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a b s t r a c t

To effectively enhanced structural stability and cycling performance, a dual carbon protection strategy is
proposed to fabricate Si nanoparticles encapsulated in citric acid (CA)-derived inner carbon layer and
zeolitic imidazolate framework-67 (ZIF-67) derived outer carbon layer (Si@C-CA@c-ZIF). The results
reveal that citric acid-derived carbon facilitates a uniform ZIF-67 coating on the Si surface and serves as
the inner carbon precursor to reduce volumetric expansion of Si particles, more importantly, it can
enhance the transport of electrons and ions between Si particles and ZIF-67-derived carbon. The ZIF-67-
derived outer carbon layer further restricts Si particle expansion and enhances conductivity. Evaluated
as anode material for lithium ion batteries, the Si@C-CA@c-ZIF anode demonstrates outstanding lithium
storage performance, the high specific capacity is high to 924 mA·h·g− 1 at 1.0 A·g− 1 after 10 cycles of
activation, and it still maintains a reversible capacity of 703.3 mA·h·g− 1 after 1000 cycles, along with a
capacity retention of 76.1%. This work highlights the effectiveness of the dual carbon framework in
addressing the volume expansion and conductivity limitations of Si, with potential applications for
other high-capacity anode materials.
© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

Lithium-ion batteries (LIBs) are pivotal devices for large-scale
sustainable energy storage [1]. The anode materials used in com-
mercial LIBs primarily consist of graphite, which accommodates
lithium ions and exhibits a theoretical capacity of 372 mA·h·g− 1.
However, this capacity is insufficient to meet the market demand
for high-energy-density storage solutions [2,3]. Consequently, it is
imperative to develop novel anode materials that offer high ca-
pacity, low charge/discharge potentials, and reduced production
costs. Silicon (Si), with a theoretical specific capacity exceeding
4000 mA·h·g− 1, presents a promising alternative anode material
for LIBs. Furthermore, Si exhibits a low voltage platform (≈0.4 V
vs. Li/Li+), abundant reserves, and low cost, making it suitable for
next-generation LIBs [4]. Nevertheless, Si undergoes significant
volumetric expansion and contraction during lithiation and

delithiation, resulting in rapid capacity degradation [5,6]. Addi-
tionally, Si displays extremely poor electrical conductivity, further
impeding its practical application in LIBs [7,8].

The incorporation of Si with conductive carbon is a compromise
yet effective strategy to mitigate volumetric expansion of Si and
improve the overall conductivity, thereby improving its cycling
stability [9,10]. Metal-organic frameworks (MOFs) are increasingly
recognized as promisingmultifunctional carbon-derivedmaterials
for improving the conductivity of Si anodes, owing to their high
specific surface area and abundant lithium-storage active sites [11].
Furthermore, MOF-derived carbon materials exhibit tunable
porous structures that facilitate the uniform distribution of elec-
troactive materials and promote rapid Li+ migration [12]. For
example, Gao et al. [13] reported an in situ method for coating Si
nanoparticles with a MOF-derived carbon shell, creating a robust
interface that minimizes unnecessary exposure and significantly
enhances cycling stability. In addition to MOFs, citric acid (CA),
naturally abundant and cost-effective organic acid, has emerged as
a competitive organic carbon source. Compared to more complex
inorganic carbon sources such as carbon nanotubes and graphene,* Corresponding author.
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CA-derived carbon offers advantages in affordability and environ-
mental sustainability. Furthermore, the carboxyl groups of CA can
undergo esterification with the hydroxyl groups on the nano-Si
surface, forming robust hydrogen bonds that effectively mitigate
the severe agglomeration of Si nanoparticles and uncontrolled
growth of the SEI, thereby enhancing the cycling stability of Si
anode [14]. Upon thermal treatment, CA decomposes into a
conductive carbon coating that uniformly envelops Si particles,
improving their conductivity and reducing volumetric expansion,
thus enhancing rate capability and capacity retention [15]. How-
ever, both MOF- and CA-derived single carbon coatings exhibit
limitedmechanical strength, risking structural degradation during
prolonged cycling and compromising the long-term stability of Si
anodes. Additionally, fully encapsulating Si nanoparticles with
single carbon coating layer remains challenging. Incomplete
coating can result in an unstable SEI and significant capacity
degradation. It is hypothesized that the construction of Si anode
materials with dual carbon coating layers would lead to further
improvement.

Inspired by previous research, novel Si composite with dual
carbon layer derived from CA and ZIF-67 (Si@C-CA@c-ZIF) was
fabricated by two-step coating and calcination strategy. The Si@C-
CA@c-ZIF exhibited efficient electron transport pathways and
constrained volume changes. Specifically, CA served as the inner
carbon precursor, mitigating Si pulverization and volumetric
expansion while facilitating a uniform ZIF-67 coating on the Si
surface. Additionally, the MOF-derived outer carbon layer further
restricted Si particle expansion and enhanced electrode conduc-
tivity. Evaluated as anode material for LIBs, the high specific ca-
pacity of Si@C-CA@c-ZIF anode was 924 mA·h·g− 1 at 1.0 A·g− 1

after 10 cycles of activation, and it still held a reversible capacity of
703.3 mA·h·g− 1 after 1000 cycles, with a capacity retention rate of
76.1%. Even at 10 A·g− 1, the reversible capacity still reached
300.9 mA h·g− 1. The outstanding cycling stability is mainly
attributed to the cooperative protection of the dual carbon layers.
In particular, the citric acid-derived carbon layer alleviates the
stress generated by silicon during the charging and discharge
process, more importantly, enhances the transport of electrons
and ions between silicon and ZIF-67-derived carbon.

2. Materials and Methods

2.1. Materials

All the reagents were purchased from Sinopharm Chemical
Reagent Co., Ltd, and used as received without any purification.

2.2. Preparation of Si@C-CA

Commercial Si nanoparticles (Si NPs, ~80 nm) and CA were
mixed in anhydrous ethanol and treated with ultrasound for 2 h.
The mass ratios of Si to CAwere 1:1.5, 1:2.5, and 1:3. The Si and CA
mixed suspensions were dried at 80 ◦C in a vacuum oven and
further annealed at 800 ◦C for 2 h under Ar atmosphere. For the
preparation of Si@C-Pitch and Si@C-Sucrose samples, CA was
replaced directly by pitch and sucrose, respectively. The mass ra-
tios of Si to these organic carbon sources (CA, pitch, sucrose) were
both 1:2.5.

2.3. Preparation of Si@C-CA@c-ZIF

0.1 g Si@C-CA nanoparticles were uniformly dispersed in a
polyethylenepyrrolidone (PVP) solution (0.6 g PVP in 50 ml
ethanol). The obtained solution was subjected to ultrasonic treat-
ment for 2 h, then stirred for 12 h. After centrifugation, the Si@C-

CA@PVP was obtained, which was re-dispersed in 100 ml meth-
anol, and 2.7 g 2-methylimidazolewas added to produce solution A.
Solution B was formed by dissolving 2.5 g Co(NO3)2·H2O in 100 ml
methanol. Solution B was quickly injected into solution A to form a
mixed solution, which was transferred to a 300 ml Teflon-lined
stainless steel autoclave and treated for 4 h at 120 ◦C. After cool-
ing to ambient temperature, the precipitates were washed with
ethanol, and dried under vacuum for 12 h. Finally, the Si@C-CA@c-
ZIF composites were obtained by carbonizing under an Ar/H2
mixture (VAr: VH2= 95%: 5%) at 800 ◦C for 3 h. The Si@C-Pitch@c-ZIF
and Si@C-Sucrose@c-ZIF were synthesized in the same manner,
except that the Si@C-CA nanoparticles were replaced by Si@C-Pitch
and Si@C-Sucrose nanoparticles, respectively.

2.4. Materials characterization

The surface morphology and structure of Si and Si@C-CA@c-ZIF
composites, as well as Si and Si@C-CA@c-ZIF anodes before and
after cycling, were analyzed using scanning electron microscope
(SEM, ZEISS Merlin type) and transmission electron microscope
(TEM, JEM2100F). X-ray diffraction (XRD-6000, Cu target,
λ = 0.15418 nm, scan angle 10◦− 80◦, sweep speed 5 (◦)·min− 1) was
employed to analyze the phases of Si and Si@C-CA@c-ZIF samples.
X-ray photoelectron spectroscopy (XPS, AXIS UltraDLD) was con-
ducted to investigate the elemental composition, chemical
bonding, and atomic valence states of the samples. Carbon content
was analyzed using a thermogravimetric method (TGA, TA In-
struments, Q50), under an air atmosphere at a heating rate of
10 ◦C·min− 1, ranging from 25◦C to 850 ◦C.

2.5. Electrochemical measurement

Theworking electrodewas prepared bymixing active materials
(Si, Si@C-CA@c-ZIF, Si@C-Pitch@c-ZIF, or Si@C-Sucrose@c-ZIF),
carbon black (Super P), and sodium carboxymethyl cellulose
(CMC) in a ratio of 7:2:1 with deionized water, followed by
continuous stirring for 12 h. The slurry was then spread onto pure
copper foil and dried overnight at 80 ◦C under vacuum. The mass
loading of active materials in the electrode was approximately
0.9− 1.1 mg·cm− 2. Li foil was used as the counter electrode, and
Celgard 2400 served as the separator. The electrolyte consisted of
1 mol·L− 1 lithium hexafluorophosphate (LiPF6) dissolved in a
mixture of ethylene carbonate (EC) and dimethyl carbonate (DEC)
at a 1:1 vol ratio. Cells were galvanostatically cycled on a LAND
battery cycler (LAND CT2001A) at different specific currents be-
tween 0.01 and 3.0 V. Cyclic voltammetry (CV) was performed
using a CHI760E electrochemical workstation, with the potential
swept from open circuit voltage to 3.0 V and then cycled between
0.01 and 3.0 V at a scanning rate of 0.02 mV·s− 1. Electrochemical
impedance spectroscopy (EIS) tests were conducted using the
same workstation in the frequency range of 1 MHz to 0.1 Hz with
an amplitude of 5 mV.

3. Results and Discussion

The synthesis strategy for Si@C-CA@c-ZIF is schematically
illustrated in Fig. 1(a). Initially, Si NPs aremodified with CA to form
Si@CA, where CA serves as both dispersing agent and carbon
precursor for the inner carbon layer. Subsequently, Si@CA is
annealed in Ar atmosphere to produce Si@C-CA nanoparticles. The
final step involves calcining Si@C-CA@ZIF-67 in Ar, resulting in the
formation of the outer carbon coating derived from ZIF-67 on the
Si@C-CA surface, thereby producing Si@C-CA@c-ZIF-67. Notably,
the strong interactions between the hydroxyl (―OH) groups on
the Si surface and the carboxyl (―COOH) groups of CA are crucial
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for reducing nanoparticle aggregation, significantly enhancing the
efficacy of the ZIF-67-derived outer carbon layer coating. The SEM
and TEM images reveal that Si@C-CA@c-ZIF-67 exhibits uniform
polyhedral structurewith rough surface and an average dimension
of approximately 0.5 μm, akin to that of ZIF-67 (Fig. 1(b) and (c)).
The accumulation of Co2+ in a high-temperature inert atmosphere
results in the formation of cobalt nanoparticles, contributing to the
rough surface of carbonized ZIF-67. Importantly, no aggregated Si
NPs are observed on the surface of Si@C-CA@c-ZIF-67, attributed to
the hydrogen bonding interactions between the nano-Si surface
and CA, which promote nanoparticle dispersion and effective
encapsulation within ZIF-67. TEM analysis (Fig. 1(d)) further
demonstrates that Si@C-CA nanoparticles are uniformly
embedded within ZIF-67-derived carbon shell, forming compact
composite structure. High-resolution TEM (HRTEM) images reveal
that the Si NPs are coated with thin amorphous carbon layer
derived from CA (Fig. 1(e)), with a distinct lattice fringe corre-
sponding to the (1 1 1) plane of Si, exhibiting a planar spacing of
0.318 nm [16]. The selected area electron diffraction (SAED)
pattern confirms the presence of polycrystalline Si, characterized
by bright spots and distinct diffraction rings corresponding to the
(1 1 1), (2 2 0), and (3 1 1) planes [12]. Scanning TEM (STEM) and
elemental mapping images in Fig. 1(f)− (i) reveal the anticipated
distribution of Si, C and Co. Notably, C and Co are uniformly
distributed within the carbon shell, while Si is exclusively situated
at the core of carbon polyhedron, confirming the encapsulation of
Si@C-CA nanoparticles. Additionally, the Si@C-CA particles and
flexible carbon shell derived from c-ZIF maintain a gap that ac-
commodates the substantial volumetric changes of Si particles.
The amorphous carbon layer on the Si surface from CA pyrolysis
further mitigates expansion and enhances the conductivity of Si.

The specific surface area changes of Si/C composites after carbon
coating were also revealed through nitrogen adsorption/desorp-
tion measurement (Fig. S1, Suuplementary Material). The Si@C-
CA@c-ZIF composite exhibits larger specific surface area and to-
tal pore volume compared to both Si@C-CA and Si@c-ZIF, which
can be attributed to the synergistic effects of the dual carbon
coating strategy.

The crystal phases of Si@C-CA@c-ZIF were analyzed via X-ray
diffraction (XRD). As shown in Fig. 2(a), Si@C-CA@c-ZIF exhibits
diffraction peaks at 28.3◦, 47.2◦, 56.0◦, 69.0◦, and 76.3◦, corre-
sponding to the (1 1 1), (2 2 0), (3 1 1), (4 0 0), and (3 3 1) crys-
tallographic planes of Si, respectively, confirming the retention of
the original crystalline phases even after calcination at 800 ◦C [17].
Additional peaks at 44.2◦, 51.5◦, and 75.9◦ are attributed to cobalt
crystals (JCPDS No. 15-0806) [18]. The organic components of CA
and ZIF-67 transform into amorphous conductive carbon shells
post-annealing. Fig. 2(b) displays the thermal gravimetric (TG)
curve of Si@C-CA@c-ZIF under an air atmosphere. The initial mass
loss observed between 0 ◦C and 100 ◦C is attributed to moisture
absorption. A significant mass loss occurring between 278 ◦C and
320 ◦C corresponds to the combustion of carbon in Si@C-CA@c-ZIF.
The sharp transition at approximately 317 ◦C is primarily ascribed
to the oxidation of cobalt nanoparticles upon exposure to air,
coupled with further combustion of carbon. The cobalt nano-
particle content is quantified at approximately 33.2% (mass) using
inductively coupled plasma (ICP) spectroscopy. Based on these
findings, the silicon content in Si@C-CA@c-ZIF composite is
calculated to be 26.0% (mass). Furthermore, the Si content in Si@C-
Pitch@c-ZIF and Si@C-Sucrose@c-ZIF were also evaluated through
TG curves (Fig. S2). The silicon contents in Si@C-Pitch@c-ZIF and
Si@C-Sucrose@c-ZIF samples are determined to be 24.6% and 27.7%

Fig. 1. (a) Schematic illustration of the synthesis of Si@C-CA@c-ZIF. (b, c) SEM images and (d, e) TEM and HRTEM images of Si@C-CA@c-ZIF. and the insets show the corresponding
SAED pattern. (f—i) STEM and elemental mapping images of Si@C-CA@c-ZIF.
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(mass), respectively, which are in close agreement with the silicon
content of the target Si@C-CA@c-ZIF. Fig. 2(c) presents the Raman
spectrum of Si@C-CA@c-ZIF, revealing distinct peaks at around
1339 cm− 1 and 1595 cm− 1, which correspond to the D and G bands
of carbon derived from CA and ZIF-67 [19]. The ID/IG ratio of 0.91
reflects high graphitization and excellent conductivity, facilitating
rapid transport of electrons and Li+. Characteristic peaks of crys-
talline Si at around 513 cm− 1 and 945 cm− 1 further confirm the
stability of Si nanoparticles during heat treatment [20]. Addi-
tionally, a weak peak for cobalt at approximately 684 cm− 1 in the
Si@C-CA@c-ZIF corroborates the XRD results [21]. As illustrated in
Fig. 2(d), the full XPS spectrum of Si@C-CA@c-ZIF reveals the
presence of C, N, Si, Co and O, corroborating the elemental map-
ping results. Notably, the weak Si characteristic peak indicates that
Si nanoparticles are encapsulated by the dual carbon shell derived
from CA and ZIF-67, with the peak near 99.5 eV corresponding to
elemental Si (Si―Si) [14]. The peaks of Si 2p at higher binding
energies (103.3 eV) are ascribed to Si in oxidized species of Si
(Si―O), which probably derives from the oxidation of a small

amount of Si nanoparticles surfaces (Fig. 2(e)) [22]. The Si―O bond
is further supported by a peak at about 533.4 eV in the O 1s
spectrum (Fig. 2(f)) [20]. In the C 1s XPS spectrum (Fig. 2(g)), the
peaks at 284.8, 286.6, and 288.7 eV correspond to the C―C, C―N,
and C]O, respectively [23]. The high-resolution N 1s spectrum
(Fig. 2(h)) displays peaks at 398.6, 400.0, and 401.2 eV, associated
with pyridinic N, pyrrolic N, and graphitic N, respectively [24]. For
the Co 2p XPS spectrum (Fig. 2(i)), peaks at 778.5 and 794.1 eV
indicate the presence of Co0, while peaks at 780.9 and 797.2 eV
correspond to Co2+, likely arising from surface oxidation of
metallic cobalt [25]. The presence of Co and its oxides may inhibit
the agglomeration of Si nanoparticles by forming cobalt silicides
during carbonization process. These silicides act as physical bar-
rier, restricting Si particle movement and ensuring their uniform
distribution [26]. Cobalt also facilitates the graphitization of car-
bon derived from ZIF-67 by lowering the activation energy
required for carbon atoms to reorganize into graphitic domains,
thus catalyzing the transformation of amorphous carbon into
more ordered graphitic structure [27]. The graphitic carbon

Fig. 2. (a) XRD patterns of Si@C-CA@c-ZIF and bare Si NPs. (b) TG analysis of Si@C-CA@c-ZIF under air conditions. (c) Raman spectra of Si@C-CA@c-ZIF and Si NPs. (d) XPS survey
spectrum and high-resolution XPS spectra of (e) Si 2p, (f) O 1s, (g) C 1s, (h) N 1s, and (i) Co 2p.
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enhances the electrical conductivity and mechanical strength of
carbon matrix, which is conducive to improving the overall per-
formance of Si anode material [13]. Moreover, several studies have
reported that the inclusion of Co in composites helps to stabilize
the electrode structure and enhances the electronic conductivity,
which contributes to higher initial Coulombic efficiency (ICE) and
better cycling stability [28]. Co can also facilitate the formation of
more stable solid electrolyte interface (SEI), further improving the
long-term cycling performance [29].

The electrochemical performance of Si@C-CA@c-ZIF was first
evaluated using CV. As illustrated in Fig. 3(a)—a cathodic peak
appears around 1.2 V during the initial cycle, which is attributed to
electrolyte decomposition that forms a SEI film [12]. The sharp
cathodic peak at 0.02 V in the first cycle is due to the lithiation of

crystalline Si [30]. In the subsequent reduction process, a new
cathodic peak at approximately 0.19 V corresponds to the alloy
formation from Si to the LixSiy phase [31]. The anodic peaks
observed at 0.35 V and 0.51 V are associated with the trans-
formation of LixSiy alloy into amorphous Si [32]. Furthermore, the
current intensities of cathodic and anodic peaks gradually
increased during subsequent cycles, indicating enhanced activa-
tion of Si for reaction with Li+. Additionally, although the peaks
corresponding to crystalline Co consistently appear in the XRD
patterns (Fig. 2(a)), no distinct peaks associated with the lith-
iation/delithiation reactions of Co are observed in the CV curves.
This indicates that the metallic Co in Si@C-CA@c-ZIF is electro-
chemically inactive, which have been verified by previous studies
[33]. The galvanostatic charge-discharge (GCD) profiles of Si@C-

Fig. 3. (a) CV curves of Si@C-CA@c-ZIF anode at 0.1 mV·s− 1, the inset shows local amplification of CV curves of Si@C-CA@c-ZIF anode. (b) The GCD curves of Si@C-CA@c-ZIF anode
in the first five cycles. (c) The GCD curves of Si@C-CA@c-ZIF anode at different current densities. (d) Rate performance and (e) long cycling performance of different anodes at
1.0 A·g− 1. (f) The cycling performance of Si@C-CA@c-ZIF anodes with varying molar ratios of Si to CA at 1.0 A·g− 1.
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CA@c-ZIF for the first five cycles at 0.1 A·g− 1 are shown in Fig. 3(b).
A pronounced discharge plateau around 0.1 V is observed during
the first discharge cycle, corresponding to the lithiation reaction
from Si to LixSiy. The charge plateaus between 0.2 V and 0.6 V
during the charging process align well with the delithiation of
LixSiy back to Si, corroborating the CV results. The charge-discharge
profiles for the subsequent four cycles exhibits good overlap,
indicating a highly reversible lithiation-delithiation process for
Si@C-CA@c-ZIF anode.

To evaluate the rate capability of Si@C-CA@c-ZIF anode, Fig. 3(c)
shows theGCDprofiles from0.1 to 5 A·g− 1. The results indicate that
the voltage profiles at elevated current densities exhibit minimal
variation, indicating stable rate performance of the Si@C-CA@c-ZIF
anode. Furthermore, the Si@C-CA@c-ZIF anode delivers reversible
discharge capacities of 1496, 1248.5, 1068.9, 927.7, 773.2, and
655.2 mA·h·g− 1 at 0.1, 0.2, 0.5, 1, 2, and 5 A·g− 1, respectively,
significantly surpassing those of and Si@c-ZIF anodes (Fig. 3(d)). At
a higher current density of 10.0 A·g− 1, Si@C-CA@c-ZIF anode
maintained a commendable specific capacity of 300.9 mA·h·g− 1,
whereas the specific capacities of the other anodes dramatically
decreased to nearly 0 mA·h·g− 1. Additionally, after multiple rate
cycles, the reversible capacity of Si@C-CA@c-ZIF anode recovers to
1380.5 mA·h·g− 1 at 0.1 A·g− 1. As illustrated in Fig. 3(e), the Si@C-
CA@c-ZIF anode is activated after 10 cycles exhibits a stable
reversible capacity of 703.3 mA·h·g− 1 at 1 A·g− 1 after 1000 cycles
with, with a capacity retention of 76.1%, significantly exceeding
those of Si@C-Pitch@c-ZIF (45.1 mA·h·g− 1, 9.4%), Si@C-Sucrose@c-
ZIF (60.4 mA·h·g− 1, 11.5%), and Si@c-ZIF (281.2 mA·h·g− 1, 24.0%)
and Si@C-CA (154.2 mA·h·g− 1, 16.3%) (Fig. S3). These results un-
equivocally confirm that the CA-derived inner amorphous carbon
layer is pivotal for enhancing the electrochemical performance of Si
based anodes, distinguishing it as the most effective carbon source
among pitch and sucrose. These results unequivocally confirm that
the CA-derived inner amorphous carbon layer is pivotal for
enhancing the electrochemical performance of Si/C anodes, dis-
tinguishing it as the most effective carbon source among pitch and
sucrose. The enhanced electrochemical performance of CA
compared to pitch and sucrose in Si anodes can be attributed to its
distinctive chemical structure and reactivity during the synthesis
process. Unlike pitch and sucrose, CA contains carboxyl groups,
which facilitate strong interactions with Si nanoparticles, thereby
reducing Si nanoparticle aggregation, significantly enhancing the
efficacyof ZIF-67-derivedouter carbon layer coating and improving
the structural integrity of Si-based anode [34]. During carboniza-
tion, CApromotes the formation of uniformand stable inner carbon
matrix, effectivelymitigating volume expansion and contraction of
Si anode during cycling. In contrast, pitch often forms larger, more
rigid carbon networks, which are less effective in accommodating
the volume changes of Si. Sucrose, while yielding carbonmaterials,
does not form an optimal network of interconnected carbons, thus
providing inadequate mechanical support for Si nanoparticles.
Additionally, CA-derived carbon exhibits a higher degree of
graphitization, leading to improved electrical conductivity, which
further enhances electrochemical performance by facilitating
charge transport [35]. Thus, the unique chemical and structural
properties of CA significantly contribute to the superior electro-
chemical performance of Si-based anodes. Compared to the high-
performance silicon-carbon-based anodes reported in Table S2,
although the discharge capacityand cycling stability of Si@C-CA@c-
ZIF anode do not yet reach the current optimal levels, its core value
lies in the breakthrough of long-term cycling stability through the
dual carbon synergistic protection mechanism. By constructing a
flexible buffer with CA-derived inner carbon layer and a rigid
conductive network with ZIF-67-derived outer carbon layer, the
anode retains 76.1% of its initial capacity after 1000 cycles, which is

significantly superior to most single carbon-layer coating systems.
This strategy of combining rigid and flexible interfaces offers a new
pathway toaddress the volumetric expansion issue of silicon-based
materials.

The optimal ratio between Si and CA was further explored by
analyzing the cycling stability of a series of Si@C-CA@c-ZIF anodes.
As illustrated in Fig. 3(f), the Si@C-CA@c-ZIF anodes with Si-to-CA
molar ratios of 1:1.5, 1:2.5, and 1:3 (denoted as Si:CA = 1:1.5, Si:
CA = 1:2.5, and Si:CA = 1:3) exhibit different discharge capacities.
For the anode with Si:CA = 1:2.5, the Si@C-CA@c-ZIF anode shows
the beset specific capacity of 924 mA·h·g− 1 after the initial 10
cycles, which remained stable at 703.3 mA·h·g− 1 after 1000 cy-
cles, yielding a capacity retention of 76.1%. These values were
significantly higher than those of the anodes with Si:CA = 1:1.5
(181.5 mA·h·g− 1, 14.7%) and Si:CA = 1:3 (114.2 mA·h·g− 1, 9.3%).
The result suggests that the optimal Si-to-CA ratio is 1:2.5 due to
the superior dispersion of CA-modified Si nanoparticles under this
condition, which effectively facilitates the uniform coating of ZIF-
67 on the surface of Si NPs. The SEM images of Si@C-CA@c-ZIF
samples with Si:CA ratios of 1:1.5 and 1:3 were presented in
Fig. S5. Compared to the Si@C-CA@c-ZIF composite with a Si:CA
ratio of 1:2.5 (Fig. 1(b)), the composite with a Si:CA ratio of 1:2.5
exhibits the most uniform dispersion of CA-modified Si nano-
particles. This improvement is attributed to the optimized
hydrogen bonding interactions between CA molecules and silicon
nanoparticle surface, which help stabilize the nanoparticles and
prevent aggregation. The enhanced dispersion leads to a more
homogeneous structure, thereby improving the electrochemical
performance of the composite. Additionally, the capacity contri-
bution from C-CA@c-ZIF is relatively low (Fig. S4), indicating that
while C-CA@c-ZIF contributes to the overall structural stability, the
primary capacity is delivered by the silicon.

To investigate the lithium storage behavior of Si@C-CA@c-ZIF
anode, electrochemical kinetic analysis was conducted via CV at
varying scan rates (Fig. 4(a)). The peak current (i) exhibits a power-
law relationship with the scan rate (v), expressed as lg(i) = lg
(a) + b lg(v) [36]. The diffusion-controlled and capacitive contri-
butions to the electrochemical behavior can be distinguished by
the b value. The b value approaching 1.0 indicates a surface-
controlled mechanism predominantly influenced by capacitive
behavior and rapid kinetics [37]. From the i—v relationship, the
fitted b values for peaks 1 and 2 are determined to be 0.737 and
0.741, respectively (Fig. 4(b)). These relatively high b values suggest
that the lithium storage capacity of the Si@C-CA@c-ZIF anode is
primarily governed by capacitive processes with fast charge-
transfer kinetics. The current at a fixed potential (V) can be
deconvoluted into capacitive-controlled (k1v) and diffusion-
controlled (k2v1/2) components, described by the equation:
i = k1v + k2v

1/2 [38]. By quantifying k1 and k2, the contribution of
each process at a specific scan rate can be assessed. Following the
determination of k1 and k2, the contributions from each behavior
at specific scan rates can be quantified (Fig. 4(c)). At 0.8 mV·s− 1,
the capacitive contribution of Si@C-CA@c-ZIF anode is significantly
prominent, accounting for 71% of the total capacity (Fig. 4(d)).
Additionally, the lithium-ion diffusion behavior in Si@C-CA@c-ZIF
anode was further investigated using the galvanostatic intermit-
tent titration technique (GITT). Fig. 4(e) presents the GITT profiles
for the Si@C-CA@c-ZIF and Si@c-ZIF electrodes lacking CA modi-
fication. Based on these results and Fick's second law, the Li+

diffusion coefficient (DLi
+) is determined using the following

simplified equation: D≈4L2
πτ

(
ΔEs
ΔEt

)2
. Here, L denotes the diffusion

length of Li+, corresponding to the electrode thickness, while ΔEt
represents the voltage change, and ΔEs is the voltage variation
induced by the pulse. As illustrated in Fig. 4(f), the DLi

+ of Si@C-
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Fig. 4. (a) CV curves of Si@C-CA@c-ZIF anode. (b) Relationship between lg(i) and lg(v) to determine the b value of Si@C-CA@c-ZIF anode. (c) Capacitive and diffusion contributions
as functions of scan rate. (d) CV curve and capacitive current contribution at 0.8 mV·s�1. (e) GITT potential response curve versus time for Si@C-CA@c-ZIF and Si@c-ZIF anodes. (f)
Corresponding plot of Li+ diffusivity calculated from GITT methods versus potential. Nyquist plots of Si@C-CA@c-ZIF and Si@c-ZIF anodes: (g) before cycling and (h) after cycling.
(i) Chart of Rct values for the anodes before (striped bars) and after cycling (color-filled bars).
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Fig. 4. (continued).

Fig. 5. SEM images of (a, b) Si@C-CA@c-ZIF and (c, d) bare Si anodes before and after 1000 cycles. Cross-sectional of (e, f) Si@C-CA@c-ZIF and (g, h) bare Si anodes before and after
1000 cycles. (i) Corresponding thickness change percentage.
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CA@c-ZIF anode exceeds that of the Si@c-ZIF anode without CA
modification during both lithiation and delithiation, underscoring
the role of CA modification in promoting charge transfer and
uniform Li+ diffusion. To quantify the kinetic enhancement pro-
vided by the CA-derived inner carbon layer, electrochemical
impedance spectroscopy (EIS) analysis of the Si@C-CA@c-ZIF and
Si@c-ZIF anodes was performed both before and after cycling. As
illustrated in Fig. 4(g) and (h), the impedance spectra of Si@C-
CA@c-ZIF and Si@c-ZIF anodes exhibit two distinct semicircles in
both the high-frequency and mid-frequency regions. These semi-
circles are attributed to the resistance of solid electrolyte inter-
phase (RSEI) and charge transfer resistance (Rct) at the electrode-
electrolyte interface, respectively. As illustrated in Fig. 4(i), the
resistance of Si@C-CA@c-ZIF anode before cycling (327 Ω) and after
cycling (59 Ω) are significantly lower than those of the Si@c-ZIF
anode (704 Ω and 145 Ω, respectively). Furthermore, the Si@C-
CA@c-ZIF anode exhibits an overall steeper slope in its imped-
ance plot, which confirm the improved ionic and electronic
transport properties of Si@C-CA@c-ZIF anode due to the accom-
modation of volume expansion in Si anode and the enhanced
electrical conductivity by the CA-derived amorphous carbon layer.

To elucidate the impact of dual carbon stress-buffering struc-
ture on mitigating volume expansion and enhancing structural
integrity, top-view (Fig. 5(a)—(d)) and cross-sectional SEM images
(Fig. 5(e)—(h)) were used to analyze the anodes before and after
cycling. The Si@C-CA@c-ZIF anode exhibits preserved structural
integrity (from 20.2 to 22.3 μm) post-cycling, whereas the bare Si
anode displays significant surface irregularities (from 14.5 to
19.3 μm) due to stress from excessive volume changes and inad-
equate interparticle connections, demonstrating a higher expan-
sion rate of 36.5% than that (10.4%) of Si@C-CA@c-ZIF anode. The
results indicate that the dual carbon buffering by the inner CA and
outer ZIF-67 layers significantly enhances the structural integrity
of the electrode, thereby improving cycling stability. To further
evaluate the robustness and volume expansion mitigation capa-
bilities of the dual carbon structure, the lithiated Si@C-CA@c-ZIF
anode was characterized using SEM and TEM after 1000 cycles.
SEM images confirmed the preservation of the polyhedral
morphology (Fig. S6(a and b)). Moreover, TEM analysis corrobo-
rated the retention of the crystalline Si phase and the presence of
Co particles on the graphitic carbon layers derived from ZIF-67
(Fig. S6(c and d)), consistent with the observed mechanical sta-
bility of Si@C-CA@c-ZIF anode. Clear lattice fringes with an inter-
planar spacing of 0.202 nm and 0.335 nm are ascribed to the (111)
plane of Co and the (0 0 2) plane of graphitic carbon layers derived
from ZIF-67, respectively [13]. The energy-dispersive X-ray spec-
troscopy (EDS)mapping of Si@C-CA@c-ZIF anode after 1000 cycles,
presented in Fig. S7, demonstrates that Si is uniformly encapsu-
lated within the inner carbon layer, while Co nanoparticles are
surrounded by graphitic carbon layers.

4. Conclusions

In summary, a dual carbon protection strategy was proposed to
fabricate Si@C-CA@c-ZIF composite by two-step coating and
calcination technique. The outer carbon framework was derived
from ZIF-67, which encapsulated CA-derived inner carbon-coated
Si nanoparticles. Specifically, CA not only promoted a uniform
deposition of ZIF-67 on the Si surface but acted as an inner carbon
precursor, enhancing conductivity while mitigating volumetric
expansion of the anode. The ZIF-67-derived outer carbon layer
further constrained the expansion of Si particles and improved the
overall electrode conductivity. As results, the Si@C-CA@c-ZIF
anode exhibited the high specific capacity is high to
924 mA·h·g− 1 at 1.0 A·g− 1 after 10 cycles of activation, and it still

maintained a reversible capacity of 703.3 mA·h·g− 1 after 1000
cycles, with a capacity retention rate of 76.1%. The outstanding
cycling stability was mainly attributed to the cooperative protec-
tion of the dual carbon layers. In particular, the CA-derived carbon
layer not only alleviates the stress generated by silicon during the
charging and discharge process, and enhances the transport of
electrons and ions between silicon and ZIF-67-derived carbon.
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