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Abstract

Silicon anodes hold great promise in high-energy lithium-ion batteries (LIBs) owing to
their ultrahigh theoretical specific capacity, appropriate operating voltage, and low costs.
However, the drastic volume expansion, inferior electronic conductivity, and unstable
solid electrolyte interphase of Si anodes severely restrict their practical application.
Herein, a nest-shaped microporous silicon (NMPS;) is rationally designed via acid-base
co-etching and then synergistically regulated by surface thin-film carbon coating and ZIF-
67-derived hard carbon nanotemplate (NMPSi@THC) by an in situ liquid-phase coating
strategy. The constructed unique architecture is capable of buffering the huge volume ex-
pansion of inner NMPSi during cycling and constructing an optimized electron/ion
transport network, thereby stabilizing the SEI film and preserving the electrode’s struc-
tural integrity. When it is evaluated as a LIB anode, the NMPSi@THC exhibits typically
improved initial coulombic efficiency (ICE) and outstanding long-life cyclic stability (622.7
mAh g after 300 cycles at 1 A g' and 2 mg cm?). Furthermore, the
NMPSi@THC//LiFePOs full cell delivers an ultrahigh ICE of 94% and a capacity retention
rate of 86%, demonstrating its practical application potential. Compared with most re-
cently reported Si anodes, this report delivers better cycling stability and maintains more
intact electrode structure under relatively high current density and areal mass loading in
half/full cells after long-term cycling. This research offers a convenient and scalable route
to fabricate highly stable microporous Si anodes toward high-energy and long-lifespan
LIBs.

Keywords: microporous silicon; thin-film carbon coating; hard carbon nanotemplate;
lithium-ion batteries; anode materials

1. Introduction

Silicon (Si) is considered an important innovative anode material to boost the energy
density of LIBs on account of their extremely high theoretical specific capacity, suitable
operating voltage, and low costs [1,2]. Nevertheless, their large-scale commercialization
still faces critical challenges: (1) huge volume expansion (~300%) during (de)lithiation
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causes electrode pulverization, leading to rapid capacity decay; (2) extremely poor elec-
trical conductivity (~10°-10+* S cm™) results in sluggish reaction kinetics; and (3) labile
solid electrolyte interphase (SEI) films continuously consume electrolyte and active lith-
ium, bringing low ICE and shortened cycle life, limiting their industrial implementation
[3,4]. Moreover, achieving excellent electrochemical performance under high areal load-
ing and large current density remains a major obstacle for its commercialization.

Recently, enormous efforts have been made to tackle these bottleneck issues by de-
signing and synthesizing plenty of Si anode materials with tailored structures and opti-
mized sizes. The scalable fabrication of low-cost and high-tap-density microporous Si
(MPSi) is an effective method to mitigate the volume effect and reduce agglomeration and
interfacial side reactions [5-7]. This benefit originates from its adequate internal buffer
space and hierarchical pore structure with accelerated ion/electron transport efficiency
[8,9].

However, their stability improvement strongly relies on surface-coated nanolayers
with high-conductivity networks, which can enable precise regulation of volume expan-
sion and structural stability for improved lithium storage performance [10-15]. In partic-
ular, thin hard carbon coating layers have been extensively verified to tune the electro-
chemical properties of Si anodes in numerous previous works [16-19]. Metal-organic
frameworks (MOFs) are regarded as attractive precursors for advanced energy storage
materials. MOF can be readily pyrolyzed under an inert atmosphere to yield a homoge-
neously dispersed carbon nanotemplate, which can synergistically facilitate the construc-
tion of high-efficiency conductive carbon networks [20,21]. In recent years, hard carbon-
modified Si anodes have attracted extensive research interest since they can resist cycling-
induced mechanical stress and reinforce structural stability during cycling [22-27]. For
instance, Chen et al. [20] reported a Si embedded in nitrogen-doped carbon frameworks
composite with uniformly distributed Co, which can be easily synthesized from ZIF-67
precursors. Yu et al. [26] constructed a core-shell architecture Si composite, where the re-
sultant layered carbonized biphenyl-polyoxadiazole uniformly encapsulates Si particles,
serving as a robust mechanical skeleton. Therefore, this work aims to optimize interface
stability, reaction kinetics, and structural durability and explore a novel feasible route for
synergistic regulation using thin-layer carbon and MOF-derived carbon nanotemplates
toward commercial high-performance MPSi anodes.

Herein, we present a viable structural design and controllable preparation route to
obtain a nest-shaped microporous silicon (NMPSi) via acid-base co-etching and then ap-
ply a surface thin-film carbon coating and ZIF-67-derived hard carbon nanotemplate
(THC) to synergistically regulate the inner NMPSi by an in situ liquid-phase coating strat-
egy (Figure 1). The surface’s distinctive structure is conducive to alleviating volume ex-
pansion and stabilizing the SEI film of internal NMPSi. Meanwhile, the ZIF-67-derived
carbon nanotemplates further optimize the electronic conductivity by building a robust
nanocarbon network, thereby endowing exceptional structural stability and superior elec-
trochemical performance. The NMPSi@THC anode delivers greatly enhanced ICE, supe-
rior rate, and cycling performance under high current densities and high areal mass load-
ing. Specifically, it achieves a large reversible specific capacity of 622.7 mAh g after 300
cycles under 1 A g7 and 2 mg cm=. Additionally, the NMPSi@THC//LiFePOs (LFP) full
cell attains an ultrahigh ICE of 94% and a capacity retention of 86%. The integrated syn-
thetic strategy of acid—base co-etching and an in situ liquid-phase coating strategy intro-
duces the surface ZIF-67-derived hard carbon nanotemplate and thin-film carbon coating
to tune the inner NMPS;, laying a solid foundation for highly stable LIB anodes.
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Energies 2026, 19, 3039 3 of 12

Etching (;)'OIJ’O;(., J
Mgy, ey

C 5

ALSi & o e a0y
‘ ‘ . ‘ ) Q Liquid-phase coatinﬁ
: 7 . ‘ z lJ 24 hours

NaOH NMPSi /E
Hard Methanol-Co(NO;), | N
carbon \). . . ZIF-67T—> \% N
nanotemplate \
. Carbonization =

@
I P—

Thin-film

coating .

®

. 4
) NMPSi@THC

Figure 1. Schematic illustration for the synthetic procedure of NMPSi@THC.

2. Experiments
2.1. Materials

Al-Si alloy spheres were purchased from Xingtai Benyu Metal Co., Ltd., China. Hy-
drochloric acid (HCl), Sodium hydroxide (NaOH), tris(thydroxymethyl)amino methane,
tannic acid, cobalt nitrate, dimethylimidazole and other materials were bought from
Shanghai McLyn Biochemical Technology Co., Ltd. China. without further purification
before use.

2.2. Synthesis of NMPSi

NMPSi was fabricated via an acid-base co-etching strategy [11,16]. Briefly, 3 g Al-Si
alloy spheres with a mass ratio of Al:Si = 80:20 and an average diameter of 10 um were
added into 200 mL anhydrous ethanol and ultrasonically cleaned. Subsequently, the alloy
spheres were subjected to low-speed acid etching for 8 h using 2 mol L' HCl. The raw
product was collected after washing with de-ionized (DI) water and vacuum drying. Us-
ing an identical etching protocol, the sample was further etched with a 2 mol L' NaOH
solution to obtain nest-like micron porous silicon.

2.3. Synthesis of NMPSi@THC Composites

NMPSi@THC was synthesized via a modified in situ liquid-phase coating strategy
[10,20]. Firstly, NMPSi (0.1 g) was integrated into 100 mL DI water and then ultrasonically
dispersed, followed by the slow addition of 1 g tris (hydroxymethyl) aminomethane to
create an alkaline environment. Afterwards, 0.2 g tannic acid was slowly introduced into
the above dispersion, and the reaction proceeded under stirring at ambient temperature
for 24 h to form a polytannic acid layer on the NMPSi surface. After washing and drying,
the solid product was immersed in 20 mL methanol containing 0.5 g cobalt nitrate. Fol-
lowing a 15 min ultrasonic treatment, a 20 mL methanol solution with 2 g dimethylimid-
azole was gradually dropped into the mixture for the in situ growth of ZIF-67. After 24 h,
the product was separated and washed by methanol. Finally, the dried precursor was
placed in a tube furnace, heated up to 800 °C (5 °C min™) under Ar, and carbonized for 2
h. Then, the NMPSi@THC composite was obtained after filtration, DI water washing, and
vacuum drying.

2.4. Characterizations

The morphological features and microstructural information were characterized by
scanning electron microscopy (SEM, SU8220, Hitachi, Tokyo, Japan) and transmission
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electron microscopy (TEM, Talos F200S, FEI, Hillsboro, OR, USA). Nitrogen adsorption—
desorption tests (ASAP 2460, Micromeritics, Norcross, GA, USA) were utilized to measure
specific surface area and pore size distribution using Brunauer—-Emmett-Teller (BET) and
Barrett-Joyner-Halenda (BJH) calculation models. X-ray diffraction (XRD, D/MAX-UI-
tima [V, Rigaku, Tokyo, Japan) and X-ray photoelectron spectroscopy (XPS, ESCALAB
250 Xi, Thermo Fisher Scientific, Waltham, MA, USA) were adopted to characterize crys-
talline structure and surface elemental composition. Thermogravimetric analysis (TGA,
STA449F5, NETZSCH, Bavaria, Germany) under an air atmosphere from 30 °C to 800 °C
at a heating rate of 10 °C min-1 was used to acquire the carbon content and thermal sta-
bility of different NMPSi@THC samples.

2.5. Electrochemical Measurements

Electrochemical performance was tested with CR2032 coin cells. Working electrodes
were prepared by coating a homogeneous slurry containing 80 wt% active substance, 10
wt% Super P, and 10 wt% sodium alginate binder on copper foil. Afterwards, the electrode
sheets were dried and cut into round disks. For all electrochemical measurements, 1 M
LiPFs dissolved in diethyl carbonate/ethyl methyl carbonate/ethylene carbonate (a volume
ratio of 1:1:1) served as the electrolyte, polypropylene film acted as the separator, and Li
foil functioned as the counter electrode. Galvanostatic charge-discharge (GCD) measure-
ments of half cells were implemented within 0.01-1.5 V using a battery testing device (CT-
4008, Neware, Shenzhen, China). Cyclic voltammetry (CV) and electrochemical imped-
ance spectroscopy (EIS) were measured on an electrochemical workstation (CHI760E, CH
Instruments, Shanghai, China). The initial five CV curves were collected at a scan rate of
0.1 mV s from 0.01 to 3 V. EIS tests were conducted over 0.01-100 kHz with 5 mV alter-
nating current amplitude. For full-cell characterization, pre-lithiated NMPSi@THC acted
as anode and commercial LFP as cathode, with a negative-to-positive capacity ratio of
1.1:1. Full cells were conducted between 3.0 and 4.3 V at 0.5 C (1 C=170 mA g7, calculated
based on the mass of LFP cathode material).

3. Results and Discussion
3.1. Structure and Composition of NMPSi@THC

The morphological and microstructural characteristics of NMPSi and NMPSi@THC
were systematically analyzed by SEM and TEM. As displayed in Figure 2a, the NMPSi
exhibits a hierarchical porous, wrinkled sheet-like morphology with an interconnected
disordered network, which is typical of micron Si frameworks [28-30]. In sharp contrast,
after the surface modification with THC (Figure 2b), the NMPSi@THC composite pre-
serves the original spherical morphology while displaying a thin-film carbon coating and
ZIF-67-derived hard carbon nanotemplate on the surface, confirming the homogeneous
coating of THC on the Si scaffold. TEM analysis further reveals the detailed structural
evolution. Low-magnification TEM images (Figure 2c,d) reveal that the bare NMPSi con-
sists of thin, flexible, and crumpled nanosheets with a highly porous internal structure
that favors electrolyte infiltration and lithium ion diffusion [18,31-33]. Figure 2e shows a
uniform thin-film carbon coating and ZIF-67-derived hard carbon nanotemplate on the
NMPSi surface. Meanwhile, the high-magnification TEM image (Figure 2f) clearly re-
solves a uniform, conformal THC coating (~21 nm thick) wrapping around the Si core. A
lattice fringe spacing of 0.34 nm matches the characteristic crystal plane (002) of graphitic
carbon, confirming the complete encapsulation of THC [34-36]. Such a core-shell config-
uration preserves the structural stability and forms a robust conductive outer layer [37,38].
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Figure 2. SEM images of (a) NMPSi and (b) NMPSi@THC; TEM low magnification and high mag-
nification images of (c¢,d) NMPSi and (e,f) NMPSi@THC.

The textural properties and Li* transport of NMPSi and NMPSi@THC were assessed
via N2 adsorption-desorption tests (Figure 3a). The specific surface area rises from 56.7 m?
g1 for NMPSi to 97.9 m? g after THC surface coating. This enhancement stems from the
introduction of mesoporous THC coating, which provides extra surface area and porous
channels for electrolyte penetration and Li-ion transport [39,40]. The corresponding pore
size (Figure 3b) reveals that the average pore diameter of NMPSi (6.8 nm) is larger than
that of NMPSi@THC (6.5 nm), indicating that the pore structure is slightly reduced after
THC encapsulation, consistent with the BET results. The optimized mesoporous network
not only provides abundant continuous transport channels for unobstructed solvated Li*
migration but also enlarges the electrode-electrolyte contact area to boost electrolyte ac-
cessibility. Consistent with EIS results, NMPSi@THC possesses a higher Li* diffusion co-
efficient, verifying optimized porosity facilitates ionic transportation [34]. XRD patterns
(Figure 3c) confirm the crystalline nature of the Si core in both samples. All diffraction
peaks of NMPSi and NMPSi@THC align well with the cubic crystal phase of Si (JCPDS
No. 27-1402), with no obvious shift in peak position after coating, indicating that THC
exerts no change on crystal phase [18]. Notably, a broad hump around 25° appears in the
XRD pattern of NMPSi@THC, matching the amorphous carbon in the THC layer, further
confirming the successful coating of the thin hard carbon shell [19]. TGA was carried out
to determine the carbon proportion of NMPSi@THC (Figure 3d). The slight initial weight
loss (~0.2%) below 150 °C stems from the elimination of adsorbed water and residual or-
ganic solvents. An obvious mass loss of 7.3% takes place from 350 to 550 °C, matching the
oxidation of the THC in the air atmosphere. This result confirms that the mass ratio of
THC in the NMPSi@THC is approximately 7.3%, which is optimal to balance electronic
conductivity and structural stability without sacrificing the active Si content [41]. Further-
more, XPS results (Figure 51) confirm the presence of cobalt (Co) derived from ZIF-67 in
NMPSi@THC. The introduced Co can effectively create additional electrochemical active
sites and enhance electrical conductivity [11].
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Figure 3. (a) Specific surface area, (b) pore size distribution, and (¢) XRD of NMPSi and
NMPSi@THC; (d) TGA curve of NMPSi@THC.

3.2. Electrochemical Performance

The electrochemical kinetics and lithium storage behavior of NMPSi and
NMPSi@THC were systematically investigated via CV, rate capability, and long-term cy-
cling. The rate capability (Figure 4a) of NMPSi@THC electrodes shows substantially
higher specific capacity retention than the pristine NMPSi at current densities of 0.2-5 A
gl At 0.2 A g', NMPSi@THC retains a high specific capacity of 1791.3 mAh g, while
NMPSi only provides a much lower capacity (400 mAh g™). NMPSi@THC still delivers
stable specific capacity (338.9 mAh g™) at a high current density of 5 A g, whereas the
NMPSi electrode suffers from rapid capacity fading. This remarkable rate performance of
NMPSi@THC originates from the robust thin-film carbon coating and ZIF-67-derived hard
carbon nanotemplate, which alleviates volume change during repeated Li* insertion/ex-
traction [19-21]. Apart from the conductive effect of thin-film carbon coating and hard
carbon nanotemplate, metallic Co derived from ZIF-67 also contributes to enhanced elec-
trode conductivity and faster reaction kinetics, which is beneficial to boost the rate capa-
bility under high current.

https://doi.org/10.3390/en19133039
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Figure 4. Electrochemical performance of NMPSi and NMPSi@THC anodes. (a) Rate, (b) ICE, (c) CV

curves, (d,e) GCD curves, and (f) cycling performance.

The initial Coulombic efficiency (ICE) is a critical metric for Si anodes since low ICE
causes irreversible Li* loss and limits the energy density. As shown in Figure 4b, the
NMPSi@THC electrode achieves an impressive ICE of 69.7%, which is remarkably higher
than that of NMPSi (52.5%). The improved ICE of NMPSi@THC is ascribed to the protec-
tion of the THC, which restrains side reactions and reduces the irreversible loss of Li ions
in the first cycles. CV curves of NMPSi@THC (Figure 4c) exhibit typical Li-Si alloy-
ing/dealloying redox behavior: An intense cathodic peak located at 0.22 V matches the
lithiation reaction to generate LixSi alloys, whereas two anodic peaks at 0.35 V and 0.53 V
relate to the stepwise delithiation processes. The peak intensities become steady after ini-
tial cycling, revealing the generation of stable SEI film and highly reversible electrochem-
ical redox behavior [35,40]. Figure 4d,e displays the GCD profiles of the NMPSi and
NMPSi@THC electrode at selected cycles (1st, 2nd, 3rd, 200th, and 300th). The initial dis-
charge profile presents an obvious flat region at 0.2-0.3 V (vs. Li/Li*), matching the lithia-
tion process of Si to form LixSi [42-46]. Following the first cycle, the subsequent
charge/discharge profiles show favorable overlap, indicating highly reversible Li* storage
in the NMPSi@THC electrode. Even after 300 cycles, the GCD curves remain well-main-
tained with negligible voltage polarization, demonstrating the outstanding durability and
performance of NMPSi@THC anode. In contrast, the pristine NMPSi electrode exhibits
severe polarization and rapid capacity degradation under the same cycling conditions
(consistent with the rapid fading observed in rate tests). Figure 4f illustrates the long-life
cycling stability of NMPSi@THC electrodes at 1 A g. The NMPSi@THC keeps a high spe-
cific capacity of 622.7 mAh g after 300 cycles with much slower capacity fading compared
to NMPSi. The NMPSi suffers from a drastic capacity decline, with its specific capacity
declining to almost zero after 300 cycles. The superior cycling stability of NMPSi@THC
further validates that the THC effectively alleviates the volume expansion-induced pul-
verization of Si, preserves favorable contact between active grains and the collector, and
stabilizes the SEI film [25-27]. Meanwhile, NMPSi@THC exhibits superior reversible ca-
pacity and cycle life compared to previous MPSi anode studies (Table S1).

In Figure 5a, the Nyquist curves contain a depressed semicircle within the high-to-
medium frequency range (charge-transfer resistance, Ret) [47]. The SEI resistance (Rs) of
NMPSi@THC is 11.3 Q, lower than that of NMPSi (17.4 Q), indicating improved interfacial
contact between the electrode and electrolyte after THC coating. More significantly, the
Rct of NMPSi@THC decreases to 153.1 €, which is only 47.6% of that for NMPSi (321.4
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Q). This pronounced reduction in charge-transfer resistance stems from an interconnected
THC carbon network boosting electronic conduction, which confirms that the conductive
THC layer effectively promotes electron transfer at the electrode-electrolyte interface, thus
accelerating electrochemical reaction kinetics. Meanwhile, decreased Rs confirm a stable
SEI film with fewer parasitic side reactions, which provides auxiliary improvement for
interfacial kinetics [32]. Consistent with EIS results, the correlation between Z'and w03 in
the low frequency region (Figure 5b) reveals that NMPSi@THC exhibits a smaller slope,
corresponding to a higher Li* diffusion coefficient (Dui*), further verifying the enhanced
ion transport kinetics [33]. Furthermore, the SEM top-view images were employed to an-
alyze the micromorphology and volume expansion characteristics of NMPSi@THC elec-
trode before/after 300 cycles. As observed from the morphological images, the
NMPSi@THC electrode exhibited a relatively compact structure before cycling (Figure 5c).
Notably, the NMPSi@THC electrode showed almost no obvious cracks after long-term
cycling, and its architecture remained relatively intact and dense (Figure 5d). Meanwhile,
SEM cross-sectional images (Figure S2) were applied to characterize the volume expan-
sion of electrodes after cycling. The volume expansion rate of NMPSi@THC is 88%, which
is significantly lower than that of NMPSi (200%). This demonstrates that the surface THC
layer can effectively restrain volume change of NMPSi under high stress. XPS was per-
formed to study the generation mechanism of stable SEI film on the THC after cycling.
The Li 1s and F 1s spectra (Figure S3) show that the peak intensity of LiF in NMPSi@THC
rises along with etching depth, which indicates the THC is capable of constructing a rich
LiF SEI film to boost conductivity and stability [11,33,48]. This result demonstrates the
synergistic effect of the thin-film coating and ZIF-67-derived hard carbon nanotemplate
against the volume expansion and high internal stress of the inner NMPSi, thereby effec-
tively enhancing the long cycling stability [11,32].
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Figure 5. (a) EIS curves of NMPSi and NMPSi@THC (equivalent circuit); (b) correlation between Z'
and w under low frequencies. SEM top-view images (c) before/(d) after cycling of NMPSi@THC
electrodes.

To assess the industrial practicability of NMPSi@THC for LIBs, full cells were fabri-
cated by pairing this anode with a commercial LFP cathode (Figure 6a,b). When cycled
within a voltage range from 3.0 to 4.3 V, the full cell exhibits an ultrahigh ICE of 94% at
0.5 C after pre-cycling at 0.1 C. Notably, it achieves a relatively high capacity retention of
86%, demonstrating excellent cycling stability and fast Li-ion transport kinetics [3,6,11].
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Figure 6. (a) GCD curves and (b) cycling performance of NMPSi@THC//LFP full cell.

4. Conclusions

In summary, a nest-shaped microporous Si anode synergistically modified by a ZIF-
67-derived hard carbon nanotemplate and thin-film carbon coating (NMPSi@THC) was
successfully synthesized through acid-base co-etching combined with a facile liquid-
phase coating strategy. The NMPSi@THC composite presents a well-defined core-shell
architecture, where a uniform and robust thin hard carbon shell tightly wraps the porous
Si framework, accompanied by uniformly distributed ZIF-67-derived carbon nanotem-
plates. This unique hierarchical structure preserves the porous structure of NMPSi to re-
strain the large volume fluctuation during cycling and constructs a highly conductive net-
work to accelerate electronic transport and ionic diffusion. Owing to the thin-film coating
and ZIF-67-derived hard carbon nanotemplate, the NMPSi@THC anode exhibits remark-
ably enhanced electrochemical properties, including improved electronic conductivity,
stabilized SEI film, and outstanding long-term stability. NMPSi@THC delivers a highly
specific capacity of 622.7 mAh g after 300 cycles at 1 A g-! with an areal mass loading of
2 mg cm2. Meanwhile, the full cell constructed with a commercial LFP cathode exhibits
an ultrahigh ICE of 94% and an 86% retention rate after 100 cycles. Our study demon-
strates a scalable approach to obtain highly stable MPSi anodes by integrating a ZIF-67-
derived hard carbon nanotemplate and thin-film carbon modification toward practical
LIB commercial applications.
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53: XPS spectra of NMPSi@THC electrode after cycling; Table S1: Comparison of this work and pre-
vious work on performance. References [49-58] are cited in Supplementary Materials.
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