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Silicon dioxide (SiO,) is widely applied as a protective layer of lithium (Li)
metal, as it can suppress the growth of Li dendrites and prolong cycling
life. However, fundamental understanding of how the SiO, protective
layer affects Li-ion deposition behavior is still limited. Such knowledge
would be very desirable for the practical use of Li metal. Herein, a
systematic study investigating the role of SiO, as a protective layer for
realizing uniform Li-ion deposition is described. Based on the successful
construction of model materials, it was found that the SiO, protective
layer offers dual functions in improving Li deposition behaviors. The
SiO, protective layer can assist in the rapid transfer of Li ions from the
electrolyte to the Li metal surface, while SiO, near the Li metal surface
can be used as lithiophilic sites to guide Li nucleation. Consequently, Li
metal protected by SiO, favors homogeneous Li nucleation/growth and
successfully inhibits the formation of dendrites during prolonged
cycling. An impressive long cycling stability for over 400 h with a low
potential hysteresis was obtained in a symmetrical cell with protected
Li, and an extended cycling life was achieved for protected Li when
coupled with LiNipsCop>,Mng 30, cathode.

Currently, lithium-ion batteries dominate the market as power
sources for numerous devices and applications. However, the
energy density of lithium-ion batteries is approaching its theore-
tical limit. As such, these batteries cannot meet the increasing
demands of modern society. In order to tackle the low capacity of
graphite anodes in lithium-ion batteries, lithium (Li) metal
has been proposed as the ultimate anode material due to its
high theoretical specific capacity (3860 mA h g™ ') and low
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electrochemical potential (—3.04 V versus the standard hydrogen
electrode).! However, the growth of Li dendrites during the charge/
discharge process can pierce the separator and cause the battery to
short circuit, resulting in safety hazards.> Furthermore, the for-
mation of “dead Li” as well as negative reactions between Li metal
and the liquid electrolyte can lead to a low coulombic efficiency
(CE) and poor cycling stability.®

Gigantic efforts have been devoted to overcoming these
chronic problems associated with Li metal anodes.*”” Among
various strategies, building a protective layer is considered to
be a promising way to suppress Li dendrite growth and improve
the CE and cycling stability.* " Until now, various types of
materials, such as ceramic metal oxides,’* lithium com-
pounds,” and polymers,'* have been shown to form efficient
protective layers on Li metal. Among these materials, silicon
dioxide (SiO,) is emerging as one of the most compelling
candidates, because of its impressive merits such as high
chemical/electrochemical stability, exceptional mechanical
strength, high ionic conductivity, easy processability and
tunability.'> As a protective layer, SiO, has been found to
suppress side reactions and stabilize the electrode/electrolyte
interface.'®'” In addition, homogeneous Li deposition can be
achieved by the introduction of a SiO, layer, leading to the
formation of dendrite-free Li metal and improved electroche-
mical performance.'® Despite these achievements, research
that attempts to gain a fundamental understanding of how
the SiO, protective layer affects Li-ion deposition behavior has
been limited. Therefore, identifying the effect of the SiO,
protective layer on the regulation of Li-ion deposition is essen-
tial for guiding the interfacial design and practical use of
Li metal.

Herein, a systematic insight into the role of SiO, as a
protective layer in realizing uniform Li-ion deposition is
proposed. Based on the successful construction of a SiO,
protective layer on the surface of Li metal, it is found that the
SiO, protective layer offers dual functions in improving Li
deposition behaviors (Fig. 1). On one hand, the SiO, protective
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Fig. 1 Schematic illustration of Li deposition on protected Li.

layer facilitates Li-ion transport from the electrolyte to the Li
metal surface, giving rise to a much lower interface impedance,
far higher exchange current density and reduced interfacial
transfer barrier. On the other hand, the SiO, protective layer
that is close to the Li metal surface exhibits Li reactivity. This
SiO, layer, which has high Li affinity, can be used as a
lithiophilic layer to promote Li nucleation. Benefiting from
this dual functional feature, the Li metal protected by SiO,
favors homogeneous Li nucleation/growth and successfully
restrains the growth of dendrites during prolonged cycling. As
a consequence, a prolonged cycling stability of 400 h, with a
smooth voltage plateau for symmetrical cells, is achieved,
which further endows the Li| LiNiy 5C0y.,Mng 50, full cells with
improved capacity retention of up to 81.4% after 100 cycles and
a high CE of above 98.6% for 100 cycles.

To investigate the role of the SiO, protective layer in regulat-
ing Li-ion deposition, a SiO, layer was constructed on a Li metal
surface, by treating Li metal with tetraethoxysilane (eqn (S1),
ESIt).'® Fig. 2a shows the Fourier-transform infrared (FTIR)
spectrum of the protected Li and pristine Li. Pristine Li delivers

no obvious absorption band between 900 and 1300 cm .
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Fig. 2 (a) FTIR spectrum of pristine Li and protected Li. SEM images of

(b) pristine Li and (c) protected Li and the corresponding EDS. (d) Rate
performance of Li|Li symmetrical cell at various current densities with a
capacity of 1 mA h cm™2 and (e) the corresponding voltage hysteresis at
different current densities. (f) Galvanostatic cycling performance of Li|Li
symmetrical cell at 1 mA cm~2and (g) the corresponding voltage hysteresis
at different cycling times.
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In comparison, protected Li exhibits peaks at around 950 and
1167 cm™ ', which are attributed to Si-O-C. In addition, a peak
between 1000 and 1090 cm ' corresponding to the char
acteristic peaks of Si-O-Si in SiO, is observed, indicating that
a SiO, layer has been successfully constructed on the Li
surface.'® X-ray diffraction (XRD) of protected Li was conducted
to further confirm the successful construction of SiO,. As
shown in Fig. S1 (ESIt), a weak ‘bread’-shaped diffraction peak
appears near 28.8°, which is assigned to SiO, (PDF#14-0654).
Scanning electron microscopy (SEM) was performed to investi-
gate the micro-morphology of the as-prepared Li metal. As
shown in Fig. 2b, obvious protrusions and grooves can be
found on the surface of pristine Li, which will result in uneven
Li deposition due to the “tip effect”.>* > After treatment with
tetraethoxysilane, the protected Li shows a relatively smooth
surface, because some protrusions and grooves on the surface
of Li metal have been dissolved during the formation of the
SiO, protective layer (Fig. 2c). The thickness of the as-formed
SiO, protective layer is about 58 pum (Fig. S2, ESIf). Energy
dispersive spectroscopy (EDS) was carried out to probe the
distribution of SiO, in protective layer. It was found that Si
and O elements are evenly distributed on the surface of
protected Li, indicating the uniform distribution of SiO, on
protected Li.

To confirm that the SiO, protective layer can inhibit the
growth of Li dendrites, electrochemical characterizations of
Li||Li symmetrical cells were performed. Rate performances of
Li||Li symmetrical cells using pristine Li and protected Li were
studied at current densities of 1, 3, and 5 mA cm ™2 with a fixed
Li deposition capacity of 1 mA h cm™? (Fig. 2d). The relation-
ship between current density and polarization voltage is shown
in Fig. 2e. It is obvious that pristine Li delivers a larger
polarization voltage than that of protected Li at different
current densities. In particular, the polarization voltages of
pristine Li are more than 1.8 times and 2.7 times larger than
those of protected Li at the current densities of 3 and 5 mA cm ™2,
respectively. The Li||Li symmetrical cells were further cycled at
1.0 mA cm™? with a capacity of 1.0 mA h cm ™ to evaluate the
stability during the plating/stripping process (Fig. 2f and g).
Pristine Li delivers an increasing polarization hysteresis at the
beginning of 100 h (100 mV), which contributes to the rapid
generation of ‘“dead Li” and the consumption of electrolyte.
Subsequently, the polarization hysteresis reaches a peak of
240 mV and a sudden voltage drop at 220 h, indicating an internal
short circuit due to the growth of Li dendrites. In contrast, protected
Li shows a remarkable cycling stability over 400 h with a flat voltage
plateau due to the SiO, protective layer. The large change of
interfacial resistance after different cycles also confirms the ins-
tability of pristine Li in a carbonate-based electrolyte, while protected
Li can maintain a reliable interfacial resistance (Fig. S3, ESIt).
Moreover, an improved electrochemical performance for pro-
tected Li can also be found at current densities of 0.5 mA cm >
and 0.5 mA h cm™? (Fig. S4, ESIT). These results illustrate that SiO,
can effectively stabilize Li metal to suppress Li dendrite formation.

To illuminate the mechanism behind the function of SiO, in
regulating Li-ion deposition, it is necessary to understand the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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process of Li-ion deposition on Li anodes. In general, at the
beginning of Li-ion deposition, Li ions first need to diffuse
through a solid-electrolyte interphase (SEI) and obtain elec-
trons on the surface of Li metal to subsequently form initial
nuclei.”® The Li-ion behavior in the SEI and the initial nuclea-
tion behavior are the critical factors that affect the Li-ion
deposition morphology.>*** Therefore, the function of SiO, in
regulating both Li-ion transport behavior and Li-ion nucleation
behavior are examined in the following section.

As is well known, during the process of Li-ion transport, the
diffusion barrier and ionic conductivity of the SEI are the key
factors affecting the morphology of Li deposition according to
the space-charge model and “mosaic” model.”**” To investi-
gate the function of SiO, in Li-ion transport behavior, electro-
chemical impedance spectroscopy (EIS) analysis of Li|Li
symmetric cells was performed. As shown in Fig. 3a and b,
protected Li displays a lower interfacial resistance of 87.1 Q,
compared to that of pristine Li (167.0 Q), suggesting that the
construction of a SiO, protective layer can promote the trans-
mission of Li ions. The reduced interfacial resistance of pro-
tected Li compared to that of pristine Li after depositing Li with
different capacities also confirms the faster Li-ion mobility in
the protected Li (Fig. S5, ESIT). Similar kinetics of Li migrating
behaviors was further revealed by the exchange current density
(Io)- As is well known, I, can be calculated by using the Tafel
relationship yields, which can be obtained from the cyclic
voltammetry profiles (Fig. 3c and Fig. S6, ESIt). It was found
that the I, of protected Li (0.20 mA cm~?) is more than 1.5 times
larger than that of pristine Li (0.13 mA cm™?), indicating the
faster kinetics of Li transport for protected Li. The activation
energy (E,), which represents Li-ion diffusion in the SEI, was
obtained by fitting the respective temperature-dependent resis-
tances with the Arrhenius equation (Fig. 3d and Fig. S7, ESIf).”?
As shown in Fig. 3e, E, decreases from 47.5 k] mol " in pristine
Li to 45.1 k] mol ! in protected Li. Benefiting from the function
of SiO, in promoting Li-ion transport, the Li-ion transport from
the electrolyte to the Li metal surface is easier and quicker,
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Fig. 3 Electrochemical performance of Li||Li symmetrical cells with pris-
tine Li and protected Li. (a) Electrochemical impedance spectra.
(b) Interfacial impendence of pristine Li and protected Li. (c) Tafel plots
and lo. (d) Schematic illustration of E, for Li-ion diffusion through the
interfacial layer. (e) E, obtained by fitting the interfacial impendence under
various temperatures with the Arrhenius equation. (f) Schematic illustration
of the interfacial journey of Li ions.
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which contributes to the formation of a uniform and dense Li
deposition film (Fig. 3f).

After Li ions pass through the interfacial layer, they start to
nucleate on the surface of Li metal and Li grows on the existing
Li nuclei. The Li growth structure depends heavily on the initial
nucleation behavior, which thus affects the final deposition
morphology. The nucleation overpotential (1) in the process of
initial nucleation is a key parameter that can be used to
evaluate the lithiophilicity of the substrate, and a better lithio-
philicity favors the formation of a uniform deposition film.>® To
investigate the lithiophilicity of SiO, in protected Li, n was
measured by directly plating Li on pristine Li and protected Li
at a current density of 0.4 mA cm ™2, As displayed in Fig. 4a, a
sharp voltage drop to —0.1243 V is observed on protected Li due
to the starting of Li nucleation, and the voltage rises slowly and
maintains a relatively stable voltage platform, reflecting the
growth process of Li. The difference between the sharp voltage
and the stable voltage is the 5 of protected Li (75.0 mV). By
comparison, pristine Li delivers a larger # of 97.1 mvV. In
addition, the voltage-capacity curves of pristine Li and pro-
tected Li at current densities of 1.0 and 1.5 mA cm™ > were
investigated (Fig. S8, ESIT), and the corresponding 7 values are
summarized in Fig. 4b. Obviously, the  value of protected Li is
lower than that of pristine Li at different current densities,
indicating that protected Li can induce Li nucleation. Specifi-
cally, at the beginning of Li deposition, electrons would be
concentrated on the Li metal interface and Li ions can trans-
port through the SiO, protective layer due to the low electronic
conductivity and high ionic conductivity of the SiO, protective
layer. As a consequence, the SiO, protective layer close to the Li
metal surface can be used as lithiophilic sites to induce Li
nucleation due to its reactivity with Li.**

To confirm the reactivity of SiO, with Li, FTIR was used to
analyze the composition of protected Li after plating Li at a
capacity of 0.5 mA h cm™> (Fig. S9, ESIt). A peak at around
1000 cm ™' corresponding to the Si-O bond of lithiated SiO, can
be observed.?® The XRD pattern shows new characteristic peaks
of Li,Si,O5 for protected Li after Li deposition (Fig. 4c). These
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Fig. 4 (a) Voltage—capacity curves of pristine Li and protected Li during Li
nucleation at 0.4 mA cm~2. (b) n of pristine Li and protected Li at different
current densities. (c) XRD patterns of protected Li after depositing Li at
0.5 mA h cm~2. (d) Constant current polarization test of pristine Li and
protected Li at a current density of 3 mA cm™2 (e). Comparison of Li
deposition times at 3 and 4 mA cm™2. (f) Schematic illustration of Li-ion
deposition behaviors.
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Fig. 5 Top-view SEM images of (a) pristine Li and (b) protected Li after
50 cycles in Li|Li symmetrical cell. Cross-section SEM images of (c)
pristine Li and (d) protected Li after 50 cycles in Li|Li symmetrical cell.
(e) Cycling performance of Li|NCM523 cell at 0.3 C.

results confirm that the SiO, layer on protected Li delivers a
reactivity with Li (eqn (S2), ESIt).*" As is well known, the
introduction of lithiophilic sites is an effective way to achieve
uniform Li-ion deposition and to inhibit the formation of Li
dendrites.** To verify the function of SiO, on protected Li in
promoting uniform deposition of Li, constant current polariza-
tion tests of pristine Li and protected Li were carried out at high
current densities (Fig. 4d and e and Fig. S10, ESIT).** At a
current density of 3 mA cm ™%, a sudden drop in voltage for
pristine Li at about 5.8 h resulted from a short circuit due to the
growth of Li dendrites, while protected Li could maintain a long
Li deposition time of about 8.0 h. Similarly, protected Li
exhibited a persistent deposition time (5.6 h) compared to that
of pristine Li (2.2 h) when the current density was increased to
4 mA cm 2. These results demonstrate that the SiO, protective
layer design can promote the uniform deposition of Li to
alleviate the growth of Li dendrites (Fig. 4f).

To directly unlock the function of SiO, in regulating Li-ion
deposition, the morphologies of the Li anodes after cycling
were observed using SEM, as shown in Fig. 5. Pristine Li
exhibits a rough surface with dendrites after 100 h cycles, while
protected Li maintains a smooth surface, demonstrating that
the uniform deposition of Li and the inhibition of Li dendrite
growth were successfully realized by the SiO, protective layer
(Fig. 5a and b). From the cross-section SEM image in Fig. 5c, a
thick and porous Li layer can be found in pristine Li, which
enlarges the contact area between pristine Li and the electro-
lyte, thereby accelerating the consumption of the electrolyte
and the formation of more ‘“dead Li”. In addition, the large gap
between the Li layer and Li metal surface will also further
aggravate the subsequent uneven Li deposition behavior on
pristine Li. In contrast, the SiO, protective layer is in firm
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contact with Li metal without any gaps, indicating that the dual
function of the SiO, protective layer jointly promotes the uni-
form deposition of Li (Fig. 5d).

The protected Li was coupled with commercial LiNi, 5Cog
Mn, ;0, (NCM523) cathode to further evaluate the practical
application of the SiO, protective layer in stabilizing the Li
metal anode. As displayed in Fig. 5e and Fig. S11 (ESI{), similar
initial discharge specific capacities can be observed for the
pristine Li||NCM523 cell and protected Li||NCM523 cell, but the
capacity of the pristine Li||NCM523 cell begins to decline
sharply at the 50" cycle and drops to 29.3 mAh cm™! after
100 cycles. In comparison, the protected Li|NCM523 cell
maintains a long cycle stability, retaining 81.4% of the initial
capacity after 100 cycles. Moreover, the improved rate perfor-
mance of the protected Li|NCM523 cell also confirms the
superiority of the SiO, protective layer (Fig. S12, ESIY).

Conclusions

In summary, the SiO, protective layer on Li metal shows dual
functions in regulating Li-ion deposition, which significantly
stabilizes the Li metal anode/electrolyte interface and alleviates
the growth of Li dendrites. On one hand, the SiO, protective
layer with high ionic conductivity can assist the rapid migration
of Li ions from the electrolyte to the Li metal surface, so as to
prevent the formation of a huge space charge. On the other
hand, SiO, close to the Li metal surface can be used as
lithiophilic sites to induce Li nucleation and thus to inhibit
the uncontrolled deposition of Li. Benefiting from these dual
functions, the symmetrical cell using protected Li can achieve
stable cycling for 400 h with a flat voltage plateau, and the cell
coupled with NCM523 cathode shows improved electrochemi-
cal properties. This in-depth study on the function of the SiO,
protective layer provides new insights into Li protection.
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