather than to obtain a long-term colloidally 
stable dispersion. The suspension was then placed in a Teflon-lined 
stainless-steel autoclave and heated at 220 ◦C for 12 h. Once cooled to 
ambient temperature, the resulting solid was recovered by vacuum 
filtration, repeatedly rinsed with deionized water, and dried at 60 ◦C. 
The dried hydrothermal product was then treated in a tubular furnace 
under N2 at 800 ◦C for 1 h (5 ◦C min-1). After cooling, the carbonized 
sample was ground and denoted as BC.

2.2.2. Preparation of NCM@BC composite electrode materials
NCM@BC composite electrode materials were prepared by a one-pot 

solvothermal strategy. Ni(NO3)2⋅6 H2O, Co(NO3)2⋅6 H2O, and MgSO4 
were dissolved in 50 mL of an aqueous solution containing 30 vol% 
ethylene glycol, with a total metal salt amount of 1 mmol and a molar 
ratio of Ni:Co:Mg = 2:1:2. After the metal salts were completely dis
solved by vigorous stirring for 5 min, 1.5 g of urea was added as the 
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precipitating agent and stirring was continued until a clear solution was 
obtained. BC was then added in different amounts (10, 20, and 30 mg), 
followed by continuous stirring for 30 min to form a well-dispersed 
suspension. The suspension was subsequently placed in a 100 mL 
Teflon-lined stainless-steel autoclave for solvothermal reaction at 80 ◦C 
for 30 h. The solid products were then recovered by centrifugation at 
8000 rpm, washed several times with deionized water and ethanol, and 
dried at 60 ◦C for 12 h. The resulting products were labeled NCM@BC- 
10, NCM@BC-20, and NCM@BC-30 according to the BC dosage (Fig. 1).

For comparison, two control samples were also prepared under the 
same solvothermal conditions. The Mg-free sample was denoted as NC, 
in which MgSO4 was omitted from the precursor solution. The Mg- 
containing sample prepared without BC was denoted as NCM. These 
control samples were used to distinguish the respective roles of Mg 
incorporation and bamboo-derived carbon introduction.

2.3. Material characterization

FE-SEM (Hitachi S-3400) combined with EDS was used to examine 
the morphology and elemental distribution of the prepared samples. 
Their microstructural features were further investigated by HRTEM 
(JEOL JEM-2100, 200 kV). Phase identification was carried out by X-ray 
diffraction (XRD) on a PANalytical X’Pert Pro diffractometer with Cu Kα 
radiation (λ = 1.5406 Å). Surface elemental composition and valence 
states were analyzed by X-ray photoelectron spectroscopy (XPS, AXIS 
Ultra). N2 adsorption-desorption at 77 K were performed on a Micro
meritics ASAP 2020 instrument (Huang et al., 2018; Jiang et al., 2025; 
Zhang et al., 2025a).

2.4. Computational details

Density functional theory (DFT) calculations were performed to 
clarify the electronic structure and interfacial interaction characteristics 
of the NCM@BC system. The computational methodology is described in 
detail in the Supporting Information (SI).

2.5. Electrochemical measurements

Electrochemical tests were conducted on a Zennium electrochemical 
workstation (Zahner, Germany). The working electrode was fabricated 
by coating a slurry of active material, acetylene black, and PVDF (8:1:1 
by mass) on nickel foam and drying it under vacuum at 80 ◦C overnight. 
Measurements were performed in 6 M KOH using a three-electrode (3E) 
system with Pt foil and Hg/HgO as the counter and reference electrodes, 

respectively. CV, GCD, and EIS were recorded over 0–0.5 V after 20 
activation cycles. The asymmetric supercapacitor was assembled with 
NCM@BC-20 as the positive electrode. The electrode mass balance and 
the equations used for device metrics are provided in the SI.

3. Results and discussion

3.1. Morphological and structural properties

The morphology and microstructure of the electrode materials were 
examined by SEM (Fig. 2a-i). The bamboo-derived carbon (BC) obtained 
via hydrothermal carbonization followed by high-temperature carbon
ization exhibits a typical microspherical morphology with relatively 
smooth surfaces and interconnected structures (Fig. 2a). Although the 
BC spheres appear morphologically smooth at the SEM scale, hydro
thermal carbonization generally preserves abundant oxygen-containing 
surface functionalities, which can provide effective adsorption and 
nucleation sites for metal ions during subsequent solvothermal growth. 
Therefore, the BC microspheres act not only as conductive carbon sup
ports, but also as chemically active substrates for the heterogeneous 
growth of the layered hydroxide phase (Kumari et al., 2024; Wang et al., 
2024). For comparison, the morphology of the NC sample was also 
characterized. As shown in Fig. S1, NC exhibits an aggregated porous 
structure without well-defined hierarchical features. However, the 
pristine NCM sample displays a microspherical morphology composed 
of densely stacked and interwoven nanosheets (Figs. 2b and 2c), a 
structural feature commonly observed for multimetal hydroxide mate
rials synthesized under mild solvothermal conditions (Zhang et al., 
2024). However, the compact stacking of these nanosheets results in 
limited internal void space, which may restrict electrolyte penetration 
and ion transport during electrochemical operation.

Upon the introduction of BC, the resulting NCM@BC composites 
exhibit markedly different hierarchical architectures, indicating that BC 
plays a decisive role in regulating the nucleation, growth, and self- 
assembly behavior of the multimetal layered hydroxide phase. Specif
ically, the NCM@BC-10 sample (Figs. 2d and 2e) presents a relatively 
dense three-dimensional network dominated by rod-like or needle-like 
subunits. Although the presence of BC promotes heterogeneous nucle
ation, the insufficient BC content leads to excessive aggregation of the 
active nanostructures, resulting in reduced pore accessibility and limited 
transport pathways for electrolyte ions and electrons. In contrast, the 
NCM@BC-20 sample (Figs. 2f and 2g) exhibits a well-defined hierar
chical nanoflower-like architecture, in which ultrathin, needle-like NCM 
nanosheets are uniformly anchored onto the surface of carbon 

Fig. 1. The synthesis route of NCM@BC composites.
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Fig. 2. SEM images of (a) BC, (b–c) pristine NCM, (d–e) NCM@BC-10, (f–g) NCM@BC-20, and (h–i) NCM@BC-30; (j) Low-magnification TEM image of NCM@BC-20 
showing BC microsphere domains embedded in the carbon-supported hierarchical assembly; (k) HRTEM image; (l) SAED pattern; and (m) EDS elemental mapping of 
NCM@BC-20.
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microspheres and radially assembled into flower-like spherical assem
blies. The open three-dimensional framework with enlarged inter- 
nanosheet spacing effectively suppresses structural agglomeration, in
creases the electrochemically accessible surface area, and exposes 
abundant redox-active sites. Such a hierarchical architecture is highly 
favorable for rapid electrolyte infiltration and efficient ion/electron 
transport, which is expected to reduce charge-transfer resistance and 
enhance both specific capacitance and rate capability (Lan et al., 2024). 
Moreover, the robust nanoflower-like configuration provides sufficient 
structural buffering space to accommodate volume variation during 
repeated Faradaic reactions, thereby contributing to improved cycling 
stability. When the BC content is further increased to 30 mg, the 
NCM@BC-30 sample (Fig. 2h,i) undergoes an obvious morphological 
evolution toward densely stacked nanosheet assemblies. The excessive 
carbon content disrupts the controlled self-assembly process, leading to 
a more compact structure with reduced exposed active surface and 
hindered ion transport pathways, which is detrimental to electro
chemical performance.

TEM observation of NCM@BC-20 further clarifies the composite 
architecture. As shown in Fig. 2j, the particle consists of a carbon- 
supported hierarchical assembly rather than isolated hydroxide parti
cles. The relatively low-contrast spherical domains can be assigned to 
the carbon microspheres, while the surrounding high-contrast regions 
correspond to the attached NCM nanosheets. This morphology is 
consistent with a carbon-core/LDH-shell-like hierarchical structure 
formed through heterogeneous nucleation and outward growth of the 
layered hydroxide phase on the BC surface (Fig. S2). High-resolution 
TEM analysis (Fig. 2k) reveals distinct lattice fringes within the NCM 

nanosheets, indicating the presence of locally ordered crystalline do
mains. The lattice spacing is measured to be approximately 0.20 nm and 
is assignable to the (110) facet of Ni-Co-based layered hydroxides, 
implying that the original layered motif is retained in the composite. 
Notably, the NCM nanosheets are closely attached to the carbon mi
crospheres, forming a carbon-supported hierarchical heterostructure. 
Such close interfacial contact is beneficial for maintaining structural 
integrity during cycling and for facilitating electron transport across the 
LDH/carbon interface. As shown in Fig. 2l, the SAED pattern consists of 
concentric diffraction rings assignable to the (001), (110), (200), and 
(300) planes, revealing the polycrystalline character of the sample 
together with a moderate degree of crystallinity. Such diffraction char
acteristics are typical of LDH-derived materials synthesized under mild 
conditions and are advantageous for providing abundant defect sites and 
electrochemically active surfaces. EDS elemental mapping (Fig. 2m) 
further shows the co-localization of C, Ni, Co, and Mg signals within the 
same particle region. This result confirms the homogeneous dispersion 
of the metal species within the carbon-supported matrix and supports 
the successful formation of an integrated multicomponent architecture.

The crystalline structure and phase constitution of the samples were 
examined by XRD, as shown in Fig. 3a. For BC, two broad diffraction 
bands centered at approximately 22.9◦ and 43.3◦ can be assigned to the 
(002) and (100) planes of disordered carbon, respectively. The broad 
profiles indicate that the carbon framework is predominantly amor
phous, which is typical for hydrothermally derived biomass carbons 
(Zhou et al., 2020). For pristine NCM and NCM@BC-20, distinct 
diffraction peaks located at around 11.8◦, 33.5◦, and 59.7◦ can be 
indexed to the (003), (110), and (300) planes of an LDH-type phase 
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Fig. 3. (a) XRD pattern and (b) Raman spectra; (c) N2 adsorption/desorption isotherms; (d) PSD curves of BC, NCM, NCM@BC-20 sample in the range of 2–150 nm, 
the insert is the micropore range less than 2 nm.
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(PDF#76–1842). The relatively weak and broadened diffraction features 
of NCM and NCM@BC-20 indicate that the hydroxide phase retains an 
LDH-type layered structure but possesses reduced long-range crystallo
graphic ordering, rather than forming a highly crystallized oxide phase. 
Such broadened reflections are likely associated with nanocrystalline 
layered domains, imperfect stacking of hydroxide sheets, and the addi
tional structural disorder introduced by Mg incorporation and 
LDH/carbon interfacial coupling under the mild solvothermal condi
tions used in this work. Nevertheless, NCM and NCM@BC-20 exhibit 
closely similar diffraction features, indicating that the incorporation of 
bamboo-derived carbon preserves the essential layered hydroxide 
framework. Such partial structural disorder is often beneficial for elec
trochemical energy storage because it can increase defect-associated 
active sites and improve their accessibility.

Raman analysis was further conducted to examine the carbon 
structure and local bonding environment of the composites (Fig. 3b). For 
both BC and NCM@BC-20, two obvious Raman features appear near 
1334 (D bands) and 1588 cm− 1 (G bands). The former reflects disor
dered carbon structures, whereas the latter is related to graphitized sp2 

carbon. The calculated ID/IG ratios are 0.92 for BC and 0.94 for 
NCM@BC-20, suggesting a modest increase in defect density in the 
composite. The slightly higher value for NCM@BC-20 suggests a mod
erate increase in defect density after coupling with the NCM phase. It 
should be noted that the Raman response mainly reflects the local 
structural order of the carbon phase rather than the overall crystallinity 
of the entire sample. Therefore, the more distinct D/G bands of BC do 
not imply that BC is more crystalline than NCM in a strict structural 
sense. In fact, the XRD results indicate that BC remains predominantly 
disordered carbon, while the crystallinity of NCM should be mainly 
interpreted from its LDH-related diffraction features (Luo et al., 2022). 
NCM@BC-20 also shows weak features in the low-wavenumber range 
(ca. 450–550 cm− 1), which are attributable to metal-oxygen vibrational 
modes from the multimetal hydroxide framework and provide addi
tional evidence for successful coupling between the LDH phase and the 
carbon matrix.

The N2 adsorption-desorption isotherms in Fig. 3c and S3 are char
acteristic of type IV with pronounced H3 hysteresis, suggesting the 
predominance of mesopores. The PSD curves (Fig. 3d) further show a 
wide pore distribution extending across the micro-, meso-, and macro
pore ranges, suggesting the formation of hierarchical porous networks. 
The quantitative textural parameters are listed in Table S1. The BC 
sample shows a high SBET (225.38 m2 g− 1) and a dominant micropore 
contribution (VDR/V0.99 = 0.68), whereas its mesopore volume remains 
relatively low. In contrast, the pristine NC sample exhibits a much lower 
SBET (33.75 m2 g− 1) and a negligible micropore fraction, indicating that 
densely stacked nanosheets limit the formation of accessible pores and 
active interfaces. Compared with the Mg-free NC sample, the Mg- 
containing NCM sample shows obvious increase in specific surface 
area (119.71 m2 g− 1) and micropore contribution (VDR/V0.99 = 0.19), 
indicating that Mg incorporation modifies the crystallization/stacking 
behavior of the Ni-Co hydroxide framework. This experimental com
parison supports the view that Mg primarily acts as a structural modu
lator rather than as an additional redox-active center within the 
investigated potential window. Further integration with BC leads to a 
pronounced optimization of the hierarchical pore structure. Among the 
composites, NCM@BC-20 exhibits the most balanced textural charac
teristics, featuring a relatively high SBET (193.26 m2 g− 1), an enhanced 
VDR (0.079 cm2 g− 1), and a reduced average pore size (5.94 nm). Such a 
hierarchical pore network, in which micropores provide abundant 
electrochemically active interfaces while mesopores act as ion-buffering 
reservoirs and fast diffusion pathways, is highly favorable for efficient 
electrolyte penetration and rapid OH- transport. These structural ad
vantages are consistent with the reduced charge-transfer resistance and 
superior rate capability observed for NCM@BC-20 in electrochemical 
measurements. By comparison, insufficient BC loading fails to effec
tively suppress nanosheet aggregation, while excessive BC incorporation 

leads to a reduced micropore fraction and less efficient utilization of 
redox-active sites. Overall, the optimized hierarchical pore structure of 
NCM@BC-20 provides a solid structural foundation for its enhanced 
electrochemical performance.

3.2. Chemical characteristics

To further elucidate the surface chemical states, interfacial bonding 
environment, and the role of Mg incorporation in the composite elec
trodes, XPS and DFT calculations were employed. The XPS survey 
spectra of BC, NCM, and NCM@BC-20 are presented in Fig. 4a. Distinct 
signals corresponding to C, N, O, Ni, Co, and Mg are clearly detected for 
NCM@BC-20, confirming the successful integration of the multimetal 
layered hydroxide with the bamboo-derived carbon framework. 
Compared with pristine NCM, the NCM@BC-20 composite exhibits an 
increased carbon and oxygen content (Table S2), reflecting the incor
poration of oxygen-rich biomass-derived carbon and the formation of an 
extended interfacial contact area.

As shown in Fig. 4b and Table S3, the C 1 s spectrum is resolved into 
four peaks at 284.8, 286.1, 287.0, and 288.6 eV, corresponding to C-C/ 
C––C, C-O, C––O, and O-C––O species, respectively. These oxygenated 
surface functionalities inherited from bamboo-derived carbon facilitate 
the nucleation of the NCM phase and promote tight interfacial coupling 
with the layered hydroxide framework. Importantly, the persistence of 
these functional groups in NCM@BC-20 suggests that the carbon scaf
fold not only serves as a conductive network but also actively partici
pates in interfacial chemical regulation (Zhao et al., 2025).

The O 1 s spectra (Fig. 4c and Table S4) further reveal the chemical 
environment of oxygen species. For BC, the peaks at 530.6, 532.1, and 
533.8 eV correspond to C––O, C–OH/C–O–C, and –COOH groups, 
respectively. These oxygen-containing groups are important because 
they provide coordination/adsorption sites for the precursor metal ions, 
thereby favoring heterogeneous nucleation and stabilizing the attach
ment of the hydroxide phase on the BC surface. In contrast, NCM and 
NCM@BC-20 display characteristic contributions from metal–oxygen 
bonds (530.2 eV), hydroxyl groups (531.1 eV), and adsorbed oxygen 
species (532.9 eV), indicative of a typical LDH-like chemical environ
ment. A high proportion of hydroxyl-associated oxygen species can 
facilitate fast and reversible surface Faradaic reactions under alkaline 
conditions (Luo et al., 2021a). The N 1 s spectra (Fig. S4 and Table S5) of 
BC, NCM, and NCM@BC-20 exhibit contributions from pyridinic N, 
pyrrolic N, and oxidized nitrogen species. These nitrogen functionalities 
enhance surface polarity and electronic conductivity, thereby facili
tating electrolyte infiltration and interfacial charge transfer (Zhang 
et al., 2024).

As shown in Figs. 4d and 4e, the Ni 2p and Co 2p spectra reveal that 
NCM@BC-20 contains Ni2+ as well as Co species with mixed Co2+/Co3+

valence states (Table S6, S7). Such mixed-valence states provide abun
dant redox-active centers and underpin the pseudocapacitive charge 
storage behavior. In addition, clear Mg 1 s and Mg 2p signals (Fig. 4f) 
confirm that Mg is incorporated as a stable divalent species. Although 
Mg2+ is electrochemically inactive within the applied potential window, 
its presence is expected to regulate local coordination environments and 
stabilize the layered framework rather than directly participating in 
Faradaic reactions.

To gain atomistic insights into the roles of Mg incorporation and 
carbon coupling, DFT calculations were performed. As shown in Fig. 5a 
and b, Mg can be stably introduced into the Ni-Co LDH lattice (NC), and 
the calculated substitution formation energy is 0.41 eV, indicating that 
Mg incorporation is thermodynamically feasible. This result is consistent 
with the experimentally observed homogeneous Mg distribution. The 
moderate formation energy further suggests that Mg can be incorporated 
into the layered hydroxide framework without causing pronounced 
lattice instability and thus primarily acts as a structural modulator. The 
optimized LDH/carbon interface models are shown in Fig. 5c and d. The 
Ni-Co-Mg LDH/carbon interface exhibits a more negative binding 
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energy (NCM@BC, –2.71 eV) than the Mg-free Ni–Co LDH/carbon 
interface (NC@BC, –2.18 eV), indicating that Mg incorporation 
strengthens the interaction between the hydroxide phase and the carbon 
substrate. Charge-density-difference analysis further clarifies the nature 
of this interface. As shown in Fig. 5e, localized charge accumulation and 
depletion are observed near the NCM@BC contact region, demon
strating clear interfacial charge redistribution rather than simple phys
ical contact. Such interfacial electronic polarization is beneficial for 
stabilizing the heterointerface and facilitating charge transfer across the 
composite structure. Considering the alkaline electrolyte environment, 
K⁺ adsorption was used as a representative descriptor to evaluate ion 
affinity. As shown in Fig. 5f and Fig. S5, the adsorption energy becomes 
progressively more negative from pristine LDH (NC, –2.02 eV) to Mg- 
incorporated LDH (NCM, –2.39 eV) and further to the LDH/carbon 
heterostructure (NCM@BC-20, –3.19 eV), indicating increasingly 
favorable ion–surface interaction after Mg regulation and carbon 
coupling. This enhanced ion affinity provides a reasonable theoretical 
explanation for the experimentally observed improvements in pseudo
capacitive contribution, rate capability, and cycling stability. Overall, 
the combined XPS and DFT results indicate that Mg incorporation sta
bilizes the layered hydroxide framework and strengthens the NCM@BC 
interface without altering the intrinsic redox roles of Ni and Co. The 
optimized local electronic environment, interfacial charge 

redistribution, and enhanced ion adsorption together account for the 
superior electrochemical performance of the NCM@BC composite.

3.3. Electrochemical performance

The electrochemical behavior was systematically evaluated in a 3E 
system. The CV curves of BC at scan rates from 5 to 200 mV s⁻¹ are 
presented in Fig. 6a. The curves display a nearly rectangular shape with 
slight deviation, suggesting that charge storage is dominated by EDLC, 
accompanied by a limited pseudocapacitive contribution from surface 
oxygen- and nitrogen-containing groups (Wang et al., 2025b). Even at 
high scan rates, the overall profile remains largely unchanged, indi
cating rapid ion adsorption/desorption and good rate response (Zhao 
et al., 2025). In Fig. 6b, the GCD profiles of BC show nearly symmetric 
triangular shapes over 0.5–10 A g− 1, characteristic of a highly reversible 
capacitive process.

By contrast, the CV curves of NC, pristine NCM, and the NCM@BC 
composites collected at 5 mV s− 1 within − 0.1–0.55 V (Fig. 6c) exhibit 
obvious redox peaks, indicating that Faradaic reactions dominate the 
charge-storage process in these NCM-based electrodes (Luo et al., 
2021b). These redox features are associated with the reversible valence 
transitions of Ni and Co species in alkaline electrolyte and can be 
described by the following reactions: 

Fig. 4. XPS spectra of BC, NCM, and NCM@BC-20, including (a) full survey spectra, (b) C 1 s, (c) O 1 s high-resolution spectra, together with (d) Ni 2p, (e) Co 2p, and 
(f) Mg 1 s, 2p high-resolution spectra of NCM@BC-20.
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Ni(OH)₂ + OH⁻ ↔ NiOOH + H2O + e⁻                                                 

Co(OH)₂ + OH⁻ ↔ CoOOH + H2O + e⁻                                                

CoOOH + OH⁻ ↔ CoO₂ + H2O + e⁻                                                     

In comparison with NC and pristine NCM, all NCM@BC electrodes 
deliver more pronounced redox responses and broader CV areas, indi
cating more effective participation of active sites in the charge-storage 
process and enhanced pseudocapacitive behavior. This improvement 
can be ascribed to the combined effect of Mg-induced electronic mod
ulation and the intimate coupling between the LDH phase and BC, which 
together improve the accessibility of surface-active sites and facilitate 
interfacial redox reactions. Among the composite electrodes, NCM@BC- 
20 shows the largest enclosed CV area, implying the highest charge- 
storage capability. When the BC content is further increased to 30 mg, 
the electrochemical response declines, likely because excessive carbon 
addition induces partial aggregation and hampers efficient ion transport 
(Wang et al., 2025b).

The CV curves of NCM@BC-20 at different scan rates are displayed in 
Fig. 6d. With increasing scan rate, the peak currents increase continu
ously while the overall curve shape is largely maintained, revealing 
favorable reaction kinetics and good rate tolerance. The gradual shift of 
the anodic and cathodic peaks at higher scan rates is attributable to 
electrode polarization, a common feature of pseudocapacitive materials 
(Chen et al., 2025; He et al., 2025a; Yang and Li, 2023).

Further evidence is provided by the GCD results. As shown in Fig. 6e, 
NC, pristine NCM, and NCM@BC all exhibit discharge profiles with 
distinct voltage plateaus, confirming the Faradaic nature of the charge- 
storage process (Luo et al., 2022). The specific capacitances of 
NCM@BC-10, NCM@BC-20, and NCM@BC-30 are calculated to be 
1118, 1226.8, and 1198.4 F g− 1, respectively. NCM@BC-20 delivers the 
highest value, markedly exceeding those of pristine NCM (931.8 F g− 1) 

and NC (670 F g− 1). It should be noted that the capacitance values were 
calculated based on the total mass of the composite active material. 
Although BC itself exhibits a relatively low capacitance and mainly 
contributes electric double-layer charge storage, its incorporation is still 
beneficial because it provides conductive pathways, nucleation/an
choring sites for hydroxide growth, and an optimized hierarchical pore 
structure. Therefore, the improved performance of NCM@BC-20 origi
nates from the synergistic integration of BC with the NCM phase (Gao 
et al., 2024). DFT results further support this interpretation by showing 
stronger interfacial binding and enhanced K+ adsorption at the 
Mg-regulated LDH/carbon interface, both of which are favorable for fast 
redox reactions and efficient charge storage.

The GCD curves of NCM@BC-20 at different current densities are 
shown in Fig. 6f. The corresponding specific capacitances remain at 
1226.8, 1130.4, 993.0, and 886.0 F g− 1 at 1, 2, 5, and 10 A g− 1, 
respectively, demonstrating excellent rate performance. The decrease in 
capacitance at high current density is mainly associated with insufficient 
ion diffusion into the inner active regions under rapid charge-discharge 
conditions. Even so, the capacitance retention remains high, high
lighting the role of BC in promoting efficient electron/ion transport 
throughout the composite (Zhang et al., 2025a).

To further probe the kinetic characteristics, EIS measurements were 
carried out (Fig. 6g and Table S8). All electrodes show small solution 
resistance values (Rs≈0.5 Ω), indicating good electrical contact and low 
ohmic loss. Notably, NCM@BC-20 presents the most reduced semicircle 
in the high-frequency region, suggesting the most favorable interfacial 
charge-transfer kinetics. This result points to faster interfacial electron 
transport and improved reaction kinetics (Zhao et al., 2025). Such 
behavior is consistent with the DFT results, which indicate that Mg 
incorporation enhances electronic coupling at the LDH/carbon interface 
and promotes interfacial charge redistribution, thereby lowering the 
kinetic barrier for charge transfer. The rate capability comparison is 
summarized in Fig. 6h. At 10 A g− 1, NCM@BC-20 retains 70.6% of its 

Fig. 5. (a) Optimized atomic structure of pristine NC sample; (b) optimized atomic structure of Mg-incorporated NCM sample, with the Mg substitution site indi
cated; (c) optimized NC/BC interfacial structure and corresponding binding energy; (d) optimized NCM/BC interfacial structure and corresponding binding energy; 
(e) charge-density-difference maps at the LDH/carbon interface (yellow: electron accumulation; cyan: electron depletion); and (f) optimized K+ adsorption 
configuration on the NCM/BC heterostructure. The comparative K+ adsorption energies for pristine NC, NCM, and NCM/BC heterostructures are provided in Fig. S5.
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initial capacitance, which is clearly higher than that of pristine NCM 
(60.1%) and NCM@BC-30 (59.9%). This result demonstrates that an 
appropriate BC content is essential for maintaining structural integrity 
and sustaining rapid ion/electron transport under high-rate operation. 
The improved high-rate response is also in line with the DFT analysis, 
which suggests strengthened interfacial coupling and more favorable 
charge redistribution after Mg regulation.

The charge-storage mechanism of NCM@BC-20 was further exam
ined by fitting the CV response with the power-law equation i = avb (Luo 
et al., 2022; Wang et al., 2025b). The obtained b values are 0.72 and 
0.59 for the anodic and cathodic peaks, respectively, indicating a mixed 
kinetic behavior involving both surface-controlled and 
diffusion-controlled processes, while the cathodic process exhibits a 
more pronounced diffusion constraint (Fig. S6). The relative contribu
tions were further quantified by Dunn’s method. As shown in Fig. 6i, the 
surface-controlled contribution increases from 60% at 1 mV s− 1 to 93% 
at 20 mV s− 1, indicating that capacitive processes become increasingly 
dominant at higher scan rates. This behavior can be attributed to the 
hierarchical pore structure and strong LDH-carbon interfacial coupling, 

both of which favor rapid surface redox reactions and efficient charge 
transport.

3.4. Electrochemical properties of the ASC devices

The device-level performance of NCM@BC was further investigated 
by assembling an asymmetric supercapacitor with NCM@BC-20 as the 
cathode and biomass-derived porous activated carbon (AC) from our 
earlier work (Luo et al., 2022) as the anode. The working voltage of the 
device was first determined from the electrochemical stability of the two 
electrodes. As presented in Fig. 7a, when the cell voltage was increased 
stepwise from 1.0 to 1.6 V at 10 mV s− 1, the CV profiles remained well 
preserved without obvious deformation, indicating stable and reversible 
operation within this range. Further extension of the voltage window led 
to noticeable polarization and deviation from the original curve shape, 
implying the occurrence of side reactions (Zhang et al., 2024). To further 
confirm the suitable operating voltage, GCD curves were recorded at 
1 A g− 1 under different voltage windows (Fig. 7b). The results are 
consistent with the CV analysis and support the selection of 1.6 V as the 

Fig. 6. Electrochemical responses of BC, NC, pristine NCM, and NCM@BC electrodes: (a) CV behavior of BC at different scan rates; (b) GCD behavior of BC at various 
current densities; (c) CV curves of NC, pristine NCM, and NCM@BC electrodes obtained at 5 mV s− 1; (d) scan-rate-dependent CV curves of NCM@BC-20; (e) GCD 
curves of NC, pristine NCM, and NCM@BC electrodes recorded at 1 A g− 1; (f) current-density-dependent GCD curves of NCM@BC-20; (g) Nyquist spectra of BC, 
NCM, and NCM@BC electrodes from EIS analysis, with the equivalent circuit shown in the inset; (h) rate capability comparison among the different electrodes; (i) 
deconvolution of capacitive and diffusion-controlled charge-storage contributions for NCM@BC-20 at different scan rates.
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working voltage for subsequent device evaluations.
After the voltage window was established, the rate-dependent elec

trochemical behavior of the assembled device was evaluated. The CV 
profiles in Fig. 7c remain largely unchanged over the scan-rate range of 
5–100 mV s− 1, suggesting fast electrochemical response and stable rate 
performance for the device. The GCD curves at different current den
sities are shown in Fig. 7d. All profiles are nearly symmetric, with weak 
plateau features, indicating good reversibility and a charge-storage 
mechanism involving both capacitive and Faradaic contributions 
(Zhao et al., 2025; Zhang et al., 2025a; Wang et al., 2025b). The very 
small IR drop at the initial stage of discharge suggests low internal 
resistance, which can be related to the conductive BC framework and the 
effective matching between the positive and negative electrodes. Based 
on the GCD results, the device delivers specific capacitances of 173.6, 
154.5, 126.9, and 103.1 F g− 1 at 1, 2, 5, and 10 A g− 1, respectively. At 
elevated current densities, the reduced capacitance is primarily caused 
by insufficient ion diffusion and limited access to active sites under fast 
charging-discharging conditions, which is a common feature of hybrid 
supercapacitors (Zhang et al., 2024; Wang et al., 2023b; Yang and Li, 
2023).

As indicated by the Ragone plot in Fig. 7e, the NCM@BC-20//AC 

device achieves 63.16 Wh kg− 1 at a power density of 800 W kg− 1. 
Even under higher-power operation, the device still shows competitive 
energy density compared with many previously reported biomass-based 
and multimetal asymmetric supercapacitors (Table 1). This performance 
can be attributed to the cooperative effect between the multimetal LDH- 
derived active phase and the conductive porous carbon scaffold. In 
particular, Mg incorporation helps optimize electronic interaction 
within the Ni-Co hydroxide framework and strengthens charge transfer 
across the LDH/carbon interface, while the porous BC matrix provides 
continuous electron-transport pathways and relieves structural stress 
during repeated Faradaic reactions (Zhao et al., 2025; Tang et al., 2022; 
Gao et al., 2024).

Long-term cycling performance was examined at 10 A g⁻¹ (Fig. 7f). 
The capacitance shows an initial activation-induced increase during the 
early cycles, followed by gradual stabilization, which can be ascribed to 
improved electrolyte infiltration, progressive exposure of electroactive 
sites, and reversible surface reconstruction of the LDH phase in alkaline 
medium. After the activation stage, the device retains 89.1% of its peak 
capacitance after 6000 cycles, together with a coulombic efficiency of 
99.4%, indicating good reversibility and acceptable structural dura
bility. Although this cycling performance is competitive, the gradual 

Fig. 7. Electrochemical responses of the NCM@BC-20//AC asymmetric supercapacitor: (a) CV behavior at 10 mV s− 1 over different cell-voltage windows; (b) GCD 
profiles at 1 A g− 1 under different voltage windows; (c) scan-rate-dependent CV curves; (d) current-density-dependent GCD curves; (e) Ragone plot with an inset 
photograph of an LED lit by the assembled device; (f) long-term cycling performance and coulombic efficiency at 10 A g− 1; (g) SEM images of the NCM@BC-20 
positive electrode before and after 6000 charge-discharge cycles at 10 A g⁻¹ in the asymmetric supercapacitor device; and (h-i) Ni 2p and Co 2p high-resolution 
XPS spectra of the cycled NCM@BC-20 positive electrode after 6000 charge-discharge cycles.
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capacitance decay suggests that some structural/electrochemical evo
lution still occurs during prolonged operation. Considering that the 
positive electrode stores charge through repeated Faradaic reactions 
while the activated carbon negative electrode mainly contributes elec
tric double-layer capacitance, the observed fading is more likely asso
ciated with the progressive surface evolution of the LDH-based positive 
electrode. Post-cycling characterization further supports this interpre
tation. As shown in Fig. 7g, the cycled positive electrode largely pre
serves its hierarchical morphology after prolonged cycling, although 
slight surface coarsening and partial densification of the outer subunits 
can be observed. In addition, the post-cycling XPS spectra (Fig. 7h-i and 
Fig. S7) indicate that the electrode still retains characteristic C, O, Ni, 
and Co signals, together with typical Ni/Co-based hydroxide/oxy
hydroxide chemical features. The O 1 s spectrum still shows metal- 
oxygen, hydroxyl-related oxygen, and adsorbed oxygen components 
(Fig. S7), while the Ni 2p and Co 2p spectra confirm the persistence of 
electrochemically relevant Ni/Co surface species after long-term cycling 
(Fig. 7h-i). These results suggest that the BC-supported hierarchical ar
chitecture helps maintain structural continuity and effective electron/ 
ion transport pathways during cycling, while gradual surface chemical 
evolution of the LDH phase likely contributes to the moderate capaci
tance decay (Xie et al., 2018; Yin et al., 2019). In addition, the inset 
photograph in Fig. 7e shows that a single assembled device can directly 
light a commercial LED, visually demonstrating its practical output 
capability. Overall, the results confirm that integrating multimetal LDH 
chemistry with biomass-derived carbon engineering is an effective 
strategy for constructing high-performance and sustainable asymmetric 
supercapacitors.

4. Conclusion

A self-assembly route mediated by bamboo-derived carbon was 
established to fabricate Ni-Co-Mg layered hydroxide/carbon composites 
with a hierarchical flower-like architecture. In this system, the bamboo- 
derived carbon microspheres served simultaneously as conductive 
scaffolds and nucleation platforms for the growth of hydroxide nano
sheets, thereby promoting the formation of an open electrode structure 
favorable for electrolyte penetration and charge transport. Meanwhile, 
Mg incorporation contributed to stabilizing the layered hydroxide 
framework and modulating the local electronic structure, rather than 
directly participating as an electroactive redox species. The optimized 
NCM@BC-20 electrode achieves 1226.8 F g− 1 at 1 A g− 1 and shows 
good rate capability as a result of the synergistic structural and 
compositional effects. Moreover, the assembled asymmetric super
capacitor operated stably over a voltage window of 1.6 V, delivered an 

energy density of 63.16 Wh kg− 1 at a power density of 800 W kg− 1, and 
preserved 89.1% of its maximum capacitance after 6000 cycles. More 
importantly, this study highlights the feasibility of converting bamboo 
biomass into a functional carbon component that can direct hetero
structure construction and enhance electrochemical performance, of
fering a viable strategy for the high-value utilization of bamboo 
resources in advanced energy-storage applications. Future work may 
focus on the controllable regulation of bamboo-derived carbon micro
structure, optimization of Mg content, and direct characterization of 
interfacial evolution during long-term cycling to further improve the 
stability and practical applicability of such biomass-derived hetero
structure electrodes.
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