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Broader context

Zinc oxide-reinforced silicon anodes for high-
performance all-solid-state lithium-ion batteries

Renbo Liu, 1% Chaolin Mi,i¥ Xiaobo Jiang,1? Shijian Xiong,® Zhengyang Song,®
Yuanchang Shi,*? Xiaohang Lin, €2 *@ Peng Xiao, 2 ** Longwei Yin 2 and
Rutao Wang (&) @<

Silicon is a promising candidate as an anode material for all-solid-state lithium batteries (ASSLBs) due to
its high theoretical specific capacity (~3500 mAh g™3), low cost and abundant earth reserves. Pioneering
works find that the unique two-dimensional (2D) solid electrolyte interphase (SEI) layer formed between
the pure Si electrode and solid-state electrolyte (SSE) can buffer the effect of the volume change of the Si
anode; however, the poor kinetic performance of the Si anode caused by its lower Li* diffusion coeffi-
cient and electronic conductivity still hinders its practical implementation. Herein, an Si-ZnO composite
anode is prepared by introducing ZnO nanoparticles into commercial Si microsheets. ZnO spontaneously
transforms into a Zn/Li,O mixture during the initial electrochemical cycling with Li*. The formed Zn/Li,O
mixture with a mixed ion- and electron-conducting property enables the uniform lithium-ion flux distri-
butions at interfaces, thereby improving the rate capability and cycling stability of the Si anode signifi-
cantly. The Si—-ZnO composite anode delivers a reversible capacity of 2349 mAh g~ at 0.1 A g7* and
yields a discharge capacity of 1125 mAh g~* at a high rate of 5 A g%, Furthermore, ASSLBs based on the
Si—ZnO anode exhibit superior rate capability and robust cycling performance.

The global transition to clean energy and electric transportation urgently requires safer, high-energy batteries. This work tackles the core challenges in
extending the range of electric vehicles and improving grid storage by creating anodes that store more energy, moving us toward a sustainable future. We

specifically addressed the major drawbacks of silicon, a high-capacity material that unfortunately suffers from poor performance under fast charging due to

slow lithium-ion diffusion and poor electronic conductivity. Our key finding is that adding zinc oxide to silicon creates a unique, self-forming structure. This
structure efficiently promotes the fast transmission of lithium ions, enabling the silicon anode to perform exceptionally well even at very high charging
speeds. This breakthrough is significant because it provides a practical path to commercialize silicon anodes. It directly impacts battery manufacturers and

the electric vehicle industry by promising fast-charging, long-lasting batteries, thereby accelerating the adoption of clean energy technologies.

Introduction

than their conventional liquid counterparts.'™ However,

achieving high-energy-density ASSLBs is largely dependent on

All-solid-state lithium batteries (ASSLBs) are regarded as prom-
ising candidates for next-generation lithium-ion batteries
(LIBs) due to their potentially higher safety and energy density
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the development of high-capacity anode materials in a solid-
state architecture. Currently, extensive studies are conducted
on Li metal anodes due to their high theoretical capacity
(3860 mAh g') and low electrochemical potential (—3.04 V vs.
the standard hydrogen electrode).* However, severe interfacial
instability problems between the lithium metal anode and
solid-state electrolytes (SSEs), such as dendrite growth and
void generation, have seriously prevented their further
utilization.>”*® In contrast, the alloy-type Si anode has a mod-
erate electrochemical reduction potential (0.4 V vs. Li*/Li) and
a high theoretical specific capacity (3579 mAh g™'), enabling it
to achieve a high energy density close to lithium metal anode-
based batteries.®® Unlike lithium metal anodes, which store
energy through the deposition and stripping of Li’, Si anodes
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are alloyed with Li" at 0.4 V vs. Li'/Li, thereby preventing the
problem of lithium dendrite growth. Owing to the abundance,
low-cost, and environmentally friendly properties of Si, Si
anodes can be manufactured on a large scale.'® Therefore, Si-
based ASSLBs are considered more practical in terms of
electrochemical performance and commercialization.

In an all-solid-state architecture, the electrochemical and
mechanical behaviors of the silicon anode are apparently
different from those of the liquid system. The silicon anode in
ASSBs forms a two-dimensional (2D) solid electrolyte inter-
phase (SEI) layer with the SSE."" This 2D SEI prevents the con-
tinuous contact of newly-generated interfaces with the SSE due
to volume changes, thereby avoiding the problem of SEI over-
growth."” By contrast, Si anodes undergo continuous SEI for-
mation in liquid electrolytes, resulting in severe lithium loss
and pulverization during cycling.'*'* Although a passivating
SEI formed on Si anodes provides a prerequisite for the practi-
cal application of Si-based ASSLBs, Si anodes still face a severe
volume change (>300%), long-range Li" diffusion path, low Li"
diffusion coefficient and poor electronic conductivity, hinder-
ing their further development.*’~*°

To circumvent these issues, the most intuitive and com-
monly used approach is the use of composite anodes composed
of Si and SSE, which change the contact area between Si and
SSE from 2D plane to three-dimensional (3D) interspace, thereby
shortening Li" diffusion paths and enhancing the rate capability
of Si anode.”® Hu et al, however, found that the 3D contact
between Si and SSE would accelerate the growth of SSE at the Si/
SEE interface,"" potentially resulting in several resistance
increase in composite anodes as well as fast capacity decay. The
introduction of conductive carbons (e.g, hard carbon and graph-
ite) is also frequently employed to accommodate large volume
change and increase the electronic conductivity of Si
anodes.'®'® Unfortunately, conductive carbons and SSEs (e.g.,
sulfide SSEs) are always incompatible as their integration pro-
motes SSE decomposition and Li metal plating.'®'**° Besides,
introducing high-strength copolymer with an ionic-electronic
dual conductive function was proposed to restrain the large
volume change and facilitate the uniform diffusion of Li ions.**
Nevertheless, this ideal solution is built on the incorporation of
Ag nanoparticles to realize the ionic-electronic dual conductive
function, increasing the cost. Therefore, designing a suitable
composite structure with the properties of ionic-electronic dual
conductivity and low cost is critical for the practical implemen-
tation of Si anode based on ASSLBs.

In this study, we introduced nano-sized ZnO into Si micro-
sheets to improve the rate capability and cycling performance
of Si anode. The Si-ZnO/Li-In half-cell results show that the
well-designed Si-ZnO composite anode can reversibly charge/
discharge at a high current density of 5 A g~' with a high
specific capacity of 1125 mAh g, which are approximately
two times higher than those of pure Si anode. ASSLBs, fabri-
cated with the Si-ZnO anode, LiNi,3Coy;Mn,;0, (NCM811)
cathode, and LissPS,5Cl; 5 SSE, exhibit a discharge specific
capacity of 185 mAh g™ " at 0.1C and are able to stably cycle for
more than 200 cycles at 0.5C with a capacity retention rate of
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71%. The enhanced rate capability and cycling stability of Si-
ZnO||NCM811 full cells is largely associated to that introdu-
cing ZnO enables the uniform lithium-ion flux distributions at
interfaces due to the in situ formation of a mixed ion- and elec-
tron-conducting Zn/LiZn and Li,O mixture, as confirmed by
the combined ex situ structural and in situ electrochemical
analyses. Our study provides an efficient and low-cost pro-
duction method for high-performance Si composite anodes,
potentially accelerating the advent of the large-scale industrial
fabrication of Si anode-based ASSLBs.

Results and discussion

Si-ZnO, composites (x = 2, 4, and 8, where x represents the mass
ratio of zinc acetate/Si precursors) were synthesized by evaporat-
ing the zinc acetate and commercial Si mixture, followed by
heating at 700 °C, as schematically shown in Fig. 1a. Fig. 1b
shows the X-ray diffraction (XRD) patterns of the Si-ZnO, and Si
samples. These peaks located at 28.4°, 47.3°, and 56.1° are the
characteristic diffraction peaks of crystalline Si, which corres-
pond to the (111), (220), and (311) crystal planes, respectively. In
addition to the diffraction peaks of Si, several weak diffraction
peaks at 31.7°, 34.4°, 36.3° and 62.9° were found in the Si-ZnO,
sample, which can be assigned to the (100), (002), (101) and
(103) planes of ZnO. The diffraction peak intensity of ZnO in the
Si-ZnO composites gradually increased with the increasing mass
ratio of zinc acetate/Si during synthesis.

The scanning electron microscopy (SEM) images presented
in Fig. 1c and d demonstrate that the microsheet-like mor-
phology of Si shows no apparent change after the introduction
of ZnO. However, the Si-ZnO sheets exhibit a rough surface,
whereas the Si sheets demonstrate a smooth surface,
suggesting the anchoring of ZnO nanoparticles onto the Si
sheets. The energy-dispersive spectroscopy (EDS) images in
Fig. S1 show the uniform distribution of the Si, Zn and O
elements in the Si-ZnO, sample, indicating the successful syn-
thesis of the homogeneous Si-ZnO, composites. The trans-
mission electron microscopy (TEM) images in Fig. 1e and the
corresponding EDS mapping in Fig. S2 reveal that ZnO nano-
particles are distributed on the surface of the Si sheets. The
typical high-resolution TEM image of Si-ZnO, in Fig. 1f shows
clear lattice stripes belonging to Si and ZnO crystals.
Specifically, the lattice stripe with a spacing of 0.31 nm in
Fig. 1g corresponds to the (111) crystalline plane of cubic Si
crystals, and the lattice stripe with a spacing of 0.26 nm in
Fig. 1h is consistent with the (002) crystalline plane of hexag-
onal ZnO crystals. Notably, between the ZnO particles and Si, a
banded region presenting an amorphous structure are found,
which corresponds to the oxide layer (SiO,) on the surface of
the Si particles.

X-ray photoelectron spectroscopy (XPS) was performed to
reveal the surface chemical composition of the Si-ZnO,
sample. The full-scale XPS survey spectra in Fig. S3a show that
apart from Si 2p, Si 2s, O 1s and C 1s, several additional peaks
around ~500 eV and ~1045.3 eV assigned to Zn Auger and Zn

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structure of the Si—-ZnO,4 anode. (a) Schematic of the preparation of the Si—-ZnO,4 composites. (b) XRD pattern of the Si—ZnO and pure Si
samples. SEM images of commercial pure Si (c) and Si-ZnO4 (d). (e) TEM images of Si—ZnO,. (f) HRTEM images of Si-ZnO,4 and the lattice stripes of

Si (g) and ZnO (h).

2p are found in the Si-ZnO sample, respectively, further con-
firming the co-existence of the Si and Zn elements in the com-
posite sample. In the high-resolution Si 2p spectrum of the Si-
ZnO, composite (Fig. S3b), the two peaks located at 98.9 eV
and 103 eV correspond to Si 2p and Si-O, respectively, which
is highly identical with that of the pure Si sample. The high-
resolution O 1s spectrum of the Si-ZnO, sample (Fig. S3c and
Fig. 3d) can be deconvoluted to the fitted peaks of Si-O and
Zn-0. By comparison, no sign of Zn-O bonding is observed in
the O 1s spectrum of the pure Si sample. The peak of Si-O
bonding originates from the oxide layer (SiO,) on the surface
of Si particles, which is confirmed by TEM observation. ZnO
accounts for ~11.6 wt% of the Si-ZnO, composite (deducing
from the stoichiometric ratio of Si and zinc acetate during the
experiment), which is close to the XPS (~13.6 wt%) and EDS
(~10.9 wt%) tests.

The electrochemical performance of the Si and Si-ZnO
anodes was initially investigated in a half-cell at 60 °C, which
used a Li-In alloy (0.6 V vs. Li'/Li) as the counter/reference elec-
trode. Fig. 2a comparatively shows the initial galvanostatic charge
and discharge curves of the Si and Si-ZnO, anodes under a
current density 0.1 A g~*. These two initial discharge curves are
composed by a voltage drop area and a long discharge plateau.

Pure Si anodes showed an apparent inflection point
between the voltage drop area and the discharge plateau area,

© 2026 The Author(s). Published by the Royal Society of Chemistry

which was largely due to the sluggish Li-ion diffusion and elec-
tron transfer on non-lithiated Si anode.?" By contrast, Si-ZnO,4
experienced a relative smooth change between the voltage
drop area and the discharge plateau area, suggesting enhanced
ion diffusion and electron transfer. Notably, the specific
capacity of the Si-ZnO, anode contributed from the voltage
drop area was much higher than that of the Si-ZnO, anode.
The additional capacity from the voltage drop area for Si-ZnO,
was probably due to the lithiation into ZnO with a higher
redox potential than the lithiation into Si.**** The Si-ZnO,
anode yielded the initial discharge and charge capacities of
2907 and 2218 mAh g, respectively, displaying lower initial
capacities than the pure Si anode. The reduced specific
capacity in Si-ZnO, was directly related to the reduced mass
ratio of Si in the Si-ZnO, composite. The initial coulombic
efficiency (ICE) of Si-ZnO, was calculated to be 76.3%, which
was close to that of pure Si (77.8%). Although the introduction
of ZnO into Si induced negligible effects on the improvement
of specific capacity and ICE at a low rate, a large improvement
in specific capacity and rate capability was achieved for the Si-
ZnO anode as the rate increased to 0.8 A g~ or higher
(Fig. 2b). For example, the Si-ZnO, anode delivered a reversible
discharge capacity of 2042 mAh g~ at 0.8 A g™', whereas the
specific capacity of the Si anode rapidly decreased to
1483 mAh ¢! at the same rate level. As the charge/discharge
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Fig. 2 Electrochemical performance of the Si—-ZnO,4 anode half-cell at 60 °C. (a) Initial galvanostatic charge and discharge profiles of the Si—ZnO,4
and pure Si anodes. (b) Rate performance of the Si—-ZnO,4 and pure Si anodes in half-cell. (c) Long-term cycling performance of the Si—-ZnO, half-
cell at 0.8 A g™t and (d) the corresponding galvanostatic charge and discharge profiles of the Si—ZnO anode at different cycles.

current density increased to 5 A g7, the Si-ZnO, anode still
delivered a specific capacity of 1123 mAh g, which was
approximately two times higher than that of the pure Si anode.
Fig. S4 shows that the Si-ZnO, anode has a better rate per-
formance than the other Si-ZnO, anodes; thus, it was selected
for further studies.

Fig. 2c provides a comparison of the long-term cycling per-
formance of the Si-ZnO, and Si anodes at 0.8 A g”'. The Si-
Zn0, anode yielded a specific capacity of 1554 mAh g™ " after
200 cycles, with a capacity retention of 76.4%. In contrast,
pure Si underwent rapid decay in capacity after 120 cycles,
indicating poorer cycling performance than the Si-ZnO,
anode. Fig. 2d further shows that no instability phenomenon
such as soft-short circuit was observed in the galvanostatic
charge and discharge curves of Si-ZnO, during the whole
cycles. The capacity decay for Si-ZnO, was largely related to
the gradually increasing interface impedance and the step-
down Li" diffusion within the Si electrode during the long-
term cycles, as suggested by electrochemical impedance spec-
troscopy (EIS) performed at the different cycling states
(Fig. S5). The enhanced rate capability of Si-ZiO, was still pre-
served at room temperature (Fig. S6). Even at a high rate of 4 A
g~' the Si-ZiO, anode still yielded a specific capacity of
880 mAh ¢~'. In contrast, the pure Si anode appeared hardly
capable of charging/discharging at the same rate level.

To further investigate the reaction mechanism during the
alloying process of the Si-ZnO, anode, ex situ XRD was initially
employed. In the pristine state, only the diffraction peaks of

EES Batteries

crystalline Si (c-Si) and ZnO appeared in the XRD pattern
(Fig. 3a). After the first discharge process (lithiation), the main
peaks of crystalline Si and ZnO nearly disappeared. Meanwhile
two broad peaks at 23.1° and 41.1° were observed in the
sample, which were close to the (111) and (321) crystal planes
of the Li;;Si, alloy,>* respectively. These two broad peaks con-
firmed the phase transformation of crystalline silicon (c-Si) to
lithium silicides (Li,Si). In contrast, no significant LiZn alloy
diffraction peaks were observed in the pattern, which was
probably due to the low mass ratio of ZnO in the Si-ZnO,
sample and the location of the main LiZn alloy diffraction
peaks close to the diffraction peaks belonging to Lij3Sis. A
weak peak around 28.4° indicated residual c-Si in the Si-ZnO,
anode without lithiation. After the first charging (delithiation),
the peaks belonging to Li;3Si, disappeared, and the diffraction
peaks of crystalline ZnO never reappeared. As several weak
diffraction peaks around 28.5°, 47.3°, and 56.2° assigned to
the residual c-Si were still detected, amorphous Si (a-Si) was
formed preferentially after delithiation.>® Notably, a new peak
appeared at 43.1°, corresponding to the (101) plane of Zn,
suggesting the delithiation of LiZn to Zn. Several weak peaks
around 30°-35° that appeared in the XRD patterns of the Si-
ZnO anode after the lithiation and delithiation stages were
largely due to the residual Si, LPSCI electrolyte and its decom-
posed products during a short exposure to air."

To further determine the phase transformation of the Si-ZnO
anode during the initial lithiation/delithiation process, ex situ
Raman analysis was performed on the Si-ZnO anode. Fig. 3b

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structural change in the Si—-ZnO,4 anode during the initial lithiation and delithiation processes. (a) Ex situ XRD patterns of the Si-ZnO,4 anode.
(b) Ex situ Raman spectra of the Si—ZnO,4 anode. (c) and (d) TEM image of Si—-ZnQO, after the initial discharge state. (e) and (f) Magnified HRTEM
images in red and blue boxes in (d), showing the lattice stripes of Lii3Sis (321) and LiZn (331), respectively. (g) and (h) TEM image of Si—ZnQO, after the
initial charge state. (i) and (j) Magnified HRTEM images in purple and yellow boxes in (h), showing the lattice stripes of Si (111) and Zn (101),

respectively.

shows that the sharp peak of ¢-Si around 514 cm™" observed in
the pristine electrode completely disappeared after the initial
lithiation; in contrast, one prominent peak around 375 cm™"
coupled with three weak peaks around 280 cm™*, 320 cm™*, and
415 cm™" appeared, which could be assigned to lithium silicides,
such as Liy;Si, and Liy;Sis.” After the delithiation process, the
previous peaks corresponding to lithium silicides disappeared,
while a sharp peak assigned to c-Si and a bump assigned to a-Si
(centered around 467 cm™") were detected in the Raman spectra,
suggesting the dealloying of lithium silicides to Si. Due to the
low mass ratio of ZnO in the Si-ZnO composite, the signals of
ZnO, Zn, or LiZn were not detected by Raman spectroscopy.

The ex situ TEM measurements of the Si-ZnO, anode at the
initial lithiation/delithiation state were employed to further
confirm the phase transformation. At the full lithiation state, the
pristine microsheet-like morphology of Si-ZnO, was still pre-
served (Fig. 3c). The HRTEM images in Fig. 3d-f show two
different lattice stripes with spacings of 0.22 nm and 0.14 nm
belonging to the (321) crystal plane of Li;5Si, and the (331) crystal

© 2026 The Author(s). Published by the Royal Society of Chemistry

plane of the LiZn alloy, respectively, confirming the alloying reac-
tions of Si to lithium silicides and Zn to LiZn. At the full delithia-
tion state of 2.0 V, many round cavities were found on Si micro-
sheets (Fig. 3g), which is consistent with other studies on the con-
version of crystalline Si nanoparticles to a porous structure in a
liquid organic electrolyte.”” >* The HRTEM image in Fig. 3h
shows that the c-Si cavities are surround by a-Si. These cavities
are mainly composed of c-Si with a wall thickness of ~5 nm, as
indicated by the clear lattice stripe with a spacing of 0.32 nm,
which corresponds to the (111) crystal plane of Si (Fig. 3i).
Besides, a trace of Zn can be found in the HRTEM image of
Fig. 3j, as suggested by a lattice fringe of 0.21 nm belonging to
the (101) crystal plane of metal Zn. The EDS mapping in Fig. S7
further confirmed that Zn atoms were still highly dispersed in the
Si-ZnO electrode after the charge/discharge process.

Based on the above discussion, the lithium-ion charge storage
mechanism for the Si-ZnO composite is proposed as below.
During the initial lithiation, ¢-Si in the Si-ZnO composite would
be transformed into lithium silicides (e.g, Li;3Si,), whereas ZnO

EES Batteries
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would be transformed into Li,O and LiZn. During delithiation,
lithium silicides would be changed into a-Si, whereas LiZn would
be transformed into Zn rather than ZnO. In fact, ZnO could be
observed on the a-Si substrate when the delithiated Si-ZnO,
sample was exposed to air for a long time (Fig. S8). Recent
studies have found that the formed LiZn alloy in intermediate
layers enabled the uniform lithium-ion flux distributions at
interfaces.>**! Hence, the generation of metal Zn or Li-Zn alloy
may promote electron and ionic transfers in the Si anode and
enhance the kinetic performance of the Si anode.>'* Besides,
the formed Li,O is a good conductor of Li*,**>® which can
enhance the conduction of Li" in the Si anode.

To visualize the morphologic evolution of Si-ZnO,, we
obtained the cross-sectional and top-view SEM images of the
pristine, lithiated, and delithiated Si-ZnO, anodes (Fig. 4a-f
and Fig. S9). In the pristine state, clear boundaries between
the Si-ZnO, microsheets could be observed in the, and some
voids were distributed in the electrode (Fig. 4a and d). After
the lithiation, the Si-ZnO, electrode tended to be dense, with

View Article Online
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most voids disappearing between the pristine Si-ZnO, micro-
sheets (Fig. 4b). In addition, the original particle boundaries
of the Si-ZnO, electrode vanished. An enlarged SEM image in
Fig. 4e shows that the entire Si-ZnO, electrode has become
interconnected and densified lithium silicides. After delithia-
tion, the Si-ZnO, electrode did not recover its original discreet
microsheets, with voids between them. Instead, the Si-ZnO,
microsheets tended to coalescence into bulk electrode, with
few vertical cracks appearing (Fig. 4c and f). These cracks are
largely related to interfacial stress concentration and delami-
nation caused by excessive volume expansion, which may be
responsible for capacity decay during the followed cycles. The
EDS images in Fig. S10 and S11 show that Zn atoms are homo-
genously distributed on the Si-ZnO, electrode during the
lithiation and delithiation, suggesting no apparent phase sep-
aration. Besides, there were no evidences of SEI or solid-state
electrolyte between each lithiated or delithiated microsheets.
We further qualified the thickness change of the Si-ZnO,
electrode during lithiation and delithiation. In the pristine
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Fig. 4 Cross-section SEM images of the Si-ZnO,4 anode at the (a) pristine state, (b) initial discharged state, and (c) initial charged state. (d—f)
Corresponding magnified cross-section SEM images of the Si-ZnO,4 anode at these three states. (g) EIS curves of the Si-ZnO,4 anode in half-cell
during discharging at 0.2 A g~* and the corresponding DRT curves (h) and DRT contour map (i). (j) EIS curves of the Si-ZnQO,4 anode in half-cell
during charging at 0.2 A g~ and the corresponding DRT curves (k) and DRT contour map (l).
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state, the thickness of the electrode was about 22 pm. After the
alloying process of the Si-ZnO, anode, the thickness of the
electrode increased to approximately 41 pm, with a volume
expansion of 86.4%, which falls short of the pure Si growth
value (285%, Fig. S12). Difference in expansion rate is mainly
associated to that the expanded Si microsheets gives priority to
fill the voids between original discreet microsheets under a
high impressed pressure, which provides a plausible expla-
nation on the densified electrode with few voids shown in the
beforementioned SEM image (Fig. 4b and e). After delithiation,
the thickness of the Si-ZnO, electrode decreased to ~37 pm,
which was still thicker than that in the pristine state. The TEM
images in Fig. 3g find that many cavities formed on Si-ZnO,
microsheets after delithiation may support the expanded
volume, which are responsible for limited shrink in thickness
as compared with the lithiated state. The 22-41-37 pm thick-
ness change law for our Si-ZnO, during the lithiation and
delithiation is highly identical with Meng’s group work on
pure Si electrode.'” The large volumetric change is considered
as the chief culprit for capacity decay during cycling, which
may be alleviated by introducing the carbon matrix or utilizing
the high-strength binder."”*"

We further employed in situ galvanostatic electrochemical
impedance spectroscopy (GEIS) with distribution of relaxation
time (DRT) analysis to reveal the interfacial impedance change
and interfacial charge transfer evolution of the Si-ZnO, elec-
trode. During the first lithiation, the internal impedance and
charge transfer impedance of the Si-ZnO, anode exhibited a
gradual decrease with increased discharge time (Fig. 4g),
suggesting a gradual increase in the ionic and electronic con-
ductivities of the Si-ZnO, electrode. DRT was then employed
to analyze multiple charge transfer processes elaborately in
electrodes by transforming.

EIS into characteristic distributions based on time
scales.®*” As shown in Fig. 4h and i, five peaks with different
relaxation time constants (r) can be observed in the DRT
curves. At the beginning of lithiation, the intensity of the peak
around 107°-107° s (denoted as Rsgz) decreased and had a
slight shift to the high-frequency region, which could be attrib-
uted to the decomposition of the electrolyte at the interface
with electrode due to side reactions. This peak,
however, remained essentially unchanged during the sub-
sequent discharge process, indicating the stabilized electro-
lyte. The peaks at 107-10"* s (denoted as Rgg;), which rep-
resent the formation of the SEI layer, gradually decreased
throughout the discharge process and then stabilized at the
final stage, indicating the formation of SEI during the first
lithiation process. The two peaks at 107'-107> s (denoted as
R.), corresponding to the charge transfer of the alloying
process, showed a similar change to SEL This could also be
explained by the significant enhancement in the ionic and
electronic conductivity caused by the formation of lithium sili-
cides and the close contact between Si microsheets caused by
the large-volume change, which in turn enhanced the kinetic
properties of the electrode and accelerated the charge transfer
process.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In the delithiation, a highly reversible process was found on
the EIS and DRT curves. As shown in Fig. 4j-1, the overall
charge transfer impedance of the electrode gradually increases
along with the increasing charge time. No apparent change in
the peak around 107°-107° s was observed in the DRT curves,
suggesting a stable electrolyte. The peaks belonging to the SEI
layer of the lithium silicides showed only a small change,
which could be attributed to the 2D SEI interface between the
electrode and the solid-state electrolyte. The SEI layer gradually
stabilized as the reaction proceeded without the issue of con-
stant formation on the newly exposed surface. However, the
intensity of the two peaks representing Si alloying increased
with the sustained delithiation process. Moreover, a surge in
charge transfer impedance was observed at the end stage of
delithiation. This was largely due to the transformation from
lithium silicides with high ionic and electronic conductivities
into a-Si with poor ionic and electronic conductivities as well
as the volumetric shrinkage on the Si-ZnO, electrode (Fig. 4c).
A similar interfacial charge transfer evolution was found on
pure Si anode during the initial lithiation and delithiation
(Fig. S13). By contrast, pure Si electrode displayed higher
charge transfer resistances than the Si-ZnO, electrode at the
initial lithiation stage and the final delithiation stage
(Fig. S13), which suggests that the introduction of ZnO enables
the uniform lithium-ion flux distributions at interfaces due to
the beforehand formation of a mixed ion- and electron-con-
ducting Zn/LiZn and Li,O mixture. Nevertheless, at the final
lithiated stage and the initial delithiated stage, the pre-formed
lithium silicides with high Li atomic loading have higher ionic
and electronic conductivities in nature than pure Si, which
may play a dominant role in ionic and electronic transfer. We
also found that both the internal impedance from grain
boundary and SEI and charge transfer impedance from the
alloying reaction for the Si-ZnO, electrode increased signifi-
cantly after multiple cycles (Fig. S14), providing a plausible
explanation on capacity decay during the cycle.

To clarify the underlying reason for the fast kinetics of Li"
transport on Si-ZnO, density functional theory (DFT) calcu-
lations were employed. According to the above TEM results, the
exposed surfaces of Si and ZnO were mainly the Si(111) and ZnO
(001) surfaces, respectively. Therefore, in subsequent calcu-
lations, we mainly focused on the diffusion behavior of Li* on
the Si(111) surface and across the heterojunction formed
between the Si(111) and ZnO(001) surfaces. For the Si(111)
surface, the famous Si(111)-(7 x 7) reconstruction structure
(Fig. S15) has been considered.*® This structure is known as the
Dimer-Adatom stacking-fault (DAS) model. It is characterized by
twelve adatoms on the top layer and six rest atoms. Additionally,
it features a stacking fault in one of the two triangular subunits
of the second layer, nine dimers at the borders of these triangu-
lar subunits in the third layer, and a deep corner hole at each
apex of the surface unit cell. In this study, the dangling bonds of
silicon on the fixed-atom side of the DAS structure were satu-
rated with hydrogen. For the Si/ZnO interface, four possible het-
erojunction structures have been simulated (Fig. 5a inset). The
most stable structure at which a reconstruction occurs was con-
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Fig. 5 DFT calculation on the Si/ZnO interface. (a) Four simulated heterojunction structures of Si—ZnO and the corresponding interface energies.
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blue. (c) Diagram showing one of the possible Li* diffusion paths on Si (111) and (d) the corresponding migration energy. (e) Diagram showing the Li*
diffusion path at the Si/ZnO interface and (f) the corresponding migration energy. (g) Diagram showing another Li* diffusion path at the Si/ZnO

interface and the (h) corresponding migration energy.

firmed by their low interface energy of —0.43 eV A~2 Some of
the Zn-O bonds broke at the interface, with oxygen atoms
moving towards the silicon surface to form Si-O bonds.
Significant electron depletion around O atoms and charge
accumulation around Si atoms were observed at the interface
from the charge density difference analysis (Fig. 5b). This clearly
indicates the formation of strong Si-O bonds. Interestingly, due
to the broken Zn-O bonds, a large channel formed at the inter-
face, serving as a possible path for the rapid transport of lithium
ions, which will be discussed in the following part.

To understand the Li" transport mechanism at the atomic
level, different diffusion paths have been simulated using the
NEB method. For the Si(111) surface, the diffusion barriers of
various pathways were relatively close, approximately 1 eV.
Fig. 5c and d present only one example; other pathways and
their corresponding diffusion barriers can be found in Fig. S16.
For the Si/ZnO interface, the diffusion paths across and along
(Fig. 5g2) the channel mentioned above have been calculated
(Fig. 5e). Obviously, the diffusion barrier along the channel
(about 0.5 eV) was significantly lower than that across channels
(about 1.1 eV) or on the Si(111) surface (Fig. 5f and h). As pre-
dicted, the channel at the ZnO/Si interface serves as the primary
mechanism for the rapid transport of lithium ions, which
results from the structural reconstruction at the interface.

To demonstrate the feasibility of Si-ZnO, as high-energy
and high-power electrode for emerging ASSLBs, a prototype

EES Batteries

full cell was assembled using coupled Si-ZnO, as the negative
electrode and commercial NCM811 as the positive electrode,
with N/P ratio of 1.1. The electrochemical performance of this
full cell was tested at room temperature. Fig. 6a shows the gal-
vanostatic charge and discharge profiles of the full cell at the
first two cycles at a rate of 0.1C, with a cut-off voltage range of
2.5 to 4.3 V. The full cell yielded a high reversible discharge
specific capacity of 185 mAh g~ with an initial coulombic
efficiency of 77%. Fig. 6b shows the rate performance of the
full cell at various charge/discharge rates. The full cell yielded
discharge capacities of 169 mAh g™*, 150 mAh g™*, 126 mAh
¢~ and 108 mAh g™ at 0.2C, 0.5C, 1C and 1.5C, respectively.
By amplifying the rate 20 times (2C), this full cell still delivered
a specific capacity of 92 mAh g~ with a high capacity retention
of 49.7%, demonstrating excellent rate capacity. In contrast,
full cell based on the pure Si anode delivered a specific
capacity of only 42 mAh g™ at 2C with a low capacity retention
of 22.9%, which demonstrates that the introduction of ZnO
into the Si anode significantly enhanced the rate performance
of the full cell. This confirms that the DFT theoretical calcu-
lations demonstrate that the rapid Li' transport rate ensures
its excellent kinetic performance. Furthermore, the full cell
based on the Si-ZnO, anode can stably operate over 200 cycles
at 0.5C with a capacity retention of 71% (Fig. 6c), which is
apparently better than full cell based on pure Si anode.
Notably, the galvanostatic charge and discharge curves

© 2026 The Author(s). Published by the Royal Society of Chemistry
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0.5C. (e) Rate performance with high mass loading and the (f) corresponding cycling performance at 0.5C.

(Fig. 6d) still preserved the shape of typical NCM cathode
during cycling without the phenomena such as soft short
circuit. In addition, during the whole cycling test, the
Coulomb efficiency of the full cell was close to 100%. To
further demonstrate the advantage of the Si-ZnO anode in fab-
ricating ASSLBs, ASSLBs with a high NCMS811 loading of
15 mg cm > were fabricated. This full cell (Fig. 6e) exhibited a
reversible discharge capacity of 183 mAh g~', 159 mAh g™,
108 mAh g¢™', and 55 mAh g~ at 0.1C, 0.2C, 0.5C, and 1C,
respectively. Meanwhile, the full cell operated stably over 100
cycles at 0.5C, with a capacity retention of 75% (Fig. 6f).

Conclusions

In summary, we demonstrated a facile and cheap strategy to
improve the rate capability and cycling performance of Si

© 2026 The Author(s). Published by the Royal Society of Chemistry

anode by adding ZnO nanoparticles into Si microsheets.
Various analytical methods, including ex situ XRD, TEM, and
SEM and in situ GEIS tests, revealed that introducing ZnO
enables uniform lithium-ion flux distributions at interfaces
due to the in situ formation of a mixed ion- and electron-con-
ducting Zn/LiZn and Li,O. Benefiting from improved Li
diffusion kinetics in the Si-ZnO composite, the Si-ZnO, anode
exhibited a reversible discharge capacity of 1125 mAh g™ at a
high current density of 5 A g" in a half cell, suggesting a favor-
able rate capability. Furthermore, the Si-ZnO, anode could be
cycled stably over 200 cycles at 0.8 A g~*, with a capacity reten-
tion of 76%, demonstrating an excellent long-term cycle life.
In addition to the half-cell test, the full-cell test exhibited a
specific capacity of 185 mAh g™* at 0.1C and a high-rate capa-
bility over 2C as well as over 200 cycles at 0.2C, with a capacity
retention rate of 71%. In view of the cost-effective and simple
synthesis route and excellent electrochemical performance

EES Batteries
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achieved by the Si-ZnO anode, it is expected to open up new
avenues for the design and development of Si anodes in
ASSLBs with high energy density and robust cycling stability in
the future.

Experimental section

All chemicals were of analytical grade and used directly
without any purification. Zinc acetate (C,;Hs0,Zn-2H,0), N,N-
dimethylformamide (DMF), and Si powder (1 pm) were pur-
chased from Aladdin Scientific Corp. Metal Li was purchased
from Guangdong Canrd New Energy Technology Co., Ltd.
NCM811 was purchased from Ningbo Ronbay New Energy
Technology Co., Ltd.

Preparation of Si-ZnO composite sample

Typically, 0.125 g of zinc acetate was firstly dissolved in a
beaker containing 75 mL of N,N-dimethylformamide (DMF)
under vigorous stirring. Then, 0.5 g of commercial Si powder
(p-Si, 1-3 pm) was dispersed into the above DMF solution
under vigorous stirring for more than 30 min. Subsequently,
the above beaker was sealed with a plastic wrap and then
heated at 90 °C for 1 h. After that, the plastic wrap was taken
off, and the mixture was heated until the DMF evaporated. The
mixed powder was transferred into an oven and heated at
260 °C for 2 h under an air atmosphere. Subsequently, the
mixed powder was further pyrolyzed at 700 °C for 1 h at a
heating rate of 5 °C min~"' under an argon atmosphere.
Finally, the product was ground into the final Si-ZnO power.
For comparison, composites with different ZnO contents were
prepared using the same procedure by adding different con-
centrations of zinc acetate. For example, the mass ratios of
zinc acetate/Si precursor were set to 1:2 and 1: 8, which were
denoted as Si-ZnO, powder (where x represents the mass ratio
of zinc acetate/Si). The LissPS,5Cl; 5 electrolyte (LPSCI) was
prepared using a sintering method according to our previous
study.®

Material characterization

X-ray diffraction (XRD) patterns were obtained from a
SmartLab 9-KW diffractometer with Cu K, radiation (Japan)
and a scanning range between 10° and 80°. Raman spectral
analysis was performed using a JY-HR800 micro-Raman
spectrometer (France) with an excitation wavelength of
532 nm. The morphology and structure of Si-ZnO powder were
characterized via scanning electron microscopy (SEM,
JSM-7800F, Hitachi, Japan) and transmission electron
microscopy (TEM, JEM-F200, JEOL, Japan). The cross-section
SEM images of Si-ZnO electrode in Fig. 4a-c were obtained by
frozen in liquid nitrogen and then cut using a scalpel. X-ray
photoelectron spectroscopy (XPS, PerkinElmer PHI-5702
Spectrometer, USA) with Al K, radiation was used to explore
chemical composition of Si-ZnO powder. Inductively coupled
plasma (ICP) atomic emission spectroscopy measurements
were confirmed on an Optima 7300 DV.
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Electrode preparation

Si-ZnO, (98 wt%) and polyvinylidene fluoride (PVDF; 2 wt%)
dissolved in methyl-2-pyrrolidone (NMP) were mixed in a
mortar. The slurry was then homogeneously painted on the
current collector (Cu foil) using a blade and dried at 80 °C
under vacuum for 6 h. The foil was punched into round elec-
trodes with a diameter of 8 mm. The active mass loading of
Si-ZnO on Cu foil was 0.6-1.3 mg. The electrode thickness was
22 pm.

Cell assembly

For half-cells, the LPSCI (100 mg, 800 pm) electrolyte was
pressed at 310 MPa for 3 minutes in a hollow cylinder mold
with a diameter of 10 mm. Then, the Li-In metal foil with a
diameter of 10 mm was placed on an electrolyte pellet. Li-In
metal foil was prepared by sticking an Li metal foil (5 mg) on a
metal In foil (120 mg). Then, the Si-ZnO electrode coated on
the Cu foil was placed on the other side of the electrolyte
pellet. The current for a half-cell should be set to 0.8 times the
mass of the Si-ZnO composite material, which is the mass of
silicon in it. For Si||[NCM811 full cells, the composite cathode
was mixed with NCM811, LPSCl and VGCF (vapor growth
carbon fiber) with a mass ratio of 65:30:5 for 30 min in an
agate mortar by hand. Then, 100 mg of LPSCI electrolyte was
pressed onto a sheet under a pressure of 1 ton for 1 minute.
Next, the composite cathode powder was uniformly spread on
one side of the electrolyte layer and pressed at 310 MPa for
3 minutes. The thickness of the positive NCM electrode was
100 pm. Finally, the Si-ZnO electrode was placed on the other
side of the electrolyte layer, and the three-layer cell was sand-
wiched between two stainless-steel rods. The N/P ratio was
~1.1. All cells were heated at 60 °C overnight before tests. The
cells were tested under a pressure of 300 MPa. All assembling
processes were carried out in an argon-filled glovebox.

Electrochemical performance tests

Cyclic voltammetry (CV) tests, galvanostatic charge/discharge
(GCD) measurements, and electrical impedance spectroscopy
(EIS) tests were recorded using CHI760E (Shanghai, China)
and/or a Land CT2001A battery test system (Wuhan Land
Electronics, Ltd, China).

Theoretical method

All first-principles simulations in this study were performed
using the Vienna Ab Initio Simulation Package (VASP) for peri-
odic density functional theory (DFT) calculations,***° employ-
ing the generalized gradient approximation (GGA) to describe
the exchange-correlation effects, alongside the Perdew, Burke
and Ernzerhof (PBE) exchange-correlation functional.*’ The
ion cores were represented by the projector augmented wave
(PAW) potential constructed by Kresse and Joubert.*>** Energy
calculations were performed in the first Brillouin zone using 9
x 9 x 1 k-points in the Monkhorst-Pack scheme. The energy
cutoff value was set to 520 eV. All atomic forces were set to 0.01
eV A™', and the energy convergence accuracy was set to less

© 2026 The Author(s). Published by the Royal Society of Chemistry
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than 1.0 x 107> eV per atom. The convergence of the results
with respect to these parameters has been carefully checked.

For the calculation of each crystal plane,** the slab model
was used to simulate the surface with a 20 A vacuum. The
interface energy was calculated as follows:

FEinterface = Etot — Eslab A — Eslab B

where E. and Eg,, were the total energy of the interface
system and established slab models, respectively.

To further investigate the diffusion paths, the nudged
elastic band method (NEB) was employed,*® which is an auto-
matic search routine for finding the energy minimum path
between specified initial and final states.
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