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ABSTRACT: Silicon (Si) is a promising candidate for next-
generation anode materials because of its high specific capacity of
3579 mAh ¢! and low potential of 0.4 V (vs Li*/Li). However, the
development of Si anode has been limited by the huge volume
expansion during the lithiation process. Here, a layer of core—shell
Si@SiO,, nanoparticles is coated on one surface of the polymer
electrolyte as a dendrite stopper by taking advantage of the high
specific capacity of Si, and the negative effects of Si volume
expansion can be offset by the flexibility of the polymer electrolyte.
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The Si@SiO, layer is employed to match the lithium metal anode for suppressing the growth of lithium dendrites. When lithium
dendrites are in contact with the Si@SiO,, layer, the Si@SiO, nanoparticles can react with lithium ions deposited on the contact
interface to form a Li—Si alloy (Li,Si), which can reduce the concentration of lithium ions at the sharp ends of lithium dendrites,
thus inhibiting the further growth of lithium dendrites. As a result, symmetric Li//Li cells can maintain stability without lithium
dendrites for more than 2600 h. This study presents a promising approach to address the dendrite issue in solid-state lithium metal

batteries.
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1. INTRODUCTION

Lithium-ion batteries are widely utilized in digital devices,
electric vehicles, and energy storage systems due to their high
energy density, extended life span, and low self-discharge
rate.' ° However, safety hazards derived from electrolyte
leakage and dendrite growth remain significant concerns.””
Compared with liquid lithium-ion batteries, quasi-solid lithium
metal batteries with a lower content of liquid electrolytes can
effectively avoid electrolyte leakage.6’7 However, the formation
of lithium dendrites caused by nonuniform lithium-ion
deposition still remains a challenge for quasi-solid lithium
metal batteries.* '® To address the dendrite issue, artificial
coatings are designed at the interface between polymer
electrolytes and lithium metal anodes to promote uniform
lithium-ion deposition.' ">

Commonly, artificial coatings are applied to the surface of
lithium metal to form alloys for the uniform deposition of
lithium ions."”'* One such artificial coating is tin fluoride
(SnF,) on the surface of lithium metal, which reacts with
lithium metal to form a tin—lithium alloy (LisSn,) for the
uniform deposition of lithium ions."”” Additionally, a thin
metal-tungsten interlayer on the surface of lithium metal has
been demonstrated to facilitate the uniform deposition of
lithium ions through a lithium—tungsten alloying reac-
tion."°™'® However, the softness of the lithium metal surface,
the complex fabrication process, and strict environmental
requirements severely hinder the development of artificial
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coatings on the surface of the lithium metal. Therefore, the
construction of artificial coatings on polymer electrolytes has
been a better choice."”™*' In general, polymer electrolytes
display insufficient mechanical strength to resist the growth of
lithium dendrites.”” An effective approach to resist dendrite
growth is to construct artificial coatings on the surface of
polymer electrolytes for uniform lithium-ion deposition.

Si or SiO, has been reported to enable stable interfaces on
the surface of lithium metals through alloying reactions. In
previous reports, Si or SiO, has mainly been used as an anode
material.””*® For example, Li,Si particles were evenly
distributed to form a porous 3D Li—Si alloy-type interfacial
framework, which was utilized by in situ spontaneous
prelithiation of Si. This framework provides balanced ionic
and electronic conductivity, acting as a stable Li host and
preventing dendrite growth and volume expansion during
cycling.””***> Moreover, the alloying reaction between SiO,
and the lithium metal produces Li,Si, which forms a stable
interface.”® Si is oxidized to form SiO,, which can subsequently
serve as a core—shell structure with Si@SiO,. The surface of
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Figure 1. Schematic illustration of Si@SiO, as a lithium dendrite stopper. (a) Polymer electrolyte. (b) Polymer electrolyte-Si@SiO,. (i) Deposited
lithium ions react with SiO, to form Li Si and Li SiO,. (ii) Si reacts with the lithium ions deposited at the contact interface to form Li,Si, which

Y

causes volume expansion. (iii) Further alloying reactions occur to form a layer of Li—Si alloy.

the structure is primarily composed of SiO, and remains a
stable interface. However, Si@SiO, has never been employed
as a functional coating for polymer electrolytes.””** Using Si@
SiO, as a polymer electrolyte coating will produce unexpected
results. The Si@SiO, nanoparticles with high specific capacity
accommodate a large number of lithium ions, balancing the
lithium-ion concentration for a stable interface to inhibit the
growth of lithium dendrites.

Here, we design a layer of Si@SiO, nanoparticles with a
core—shell structure on one surface of the polymer electrolyte
(polymer electrolyte-Si@SiO,,) to inhibit the growth of lithium
dendrites. The Si@SiO, nanoparticles are created by oxidizing
Si nanoparticles with a layer of SiO, to prevent the reaction
with liquid electrolytes. To avoid the reaction between the Si@
SiO, nanoparticles and the lithium metal, a layer of polyvinyl
pyrrolidone (PVP) is coated on the surface of Si@SiO,
nanoparticles. Then, the layer of Si@SiO, is employed to
match the lithium metal anode which reacts with lithium ions
to form LiSi through an alloying reaction for dendrite
suppression. Furthermore, the symmetric Li//Li cells can
maintain stability for more than 2600 h at 0.1 mA cm™2, and
there are no lithium dendrites formed on the surface of the
lithium metal after cycling.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Polymer Electrolyte-Si@SiO,. The prepara-
tion of polymer electrolyte-Si@SiO, was done by adding PVDF-HFP
and PEO in a 10:1 mass ratio to a sample bottle. Next, ethanol (1
mL) and DMF (8 mL) solution were added, and the resulting
solution was magnetically stirred at 60 °C for 24 h. Subsequently, the
solution was dissolved, and half of it was poured into a dish on a glass
surface to form a film. The film was then transferred to an 80 °C
drying oven. Meanwhile, Si and PVP were added in a mass ratio of 7:1
to a sample tube, followed by the addition of ethanol (2 mL). The
solution was sonicated for 24 h until it was uniformly dispersed. Once
the solvents of PVDF-HFP and PEO had volatilized, the dispersive
solution was added to the surface and spread evenly before being put
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into an 80 °C air-drying oven. Once all the solvents had volatilized,
the resulting material was transferred to a 60 °C vacuum-drying oven
for 24 h. It was then removed, cut to a specified size, and placed in the
air by a 60 °C drying oven for another 24 h. The liquid electrolyte is
added to the specified size polymer electrolyte when it is placed on
the surface of the lithium metal. The polymer electrolyte can quickly
absorb the liquid electrolyte to form a quasi-solid polymer electrolyte
containing LiPF4 The final product obtained from this process is
polymer electrolyte-Si@SiO,.

2.2. Characterization of the Physicochemical Properties of
Polymer Electrolyte-Si@SiO,. X-ray diffraction (XRD) patterns
were obtained using a D8 Discover X-ray diffractometer equipped
with Cu Ka radiation. The morphology of polymer electrolyte-Si@
SiO, was characterized using a field-emission scanning electron
microscope (JEOL-7100F) after gold coating. Energy-dispersive X-ray
spectroscopy (EDS) was performed using an Oxford IE250 system.
Transmission electron microscopy (TEM) images were captured with
a JEM-1400plus instrument, while TEM and high-resolution TEM
(HRTEM) images were acquired with a JEM-2100F microscope.
Polymer electrolyte-Si@SiO, was identified by X-ray photoelectron
spectroscopy (XPS) using an ESCALAB 250Xi instrument.

2.3. Cell Assembly. Symmetric Li//Li cell: A polymer electrolyte
with a diameter of 17 mm is interposed between two lithium metals
with a diameter of 14 mm, followed by the addition of 30 uL
commercial electrolyte to form a symmetric Li//Li cell.

Full battery: The cathode slurry was prepared using NMP solvent,
with LiFePO,, acetylene black, and PVDF mixed uniformly in a mass
ratio of 7:2:1. A positive electrode sheet with an area density of
approximately 1.3 mg cm™ was obtained after coating. The 17 mm
polymer electrolyte-Si@SiO,, was then placed on top of the 14 mm
lithium sheet, and 30 uL of commercial electrolyte was added
dropwise. Next, a 10 mm single-sided LiFePO, positive sheet was
layered on top of the polymer electrolyte-Si@SiO,, surface, and a 15.8
mm steel sheet was pressed on top to encapsulate the structure.

3. RESULTS AND DISCUSSION

A layer of Si@SiO, is employed to match the lithium metal
anode for suppressing the growth of lithium dendrites (Figure
1). Lithium dendrites are formed due to the nonuniform
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ACS Appl. Energy Mater. 2023, 6, 9523—-9531


https://pubs.acs.org/doi/10.1021/acsaem.3c01498?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c01498?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c01498?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c01498?fig=fig1&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.3c01498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

@) o (b) S (©

E —_ e |~

& 2019 3 PVPssi |3

8| sieve < < Without Si@SiO,
g & 2

Ixl — —

s 1] Z

- = =

E 2 2 With Si@SiO,

2 = =

£

= I Si-PDF#99-0092

N L L | 1 1
4000 3000 2000 1000 500 1000 1500 2000 10 20 30 40 50 60 70 80
Wavenumbers (cm'l) Raman shift (cm”) 20 (Cu ka)

D[cs ©[o1s ) [siz

& & &

& g £

% % Z

£ £ £

E| crccr = =

294 291 288 285 282 279 540 537 534 531 528 525 108 105 102 99 96 93

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 2. Characterizations of Si@SiO, layers. (a) Infrared spectra of Si coated with PVP. (b) Raman spectra of Si coated with PVP. (c) XRD
patterns of polymer electrolyte-Si@SiO,. (d—f) XPS spectra of the (d) C 1s, (e) O 1s, and (f) Si 2p core regions of polymer electrolyte-Si@SiO,.

(g) SEM image of the polymer electrolyte. (h), (i) SEM images of polymer electrolyte-Si@SiO,. (j) Cross-sectional SEM image of polymer
electrolyte-Si@SiO,. (k) TEM image of Si coated with PVP. (1) Photos of polymer electrolyte-Si@SiO,, being flat, bent, and after cycling.

deposition of lithium jons. When these lithium dendrites
puncture the PVP layer and come into contact with the Si@
SiO, layer, the deposited lithium ions first react with the
exterior SiO, shell to form Li,Si and Li,SiO,. However, the
SiO, shell is insufficient to control the rate of lithium
deposition, especially at high current densities. Afterward, the
interior Si core reacts with lithium ions deposited at the
contact interface to form Li,Si, which helps to control the rate
of lithium-ion deposition. Because of the high theoretical
specific capacity, the interior Si core can combine with more
lithium ions during alloying reactions. Therefore, the Si@SiO,
layer can effectively inhibit the growth of lithium dendrites
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through the alloying reactions. Furthermore, the volume
expansion during the alloying reactions may create pressure
steric hindrance, further suppressing the growth of lithium
dendrites. As a result, the growth of lithium dendrites can be
effectively suppressed through alloying reactions. Accordingly,
the design and construction of polymer electrolyte-Si@SiO, is
an effective approach for obtaining dendrite-free lithium metal
batteries.

The surface of Si nanoparticles was modified by a layer of
PVP to prevent the reaction between the Si nanoparticles and
the lithium metal (Figure S1, Supporting Information).
Additionally, with the coating of PVP, Si nanoparticles can
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Figure 3. Electrochemical characterization of cells with polymer electrolyte-Si@SiO,. (a) Electrochemical impedance spectroscopy (EIS) plots of
polymer electrolyte-Si@SiO,. (b) LSV curves of polymer electrolyte-Si@SiO,. (c) Current—time curves of polymer electrolyte-Si@SiO, in
symmetric Li//Li cells. (d) CV plots of polymer electrolyte-Si@SiO, at 0.1 mV s™". (e) Rate performances of polymer electrolyte-Si@SiO, in

symmetric Li//Li cells. (f) Cycling performance of symmetric Li//Li cells of polymer electrolyte-Si@SiO, at a current density of 0.1 mA cm™
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be isolated from the contact with air. Thus, a layer of PVP on
the surface of Si nanoparticles can reduce the oxidation degree
of Si nanoparticles in the air. To characterize the PVP layer,
infrared spectroscopy was conducted, as shown in Figure 2a.
Compared to Si nanoparticles, the infrared spectra of Si
nanoparticles with PVP show absorption peaks at 1684 cm™"
(C=0) as well as 2919 and 2960 cm™" (—CHj), reflecting the
presence of PVP coating on the surface of Si nanoparticles.””*
Besides, TEM imaging was used to analyze the thickness of the
PVP layer, which reveals a thickness of approximately 2 nm on
the surface of the Si crystals (Figure 2k). The above results
suggest that the Si nanoparticles were successfully coated with
PVP.

PVP layer can effectively inhibit the reaction between Si
nanoparticles and the lithium metal anode, but PVP after
swelling in the liquid electrolyte cannot protect Si nano-
particles from reacting with the liquid electrolyte.”’ The Si
nanoparticles react with the liquid electrolyte to form a
protective film.”> The protective film can hinder the transfer of
lithium ions, which affects the inhibitory effect on lithium
dendrites.”® The appearance of characteristic peaks of Si at 521
and 950 cm™ in the Raman spectra indicates that Si
nanoparticles were not oxidized under the protection of PVP
at room temperature (Figure Zb).24 To prevent the reaction
between Si nanoparticles and liquid electrolytes, a layer of SiO,
was built at the interface between Si and PVP by oxidizing Si
nanoparticles at high temperatures. XRD (Figure 2c) was used
to analyze the composition of samples after high-temperature
treatment, revealing the absence of SiO, characteristic peaks.
This could be attributed to the amorphous phase and low
concentration of SiO, in the sample, which make it difficult to
be detected by XRD.** Hence, XPS analysis was conducted
(Figure 2d—f), and SiO, (~532.2 eV) is shown in Figure 2e,
while Si (~98.7 €V), SiO, (x103.4 eV), SiO;,, (x102.2 eV),
and SiO, (~100.8 eV) are also shown in Figure 2f, indicating
that Si was oxidized during the high-temperature process.”*"
The results show that Si nanoparticles were oxidized to form
Si@SiO,, nanoparticles with a core—shell structure. The low
reactivity of SiO, with the liquid electrolyte contributes to the
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great stability of the Si layer in the liquid electrolyte.’* Si@
SiO, nanoparticles are inorganic materials that do not conduct
electrons, %3¢ preventing the reaction between Si@SiO,
nanoparticles and lithium ions (Figure S2, Supporting
Information).

Thus, the layer of SiO, is formed at the interface between Si
nanoparticles and PVP as a protective barrier for the Si
nanoparticles. The stability of the Si@SiO, layer is important
to ensure the stability of the battery performance at the initial
stage. The Si@SiO, nanoparticles react with lithium ions to
form a Li—Si alloy after the generation of lithium dendrites.
The lithium ions are consumed in the Li—Si alloy reaction, and
most of the lithium ions cannot undergo delithiation. Thus, the
Coulomb efliciency of the battery is decreased.

The uniform distribution of Si@SiO, nanoparticles on the
surface of polymer electrolytes determines their effectiveness as
dendrite stoppers. Different dispersants were used to disperse
Si@Si0,, nanoparticles. Compared with other dispersants, PVP
can enable the uniform distribution of Si@SiO, nanoparticles
on the surface of the polymer electrolyte (Figures S3 and S4,
Supporting Information). SEM images show the uniform
distribution of Si@SiO, nanoparticles, and the surface of the
polymer electrolyte is entirely covered by the Si@SiO, layer
(Figure 2g—i). Furthermore, the EDS mapping also confirms
the uniform distribution of Si@SiO, nanoparticles on the
surface of the polymer electrolyte (Figure SS, Supporting
Information). The uniform dispersion of Si@SiO, nano-
particles in PVP is due to the existence of lone-pair electrons
in the N and O atoms of PVP, which facilitates the
coordination bonds with the Si@SiO, nanoparticles. Besides,
PVP as a binder exhibits remarkable compatibility with
polymer electrolytes.”’ Therefore, Si@SiO, nanoparticles can
be firmly coated onto the surface of the polymer electrolyte,
forming a uniform and stable Si@SiO, layer. Furthermore, the
thickness of the Si@SiO,, layer also has an important effect on
the inhibition of lithium dendrites. An excessively thin Si@
SiO, layer fails to suppress the growth of lithium dendrites,
whereas a thick layer hinders the transfer of lithium ions. The
cross-sectional SEM image of polymer electrolyte-Si@SiO,
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Figure 4. Mechanism analysis of the Si@SiO, layer acting as a lithium dendrite stopper. (a,b) SEM images of the lithium metal surface of the
polymer electrolyte cells. (c) Cross-sectional SEM image of the polymer electrolyte. (d,e) SEM images of the lithium metal surface of the polymer
electrolyte-Si@SiO, cells. (f) Cross-sectional SEM image of polymer electrolyte-Si@SiO,. (g—k) XPS spectra of the (g) C 1s, (h) O 1s, (i) Si 2p,
(j) F 1s, and (k) Li Ls core regions of polymer electrolyte-Si@SiO, after the cycle. (1) CV plots of polymer electrolyte-Si@SiO,, before and after the

cycle at 0.1 mV s™%.

(Figures 2j and S6, Supporting Information) reveals that the
thickness of the Si@SiO, layer is approximately 2 ym. No
lithium dendrites are observed on the surface of the lithium
metal in cells containing polymer electrolyte-Si@SiO, after
cycling. The symmetric Li//Li cell with the polymer
electrolyte-2 pum Si@SiO, exhibits cycling stability for 2600
h with a polarization voltage of 100 mV, whereas the polymer
electrolyte-1 pum Si@SiO, results in a short circuit at 2560 h,
and the polymer electrolyte-4 um Si@SiO, shows cycling
stability for 1600 h with a polarization voltage of 130 mV
(Figure S7, Supporting Information). The results suggest that
the polymer electrolyte with a 2 pum Si@SiO, layer can
effectively prevent lithium dendrites and exhibits excellent
battery stability. In addition, the Si@SiO, layer on the surface
of the polymer electrolyte can withstand bending up to 180
degrees without being damaged or falling off (Figure 21), which
indicates the excellent flexibility of the Si@SiO, layer and the
firm immobilization of the Si@SiO, layer on the polymer
electrolyte. In conclusion, the Si@SiO, nanoparticles are
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uniformly distributed on the surface of the polymer electrolyte
by PVP, with a thickness of approximately 2 um.

The uniform distribution of Si@SiO, nanoparticles on the
surface of polymer electrolytes promotes the homogeneous
deposition of lithium ions on the surface of the lithium metal
anode. To investigate the electrochemical performance of
polymer electrolyte-Si@SiO,, the ionic conductivity was tested
by electrochemical impedance spectroscopy (EIS). The ionic
conductivity of polymer electrolyte-Si@SiO,, which contains
30 uL of liquid electrolyte (5.5 x 107> S cm™) at room
temperature, is comparable to that of the polymer electrolyte
containing 30 uL of liquid electrolyte (4.9 X 107> S cm™)
(Figure 3a). The calculation method of ionic conductivity is
presented in Table S1 (Supporting Information).”” ™’ More-
over, the electrochemical windows of polymer electrolyte-Si@
SiO, and the polymer electrolyte are similar (above 5.1 V), as
observed by using linear sweep voltammetry (LSV). This
suggests that the Si@SiO, layer does not affect the electro-
chemical window (Figure 3b), which could be ascribed to its
nonreactivity with the polymer electrolyte and no impact on
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the structure of the polymer electrolyte. Additionally, the Li*
transference number (f;,) of polymer electrolyte-Si@SiO, is
0.33, while ¢t;;, of the polymer electrolyte is 0.23 (Figure 3c
and Table S2, Supporting Information). The high t;;, of
polymer electrolyte-Si@SiO,, is due to the presence of N and O
in PVP, which have long electron pairs that attract the lithium
ions of LiPF, to form coordination bonds. Therefore, lithium
ions with a smaller volume can migrate quickly in the layer of
Si@SiO,. However, PF,~ with a larger volume is hindered by
the polymer chain segments of PVP. Therefore, the quantity of
lithium-ion migration in the Si@SiO,, layer is greater than that
of PF¢~, which further widens the gap between cation and
anion migration in polymer electrolyte-Si@SiO,. Thus, PVP
can improve the transference number of lithium ions to a
certain extent (Figure S8, Supporting Information).

Si@SiO, remains stable on the surface of the lithium metal
due to the PVP coating. This prevents the Si@SiO,
nanoparticles from reacting with lithium ions during the
charge/discharge process, thereby maintaining the Coulombic
efficiency of the battery. To analyze the stability of the Si@
SiO, layer in the battery, cyclic voltammetry (CV) was
performed using LiFePO, as the cathode and lithium metal as
the anode (Figure 3d). The CV curve of polymer electrolyte-
Si@SiO,, shows lithiation and delithiation peaks at 1.38 and
0.69 V, respectively. These peaks are consistent with the CV
curve of the polymer electrolyte, where the peaks occur at 1.53
and 0.76 V, respectively. Furthermore, the CV curve of
polymer electrolyte-Si@SiO, does not exhibit the characteristic
peaks of SiO, during lithiation and delithiation, which occur at
0.28 and 1.2 V, respectively.”’™** Similarly, the absence of
lithiation and delithiation peaks of Si at 0.12, 0.36, and 0.52
V*¥™* indicates the initial stability of the Si@SiO, layer. The
redox peak shift is attributed to the Si@SiO, layer, which
affects the interface reaction between the polymer electrolyte
and lithium metal, resulting in the formation of a solid—
electrolyte interface.”>*

The Si@SiO, layer enhances the stability of the interface
between the polymer electrolyte and lithium metal anode by
reacting with lithium ions to form LiSi to prevent dendrite
growth. This reaction reduces the concentration of lithium ions
at the sharp ends of lithium dendrites, thereby improving the
performance of a battery with a Si@SiO, layer. The
performance of the rate and cycle is tested using symmetric
Li//Li cells. The cell with a Si@SiO, layer in the polymer
electrolyte exhibits an improved rate performance from 0.1 to
0.5 mA cm™2 (Figure 3e). Symmetric Li//Li cells exhibit
instability during cycling when the current is above 0.5 mA
cm™2 Moreover, it has been observed that symmetric Li//Li
cells containing polymer electrolyte-Si@SiO, are comparatively
more stable than those containing only the polymer electrolyte
(Figure S9, Supporting Information). Additionally, cells with
polymer electrolyte-Si@SiO,, can cycle stably for 2600 h at 0.1
mA cm ™2, whereas cells with the polymer electrolyte only work
for 1500 h (Figure 3f). This demonstrates that the Si@SiO,
layer enhances the stability of the interface between the
polymer electrolyte and lithium metal anode.

To analyze the mechanism of the Si@SiO,, layer in inhibiting
the growth of lithium dendrites, the surfaces of the lithium
metal and polymer electrolyte were characterized by SEM,
following cell cycling. Lithium dendrites are observed on the
surface of the lithium metal when using a polymer electrolyte
in the cells (Figure 4a,b). The cross-sectional SEM image
shows that lithium dendrites penetrate polymer electrolytes
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(Figure 4c). The uneven growth of lithium dendrites in both
horizontal and vertical directions on the surface of the lithium
metal affects the performance of the cells. The formation of
lithium dendrites not only consumes many lithium ions but
also creates numerous nonactive sites on the surface of the
lithium metal, which leads to the nonuniform deposition of
lithium ions and compromises battery safety. In contrast, using
polymer electrolyte-Si@SiO,, prevents the formation of lithium
dendrites on the surface of the lithium metal in the cells
(Figure 4d,e). The absence of lithium dendrites is confirmed
by the cross-sectional SEM image (Figure 4f). Furthermore,
when the current density of symmetric Li//Li cell is doubled,
the Si@SiO, layer can still inhibit the growth of lithium
dendrites (Figure S10, Supporting Information). Further, the
lithium dendrites were not present on the surface of Cu in Li/
Cu cells with polymer electrolyte-Si@SiO,, while they existed
on the surface of Cu in Li/Cu cells with the polymer
electrolyte. The results are consistent with the symmetric Li//
Li cell test results, indicating that Si@SiO, has a good
inhibitory effect on lithium dendrites (Figure S11, Supporting
Information). In addition, the Si element is uniformly
dispersed on the surface of the lithium metal, suggesting that
the deposition of lithium ions is induced by the Li—Si alloy
reaction to grow in the xy-direction (2D growth). Therefore,
the coating of the Si@SiO, layer on the surface of the polymer
electrolyte can hinder the growth of lithium ions in the z-
direction. More importantly, the volume expansion of the Si@
SiO, nanoparticles exerts pressure during the Li—Si alloying
reaction to further inhibit the growth of lithium ions in the z-
direction. Thus, the deposits of lithium ions only show 2D
growth to form a pancake-like surface of the lithium metal
(Figure S12, Supporting Information). Besides, Si@SiO,
spherical nanoparticles are present in polymer electrolyte-
Si@SiO,, before cell cycles, but they are absent after cell cycles
(Figure S13, Supporting Information). This suggests that the
volume expansion of Si@SiO, is caused by the Li—Si alloying
reaction. These results demonstrate that the alloying reaction
can inhibit the growth of lithium dendrites. Further, the
volume expansion of Si@SiO, may have a certain synergistic
effect in inhibiting the formation of lithium dendrites.

To further investigate the process of Si@SiO, nanoparticles
inhibiting the growth of lithium dendrites, XPS analysis was
conducted to confirm the alloying reaction process. The Si@
SiO, nanoparticles undergo a reaction with the deposited
lithium ions and electrons, resulting in the formation of Li,Si
(Figure 4g—k). SiO, (~532.10 eV) is observed (Figure 4h) in
polymer electrolyte-Si@SiO, in the cell after cycling, while
Figure 4i shows Si (~98.90 eV), SiO, (~103.30 eV), and
Li,SiO, (%101.90 eV). Additionally, Li,Si (x55.50 eV) is
detected in Figure 4k.* The presence of Li,Si and Li,SiO, on
the surface of polymer electrolyte-Si@SiO, indicates the
occurrence of an alloying reaction between lithium ions and
Si@SiO,. The electrons participating in the reaction are
transferred through lithium dendrites. Hence, the layer of Si@
SiO, acts as a stopper for lithium dendrites. Besides, the
continued existence of Si@SiO, at the interface demonstrates
its strong alloying capability in effectively suppressing the
lithium dendrite growth.

To characterize the layer of Si@SiO, as a barrier to prevent
the formation of lithium dendrites, CV was conducted to
analyze this process. Compared with the CV curve of polymer
electrolyte-Si@SiO, before cycling, the CV curve of polymer
electrolyte-Si@SiO, after cycling shows a peak at 0.12 V
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Figure S. Electrochemical performance of the batteries based on polymer electrolyte-Si@SiO,. (a) Rate performance of the battery based on
polymer electrolyte-Si@SiO,. (b) Charge—discharge curve of the battery based on polymer electrolyte-Si@SiO,. (c) Cycling performance of the

battery based on polymer electrolyte-Si@SiO,.

(Figure 41). The peak at 0.12 V is close to the characteristic
intercalation lithium peak (~0.12 V) of the Si anode.*’ Thus,
the CV results suggest that the Li—Si alloying reaction has
occurred. The alloying reaction of the Si@SiO, nanoparticles
reduces the concentration of lithium ions, effectively inhibiting
the growth of lithium dendrites. Therefore, the Si@SiO, layer
has been demonstrated as an effective dendrite stopper.

The above results have indicated that polymer electrolyte-
Si@SiO,, can effectively promote the uniform deposition of
lithium ions and form a stable interface. To verify the effect of
polymer electrolyte-Si@SiO, in the full batteries, LiFePO,ll
polymer electrolyte-Si@SiO,|ILi battery is carried out in this
study, with a range of rates from 0.1 to 1.5 C (Figure Sa,b).
The rate performance of the polymer electrolyte-Si@SiO,-
based battery is more stable than that of the polymer
electrolyte-based battery. LiFePO,llpolymer electrolyte-Si@
SiO,lILi battery maintains a remarkable capacity retention of
86.8% after 500 cycles at 1.0 C, with an average Coulombic
efficiency of 99.8% (Figure Sc), while the LiFePO,llpolymer
electrolytellLi battery only achieves up to 200 cycles and shows
unstable Coulombic efficiency. Thus, the utilization of polymer
electrolyte-Si@SiO,, can improve the performance of the full
battery. It can be concluded that the polymer electrolyte-Si@
SiO, layer inhibits the growth of lithium dendrites and
enhances the stability of the interface between the polymer
electrolyte and the lithium metal anode.

4. CONCLUSIONS

In this study, we have demonstrated that the Si@SiO,
nanoparticles on the polymer electrolytes can react with
lithium ions deposited at the contact interface to form Li,Si as
a lithium dendrite stopper. The formation of Li,Si on active
sites reduces the concentration of lithium ions, leading to a
more uniform lithium-ion concentration between the polymer
electrolyte and the lithium metal anode. Hence, a stable
interface is formed by the uniform deposition of lithium ions,
which inhibits the growth of lithium dendrites. As a result,
symmetric Li//Li cells maintain stability without lithium
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dendrites for more than 2600 h at 0.1 mA cm™2 The LiFePO,|l
polymer electrolyte-Si@SiO,lILi battery maintains a remark-
able capacity retention of 86.8% after 500 cycles at 1.0 C, with
an average Coulombic efficiency of 99.8%. This study converts
the limitations of Si@SiO, into advantages, significantly
expanding its potential applications. Consequently, the Si@
SiO, layer offers a novel alternative solution for addressing the
issue of lithium dendrites.
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