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ABSTRACT: Silicon monoxide (SiO) has emerged as a promising silicon-
based anode material owing to its high theoretical specific capacity and ? Stirrin et P »{; i
extended cycle life. Nevertheless, its practical application is hindered by NS A R
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°

significant volume expansion and insufficient cycling stability. In this study, SIO/Zn-MOFs sozmsane

a composite material of SiO coated with zinc sulfide and nitrogen-doped
carbon (ZnS&NC/SiO) was successfully prepared via a developed method
of in situ conversing MOFs into nitrogen-doped carbon and ZnS. As an o], N
anode of lithium-ion batteries, the ZnS&NC/SiO composite exhibited T
superior reversible capacity (748 mAh-g™" after 1000 cycles at 1.0 A-g™")
and ultralower electrochemical impedance spectra (Rct = 62 Q). The
performance is much superior to that of the reported SiO-based anode
materials, which is attributed to the special coating structure that relieves RN
volume expansion and improves the inherently low electrical conductivity,

the doped N atoms that provide more active sites, and the SiO and ZnS enables one of them to serve as a buffer medium for more
stable structure due to the different lithium intercalation potential. The designed structure could provide a promising strategy for
other electrode materials.
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1. INTRODUCTION spray-drying followed by pyrolysis. The resulting composite
exhibits a sustained capacity of 577.7 mAh-g~! even after 100
cycles at a current density of 1 A-g™". Zhang et al."® fabricated
SiO nanoparticles embedded in hierarchical porous N-doped

Conventional lithium-ion batteries utilizing graphite anodes
currently face inherent limitations in meeting the energy
density requirements of electric vehicles (EVs) and associated

applications, primarily stemming from their constrained carbon nanosheets through ball-milling and annealing treat-
electrochemical capacity.'~” Consequently, the development ment. These N-doped carbon nanosheets not only minimize
of advanced anode materials with enhanced speciﬁc capacity volume variations but also enhance the reaction kinetics.

and cycling stability is critically imperative to address the Another novel electrode structure consisting of two lithium-
current limitations in lithium-ion battery technologies. The embedding materials was designed, such as SnO,/Co;0,,
advanced properties of silicon monoxide (SiO), such as high $n0,/Fe;0,, ZnO/TiO,, and TiO,/Sn0,,"*""" which all
theoretical capacity (2600 mAh-g™"), abundant reserves, and exhibit different reactivity potentials during the lithiation
environmental friendliness, make it an ideal material for the process. When the active material reacts with lithium, the
next generation of lithium-ion batteries. However, the inactive material provides a good buffering effect on volume

commercialization of silicon monoxide faces challenges due
to its significant volume expansion and insufficient electrical
conductivity during lithiation and delithiation processes.” "'
To address the aforementioned issues, various effective
strategies have been investigated, which mainly focus on SiO
self-modifying and compositing with other materials. Among
these methods, the construction of biphasic structures is a
proven effective strategy. Carbon is extensively utilized due to
its superior electrical conductivity; for instance, Wang et al."”
synthesized a SiO/C composite featuring a network-like
carbon coating layer through a two-step process involving

variations, thereby enhancing the stability of the electrode
material. Among these materials, ZnS has attracted consid-
erable attention because of its abundant sources, low cost, and
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Figure 1. (a) Schematic illustration of the preparation process of ZnS&NC/SiO composites. SEM images of (b) SiO, (c) SiO/Zn-MOF, and (d)

ZnS&NC/SiO.

hi%h theoretical capacity (962 mAh-g™"). For example, Gu et
al."® fabricated hollow structured SnO,/ZnS@C composite via
a hydrothermal reaction and a carbon coating process. The
resulting sample exhibits a capacity of 753.5 mAh-g~" at 0.1 A-
g ! over 200 cycles.

Based on the above investigations, it is proposed that
simultaneously introducing ZnS and N-doped carbon materials
represents a promising strategy for alleviating the volume
expansion and enhancing the electrical conductivity of SiO
during lithiation and delithiation processes, and the related
studies have rarely been reported to the best of our knowledge.
In this paper, SiO material coated with ZnS and N-doped
carbon was fabricated (ZnS&NC/SiO) through a simple
hydrothermal reaction followed by heat treatment. It is shown
that the ZnS&NC/SiO composite exhibited superior electro-
chemical performance when employed as anodes in Li-ion
batteries, with a reversible capacity of 748 mAh-g~' maintained
after 1000 cycles at a current density of 1.0 A-g™'. It is
suggested that the enhanced performance is attributed to a
synergistic effect between introduced ZnS and nitrogen-doped
carbon. The outer carbon layer can effectively improve the
inherently low electrical conductivity of SiO, concurrently
preventing the chalking and shedding of the electrodes. The
doped N atoms can afford more active sites for Li" storage.
The different lithium intercalation potentials between SiO and
ZnS allow one of them to serve as a buffer medium to alleviate
volume expansion when the other material undergoes lithium
intercalation, leading to improved structural stability of the
electrode. This work provides a feasible strategy for fabricating
anode materials with exceptional electrochemical properties,
high specific capacity, and excellent cycling performance for Li-
ion batteries.

2. EXPERIMENTAL METHODS

All chemicals were of analytical grade and used as received
without further purification. Deionized water was used
throughout the experiments.

2.1. Materials Preparation. ZnS&NC/SiO composite
was synthesized via a simple hydrothermal reaction and
subsequent heat treatment, and the method details are

described below:
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(1) Preparation of SiO/Zn-MOF, Zn-MOF: 1 mmol of SiO
power (1—3 pm) was evenly dispersed in 20 mL of
methyl alcohol and 20 mL of N,N-dimethylformamide
(DMF) using a magnetic stirrer for 30 min, and then 1
mmol of zinc acetate (CH;COO),Zn was added to the
above suspension holding for 30 min, denoted as
solution A. Concurrently, 3 mmol of thiosemicarbazide
(TSC) was added to 20 mL of methyl alcohol and 20
mL of DMF to form another solution B. Solution B was
then poured into solution A with continuous stirring,
and stirred for 40 min. Consequently, the mixed solution
was transferred into a 100 mL Teflon-lined stainless
autoclave and placed in an oven at 120 °C for 6 h.
Finally, the as-prepared reactant, labeled as SiO/Zn-
MOF, was collected by centrifugation, washed with
water and ethanol at least five times, and dried in a
vacuum oven at 80 °C for 12 h. For comparison, Zn-
MOF was prepared under the same conditions without
SiO.

(2) Preparation of ZnS&NC/SiO, ZnS&NC: SiO/Zn-MOF
was annealed under an Ar atmosphere at 500 °C for 4 h
with a heating rate of 3 °C/min to obtain the ZnS&NC/
SiO composite. Similarly, ZnS@NC samples were
prepared from Zn-MOF under the same experimental
conditions.

2.2. Material Characterization. The surface morphology
and microstructure of the samples were characterized by
scanning electron microscopy (SEM, Apero S), transmission
electron microscopy (TEM, Tecnai G* F20, 200 kV), and
high-resolution TEM (HRTEM) equipped with an energy-
dispersive X-ray (EDX) spectrometer. The specific surface area
was calculated by using Brunauer—Emmett—Teller (BET), and
pore diameter distribution plots were obtained by the N,
adsorption/desorption isotherms on a JWGB, JW-BK200C
tester. Thermal gravimetric analysis (TGA) was carried out in
an Ar environment with a thermal analyzer (SDT-Q650), and
the heating rate was 10 C min~". The crystalline structure
feature of the samples was characterized by X-ray diffraction
(XRD, D/MAX-IIIC) with Cu Ka radiation at a scan rate of 4°
min~' in the range of 10—90°. The element valence and
bonding configuration on the sample’s surface was analyzed

https://doi.org/10.1021/acsomega.4c11551
ACS Omega 2025, 10, 17642—-17650
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Figure 2. (a) TGA curves of Zn-MOF and SiO/Zn-MOF. (b) Nitrogen adsorption—desorption isotherm curves of ZnS&NC/SiO (the illustration

shows the pore size distribution curve).
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Figure 3. (a) TEM, (b) HRTEM, (c) HADDF-STEM, and elemental mapping images of the ZnS&NC/SiO (Si, O, C, Zn, S, N).

with X-ray photoelectron spectroscopy (XPS, ESCALAB
250Xi).

2.3. Electrochemical Measurements. The working
electrode paste was prepared by homogeneously integrating
active materials, acetylene black, and carboxymethyl cellulose
(CMC) in a mass ratio of 6:2:2 into deionized water. The
copper foil was subsequently coated in a uniform layer with the
resultant paste and subjected to drying in a vacuum oven at 80
°C for a duration of 12 h.

Coin-type half cells (CR 2032) were meticulously assembled
within a glovebox under an argon atmosphere, utilizing the
aforementioned electrode as the working electrode, lithium foil
as the reference electrode, and Celgard 2500 as the separator.
The electrolyte comprised 1 M LiPF in a solvent mixture of
EC/DMC/EMC in a volume ratio of 1:1:1, enriched with 10%
fluoroethylene carbonate (FEC) and 2% vinylene carbonate
(VC). Cell capacity, cycling stability, and rate capability were
evaluated using galvanostatic charge—discharge cycling within
a voltage range of 0.01 to 2.5 V (versus Li/Li*) on a Neware-
CT4008T battery testing system. The cyclic voltammetry
(CV) analysis was performed with a scan rate of 0.1 mV s~
and a voltage window range of 0.01-2.5 V, respectively, and
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the electrochemical impedance spectroscopy (EIS) tests were
conducted at frequencies ranging from 0.01 to 10° Hz; both
were tested on a CHI 660B electrochemical workstation.

3. RESULTS AND DISCUSSION

The MOEF-derived ZnS&NC/SiO was successfully synthesized
with the schematic illustrated in Figure la. Initially, flake Zn-
MOF was grown on the SiO surface during the hydrothermal
process. Subsequently, the resulting SiO/Zn-MOF material
transformed into the ZnS&NC/SiO composite through heat
treatment. Surface morphological characteristics of the samples
were analyzed by utilizing scanning electron microscopy
(SEM), as shown in Figure 1b—d. The employed pristine
SiO powder was granular in form with an average particle size
of 1 ym, as shown in Figure 1b. The granular morphology of
SiO is also discernible on the SiO/Zn-MOF sample, which is
coated with Zn-MOF flakes, as illustrated in Figure lc.
Following high-temperature calcination, it was clearly observ-
able that the extensive SiO surface was enveloped by ZnS
particles, with distinct flake-like ZnS dispersed upon or around
the SiO particles, as shown in Figure 1d.

https://doi.org/10.1021/acsomega.4c11551
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Figure 4. (a) XRD pattern of SiO and ZnS&NC/SiO, (b) the survey XPS spectra of the ZnS&NC/SiO, high-resolution XPS spectra of ZnS&NC/

SiO: (c) Si2p, (d) O 1s, (e) C 1s, (f) N 1s, (g) S 2p, and (h) Zn 2p

To explore the calcination temperature, TGA was employed
to investigate the thermal decomposition behavior of the Zn-
MOF and SiO/Zn-MoF composites, as shown in Figure 2a.
The curve exhibits a slight downward trend between room
temperature and 150 °C, which is attributed to the evaporation

of surface-bound water from the sample. Subsequently, the
curve demonstrates a sharp decline starting at 200 °C, a
phenomenon resulting from the pyrolysis of Zn-MOF,
corresponding to the formation of ZnS and nitrogen-doped
carbon materials. Beyond 700 °C, the curve tends to stabilize,

https://doi.org/10.1021/acsomega.4c11551
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Figure 6. Lithium storage properties. (a) Cyclic performance of the SiO, ZnS&NC, and ZnS&NC/SiO at 0.1 A-g™'; (b) rate capabilities of the SiO,
ZnS&NC, and ZnS&NC/SiO; and (c) cyclic performance of the ZnS&NC/SiO at 1.0 A-g™".

indicating near-completion of the thermal decomposition
process. The SiO/Zn-MOF composites and Zn-MOF exhibit
distinct mass losses of 40.04 and 53.26%, respectively.

In order to measure the specific surface area of the
ZnS&NC/SiO composites, a nitrogen adsorption—desorption
experiment was performed, as shown in Figure 2b. The BET-
specific surface area of the ZnS&NC/SiO was 36 m* g™/,
which was attributed to the nitrogen-doped carbon materials.
The illustration illustrates the pore size distribution of the
sample, indicating that the composites predominantly exhibit
pores around 9 nm, thereby confirming its mesoporous nature.

The microstructure of the ZnS&NC/SiO composite was
further verified through high-resolution transmission electron
microscopy (HRTEM) and energy-dispersive X-ray spectros-
copy (EDS), with the corresponding images displayed in
Figure 3. Figure 3a reveals that the surface of SiO particles is
covered with a layer of C and ZnS, including particles and
intact flake-like structures distributed evenly. The high-
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resolution TEM (HRTEM) image in Figure 3b indicates that
the d-spacings of approximately 0.33, 0.19, and 0.31 nm
correspond to (100), (110), and (002) crystal planes of the
ZnS phase, respectively. Figure 3c showcases the HAADEF-
STEM and EDS elemental mapping images of the ZnS&NC/
SiO composite, illustrating a homogeneous distribution of Si,
O, C, Zn, S, and N elements, which corroborates the
dispersion of nitrogen-doped carbon and ZnS on the SiO
surface.

The phase compositions and crystallinity of the SiO and
ZnS&NC/SiO samples were measured by XRD analysis, as
shown in Figure 4a. The XRD patterns of the pristine SiO
samples exhibited a wide diffraction peak located around 23°,
suggesting an amorphous phase composition in alignment with
the previous reports.'”~>' The ZnS&NC/SiO composite
exhibits four sharp diffraction peaks at 20 = 26.9, 28.5, 30.5,
47.5, and 56.3°, which are related to the formation of ZnS,

https://doi.org/10.1021/acsomega.4c11551
ACS Omega 2025, 10, 17642—-17650
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Table 1. Comparison of the Cyclic Properties between
ZnS&NC/SiO and Reported SiO,/Metal Compound
Electrodes

current density ( cycle capacity (
sample Agt number mAh-g!) ref
ZnS&NC/SiO 0.1 100 776 this
work
1.0 1000 748 this
work
p-SiO/TiO, (B)-1 0.1 100 730 40
SiO@C/BaTiO;/ 0.1 200 712 41
CNTs
(SiO+G) /CNTs 0.1 125 466 4
MnO-Si0,@C 03 100 732 43
Si0,/C/Co0O 0.5 600 485 44
3% TC-SiO 0.7 450 400 45
Si0/Zr0O, 0.8 100 721 46
Sn,Fe@30Si0, 1.0 1200 600 47

corresponding to the crystal planes of ZnS (JCPDS:99-
0109).>>**

The chemical composition and surface electronic states of
the ZnS&NC/SiO samples were characterized using X-ray
photoelectron spectroscopy (XPS). As shown in Figure 4b, the
survey XPS spectra showed that there were Si, O, C, Zn, S, and
N elements in the ZnS&NC/SiO samples, which was
consistent with EDS (Figure 3c). The survey XPS spectrum,
shown in Figure 4b, indicates the presence of Si, O, C, Zn, §,
and N elements in the ZnS&NC/SiO sample, supporting the
EDS results mentioned above. The high-resolution Si 2p
spectrum, as shown in Figure 4c, exhibits five peaks at 98.66,
99.39, 102.14, 102.77, and 103.48 €V, corresponding to the Si’,
Si*, Si**, Si**, and Si*', which is consistent with XRD results on
the amorphous phase composition of SiO, respectively.”"*
Figure 4d for the high-resolution spectrum of O 1s exhibits
three typical peaks at 531.74, 534.00, and 532.45 eV
correspondinég to Si 0, Si—0O, and C O bonds,
respectively.”” The C 1s peak (Figure 4e) is deconvoluted
into four subpeaks at 284.42, 285.27, 286.69, and 288.41 eV,
which can be assigned to C = C, C—C, C-N, and C = O
bonds.”” The N Is spectrum, as shown in Figure 4f, is
deconvoluted into three peaks centered at 398.13, 399.0S, and
400.16 eV, correspondin8g to pyridinic N, pyrrolic N, and
graphitic N, respectively.”” Based on the C Is and N Is results,
it is indicated that the N-doped carbon material is successfully
introduced. The S 2p spectrum in Figure 4g exhibits two peaks
at 161.45 and 162.59 eV, which can be assigned to S 2p;,, and
S 2p,», respectively.”” The Figure 4h for the high-resolution
XPS spectrum of Zn 2p is split into two peaks at 1025.30 and

1048.12 eV, which can be assigned to Zn 2p;/, and Zn 2p, /, of
Zn*', respectively.’”’’

Figure S shows the cyclic voltammetric (CV) profiles of SiO
and ZnS&NC/SiO within the potential range of 0.01 to 2.5V,
acquired at a scan rate of 0.1 mV-S™". The broad cathodic
peaks at 1.26 and 0.64 V observed in the initial reduction
process for SiO did not reappear in the subsequent cycles, and
this phenomenon can be attributed to the formation of the
solid electrolyte interphase (SEI) layer and the initial insertion
of Li ions into $i0.**”* For SiO (Figure Sa), the cathodic peak
observed in the range of 0.01-0.2 V corresponds to the
electrochemical reaction between Li* and SiO, resulting in the
formation of Li—Si alloys, Li,O, and lithium silicates.>* The
presence of Li,O and lithium silicates is beneficial for
preventing the agglomeration of SiO during the cycling
process and alleviating the degree of volume expansion during
lithium intercalation. During the subsequent oxidation phase,
the strong anodic peak at 0.59 V can be attributed to the
lithium’s removal from the Li—Si alloy.” Figure Sb presents
the first three cyclic voltammetric (CV) curves for the
ZnS&NC/SiO composite. The cathodic peak at 1.34 V can
only be observed in the initial cycle, which corresponds to the
formation of the SEI layer during the first lithium insertion of
Si0.>*** The peak at 0.65 V corresponds to the reaction of Li*
with ZnS to form Li,S and Zn, while the cathodic peak at 0.32
V is associated with the conversion reaction of Li,Zn alloy and
the SEI layer.”® The cathodic peak observed in the range of
0.01-0.2 V indicates the reaction between Li* and SiO,
resulting in the synthesis of Li—Si alloy, Li,O, and lithium
silicates. In the first-cycle anodic scan, the oxidation peak at
0.58 V corresponds to the dealloying reaction of the Li,Si alloy.
Additionally, the dealloying reaction of the Li,Zn alloy, which
leads to the formation of Zn and Li,S, occurs between 0.2 and
0.7 V. However, only the oxidation peak at 0.67 V is
observable, overshadowed by the dominant LixSi dealloying
reaction. The oxidation peak at 1.40 V is attributed to the
regeneration of ZnS.> ™% During the subsequent scans, a
notable shift of the oxidation peak from 0.32 and 0.65 to 0.42
and 0.76 V, respectively, was observed, potentially attributable
to structural reorganization.

The cyclic performance curves of SiO, ZnS&NC, and
ZnS&NC/SiO at a current density of 0.1 A-g™" are shown in
Figure 6a, and the pristine SiO electrode shows the highest
initial discharge capacity of 2269 mAh-g~'. However, this
capacity experienced a dramatic decay over successive cycles,
and the reversible capacity is only 66 mAh-g™" after 100 circles.
Similarly, the ZnS&NC material exhibits an initial discharge
capacity of 1086 mAh-g~', and the reversible capacity remains
only 326 mAh-g_1 after 100 circles. In contrast, the ZnS&NC/
SiO composite exhibits outstanding cyclic performance, and
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Figure 8. SEM images of SiO pole piece (a) before cycling and (b) after 1000 cycles, ZnS&NC/SiO pole piece (c) before cycling and (d) after

1000 cycles.

the reversible capacity of ZnS&NC/SiO was still 776 mAh-g~*
at the end of the 100th cycle, which was much higher than
those of SiO (65.80 mAh-g™!) and ZnS&NC (325.56 mAh-
g™'). The outstanding lithium storage performance of
ZnS&NC/SiO electrodes should be attributed to the
synergistic effect between SiO and ZnS, which greatly alleviates
the stress effect during lithium intercalation and improves the
electrochemical performance. Moreover, the nitrogen-doped
carbon can alleviate the volume expansion during lithium
intercalation, enhance the conductivity of electrode materials,
and accelerate the transmission speed of lithium ions.

Figure 6b shows the rate capabilities of pristine SiO,
ZnS&NC, and ZnS&NC/SiO at different current densities.
Owing to the instability of SiO, its reversible capacity rapidly
declined as the current density increased from 0.1 to 2.0 A-g™*
in subsequent cycles and only returned to a low level when the
current density reduced back to 0.1 A-g™". In contrast, the
reversible capacity of ZnS&NC and ZnS&NC/SiO samples
exhibited less decay during the increase in current density and
retained a high reversible capacity when the current density
was reduced back to 0.1 A-g”'. Particularly, The reversible
specific capacity of the ZnS&NC/SiO sample was 944, 849,
692, 528, and 375 mAh-g_1 at current densities of 0.1, 0.2, 0.5,
1.0, and 2.0 A-g”', respectively. This demonstrates that
ZnS&NC/SiO exhibits exceptional electrochemical reversibil-
ity and outstanding rate performance.

Figure 6¢ shows the cycling stability of the ZnS&NC/SiO at
a current density of 1.0 A-g~' over 1000 cycles. Prior to the
main test, the electrode was subjected to four initial cycles at a
current density of 0.1 A-g™" for activation, followed by a long
cycle test at the current density of 1.0 A-g”'. The result
indicates that the ZnS&NC/SiO sample maintains a high
reversible capacity and exhibits excellent cycle stability, with
the reversible capacity remaining at 748 mAh-g~" after 1000
cycles. The enhanced reversible capacity can be attributed to
the absence of significant cracks or voids on the surface of the
ZnS&NC/SiO composite electrode. Based on the summary of
reported electrochemical properties for SiO,/metal compound
electrodes used as anode materials in lithium-ion batteries
(Table 1), it is obvious that the cycle performance of the
ZnS&NC/SiO anode material developed in this study

surpasses that of the majority of current SiO,/metal compound
anode materials.

Electrochemical impedance spectroscopy (EIS) measure-
ments, a valuable means for identifying the kinetics of lithium
intercalation/deintercalation into electrodes, were performed
on the pristine SiO and ZnS&NC/SiO electrodes, as illustrated
in Figure 7. Figure 7a shows Nyquist plots for SiO and
ZnS&NC/SiO samples, along with the construction of an
equivalent electrical circuit model to simulate the impedance
behavior of electrodes within half-cell configurations (Figure
7b). The interception of the Z’ axis at the high-frequency range
is attributed to the ohmic resistance (Rs), corresponding to the
electrolyte’s inherent resistance. A semicircular line observed
within the midfrequency range is attributed to the charge
transfer resistance (Rct). The straight-sloping line in the lower
frequency represents the Warburg impedance (Zy), corre-
sponding to the lithium-ion diffusion at the electrode/
electrolyte interfaces.*®*” Calculations reveal that the
ZnS&NC/SiO sample (Ret = 62 Q) exhibit a significantly
lower charge transfer resistance compared to the SiO sample
(Ret = 417 Q), indicating the improved interfacial properties
and electrode reaction kinetics by coating zinc sulfide and
nitrogen-doped carbon.

To gain deeper insights into the outstanding cycle
performance of ZnS&NC/SiO, the morphology of the
electrodes before and after 1000 cycles was analyzed through
SEM, as shown in Figure 8. Wide cracks and gaps appeared on
the surface of the pristine SiO after 1000 cycles of charge—
discharge, which can be primarily attributed to the continuous
volume expansion and contraction of the active material in the
battery, resulting in an incomplete electrode structure and
insufficient interparticle contact. In contrast, no obvious crack
or gap was found on the surface of the ZnS&NC/SiO
electrode after 1000 cycles. These results illustrate that the
unique structural design effectively inhibits electrode fragmen-
tation and fracturing during charge—discharge cycles, thereby
extending the electrode’s cycle life.

Based on the above discussion, the mechanism for the
benign lithium storage performance of the ZnS&NC/SiO
composite was suggested. First, benefiting from the unique
structural design, nitrogen-doped carbon and ZnS were coated
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on the surface of SiO through the decomposition of Zn-MOF
during heat treatment. Benefiting from the different lithium
intercalation potentials between SiO and ZnS, one of them can
serve as a buffer medium to alleviate volume expansion and
inhibit agglomeration when the other material undergoes
lithium intercalation, leading to improved structural stability
and promoted electrochemical performance of the electrode.
Moreover, introducing nitrogen-doped carbon can effectively
improve the electrical conductivity of the material and increase
more active sites, leading to increased participation of active
materials in the electrochemical processes.

4. CONCLUSIONS

In summary, a composite material of SiO coated with zinc
sulfide and nitrogen-doped carbon (ZnS&NC/SiO) was
successfully prepared. The synthesis process involved the first
in situ growth of Zn-MOF on the surface of SiO via a
hydrothermal method, followed by high-temperature heat
treatments. The ZnS&NC/SiO composite exhibits exceptional
electrochemical properties for lithium-ion storage, including
high reversible capacity, small charge transfer resistance,
superior rate capability, and robust cyclability. The outstanding
cycle stability is attributed to the synergistic effect between the
introduced ZnS and nitrogen-doped carbon. This work
provides a promising strategy for preparing anode materials
with excellent cycling performance, which will accelerate the
development of anode materials in Li-ion batteries.
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