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Adaptive Multi-Site Gradient Adsorption of Siloxane-Based
Protective Layers Enable High Performance Lithium-Metal
Batteries

Shan Fang, Fanglin Wu, Shangquan Zhao, Maider Zarrabeitia, Guk-Tae Kim,
Jae-Kwang Kim, Naigen Zhou,* and Stefano Passerini*

Low Coulombic efficiency and significant capacity decay resulting from an
unstable solid electrolyte interphase (SEI) and dendritic growth pose
challenges to the practical application of lithium-metal batteries. In this study,
a highly efficient protection layer induced by octaphenylsilsesquioxane (OPS)
with LiFSI salt is investigated. The OPS exhibits a strong adsorption energy
with lithium, its multi-site gradient adsorption ability enables the
simultaneous capture of 8 Li+ and the uniform regulation of Li ion flux.
Moreover, the mechanical strength and electronic insulation of the OPS layer
induces Li deposition under the protection layer and effectively inhibits
lithium dendrite growth. Such a protection layer contributes to the stable and
dendrite-free performance of a lithium-metal battery employing
LiNi0.8Co0.1Mn0.1O2 (NCM811) as a cathode and an ultrathin OPS-protected
lithium foil (20 μm) as the anode. A remarkable capacity retention of 91.4% is
achieved after 300 cycles at 1C. The OPS-protected Li anodes and NCM811
are also tested in combination with a Li1.5Al0.5Ge1.5(PO4)3 solid electrolyte,
showing extended cyclability up to 300 cycles with an average Coulombic
efficiency of 99.58% and capacity retention of 85.7%.

1. Introduction

Lithium metal with its ultrahigh specific energy (3860 mAh g−1)
and the lowest negative electrochemical potential (−3.04 V vs the
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H+/H2 redox couple) has gained wide re-
search interest in recent years.[1] How-
ever, the high reactivity of lithium metal
induces reaction with almost all elec-
trolytes and the uncontrolled dendrite
growth cause low Coulombic efficiency
(CE) and fast capacity decay.[2] The solid
electrolyte interphase (SEI) is a criti-
cal component of the lithium battery
which is closely connected to the depo-
sition morphology and electrochemical
performance of lithium metal batteries
(LMBs).[3] Researchers have determined
that the SEI on lithium metal anode
(LMA) must be homogeneous in compo-
sition, shape, and ionic conductivity, in
addition to possessing the ability to con-
duct ions and block electrons.[4] Unfortu-
nately, due to the use of conventional or-
ganic carbonate-based electrolyte, the in-
ner layer of the SEI is dominated by more
stable inorganic components, such as
Li2O, Li2CO3, and Li halides, whereas the

outer layer is dominated by metastable organic compounds, such
as ROCOOLi.[5,6] The SEI which comprises of the stacking of tiny
domains with different composition has been described as the
mosaic model,[7] which exhibits heterogeneous Li+ conductivity
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and results in inhomogeneous nucleation.[8] Additionally, the in-
finite volume expansion that occurs during cycling stimulates the
creation of fissures in the SEI, exposing fresh Li to a lower energy
barrier for Li-ion transport and exacerbating non-uniform depo-
sition of Li.[9]

Although the use of hosts[10-13] and mechanically resistant
films[14-16] can inhibit dendrite formation, the unstable SEI re-
mains a major barrier for LMA materials. In recent years,
great efforts have been devoted to improving the stability of the
LMA interface. For instance, researchers have explored the use
of high concentration electrolytes[17] and functional electrolyte
additives[18-20] to regulate the constituents of SEI. However, the
precise composition and structure of the SEI derived from elec-
trolyte decomposition are diverse and uncontrolled, which is in-
effective in inhibiting dendritic growth on the metallic Li an-
ode. Therefore, the direct construction of an artificial protective
layer has been proposed to promote uniform Li ion flux at the
electrode/electrolyte interface[21-23] as well as to isolate lithium
metal from direct contact with electrolyte, inhibiting side reac-
tions and achieving a dendrite-free Li deposition anode.[24] One
promising approach involves the use of a controlled Li diffusion
interface based on lithiated multiwalled carbon nanotubes, which
have been shown to effectively suppress dendrite formation. This
is because the Li-C interface mediates Li+ ion flux during the
plating/stripping process, resulting in a more stable SEI and
improved electrode/electrolyte interface.[25] Yan’s group has de-
signed a dual-layered film comprising a dense organic layer and
rigid inorganic materials, mainly Li3PO4, which exhibits excel-
lent mechanical properties and great flexibility.[26] Additionally,
a modified Cu foil by an ultrathin thiophdiyne (TD) layer com-
posed of thiophene units and acetylene bonds, could achieve a
seaweed-like Li deposition morphology. The linked TD units with
acetylene bonds can improve the extended conjugate structure,
enhance the charge diffusion behavior and electro-negativity,
leading to a strong binding energy between Li atoms and the
lithiophilic TD substrate.[27,28] Consequently, the protective layer
with lithiophilic structure is beneficial for guiding uniform Li nu-
cleation and to alleviate dendrite formation.[29] However, a finite
amount of lithiophilic site is provided on each molecule for most
of the compounds. The presence of multiple lithiophilic sites on
a single molecule can enhance the uniformity of lithium ions dis-
tributed on the electrode surface, prevent the aggregation and
formation of uneven deposits, and promote the stability of the
lithium anode.

Herein, an efficient strategy is proposed to regulate Li depo-
sition behavior by introducing octaphenylsilsesquioxane (OPS)
and incorporating a small amount of Li salt. The OPS demon-
strates a high affinity for lithium, and its ability to adsorb lithium
ions across multiple sites enables it to effectively capture and reg-
ulate the Li+ ions flux homogenously. The protection layer ho-
mogenizes Li+ flux and captures Li+ on the surface, enabling
dendrite-free lithium plating/stripping. Furthermore, the OPS
layer acts as a physical barrier, preventing corrosion reactions
between LMA and electrolyte. The addition of 1 wt.% of Li salt
into the 25 mM OPS solution used as a Li inventory guarantees a
stable electrode/electrolyte interface and facilitates electrochem-
ical and mass transport kinetics in traditional carbonate-based
electrolytes. The application of these protection layers to LMBs
employing NCM811 has shown promising results. The pro-

tected lithium anode prolongs the lifetime of limited Li (20 μm)
||NCM811 cell to 300 cycles with a capacity retention of 91.4%,
which is more than two times longer than the cell using bare
lithium anode. Moreover, the artificial SEI enabled a high stabil-
ity of the quasi-solid-state battery (LiOPS||LAGP||NCM811) with
a high-capacity retention of 85.7% after 300 cycles.

2. Results and Discussion

The molecular structure of OPS is shown in Figure S1 (Sup-
porting Information), the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
energy levels of OPS are presented in Figure 1a. The calculated
HOMO-LUMO gap of the OPS molecule is 4.65 eV, demonstrat-
ing a high electrochemical stability.[30] To create a protective layer
on the surface of the lithium foil, a drop-casting method is em-
ployed (Figure 1b), as detailed in the Experimental section of the
Supporting information. By varying the concentration of the OPS
solution, the composition of the artificial SEI can be modulated
to achieve optimal protection of the lithium electrode. The elec-
trochemical kinetic stability of the Li foil treated with 25 mM OPS
was determined to be the most stable at a high current density of
4 mA cm−2, as depicted in Figure S2 (Supporting Information).
This specific condition was selected for further in-depth analy-
sis, and the protected Li was denoted as LiOPS. Scanning elec-
tron microscope (SEM) images of the LiOPS electrode (Figure 1c)
demonstrates a smooth and matte texture surface in contrast to
the bare Li foil (Figure S3, Supporting Information). X-ray photo-
electron spectroscopy (XPS) was employed to validate the forma-
tion of the protecting layer on the surface of Li foil. Figure 1d–h
shows the photoelectron spectra of Si 1s, O 1s, S 2p, N 1s, and Li
1s for the LiOPS electrode, indicating the successful coating of
the protecting layer on the Li foil. Li 1s signal is very weak due to
the thick OPS layer (≈200 nm, see the SEM image in Figure S4,
Supporting Information). Furthermore, the presence of the OPS
is confirmed by the O 1s, and Si 2p. The -Si-O-Si- bonding was
evident in the O 1s (532.2 eV) and Si 2p (102 eV) regions. More-
over, S 2p and N 1s photoelectron spectra confirms the presence
of LiFSI salt. The EDS analysis is consistent with the XPS data,
as shown in Figure S5 (Supporting Information). The homoge-
nous dispersion of the OPS layer is beneficial in establishing a
uniform electric field and ion concentration, thereby facilitating
the homogeneous Li+ diffusion through the protecting layer.[22]

In comparison, the surface composition of pure Li foil was also
identified by XPS. In this case, the surface of Li foil is mainly
composed of Li2CO3 and Li2O (to a lesser extent), as shown in
Figure S6 (Supporting Information).

The electrochemical kinetics at the electrode/electrolyte inter-
face were evaluated by determining the exchange current density
(J0) of both Li foil and LiOPS using Tafel curves. The J0 values
were compared to assess the reversibility of the plating/stripping
reactions, which is an important parameter for the study of the
electrode kinetics. A higher J0 value indicates a more efficient
electrochemical reaction and a lower overpotential, which is es-
sential for achieving uniform and stable Li deposition.[31] In
Figure 1i, the J0 values of LiOPS and bare Li foil are 1.977 and
1.027 mA cm−2, respectively, indicating enhanced mass trans-
fer and reduced surface diffusion barrier at the LiOPS anode.
Galvanostatic electrodeposition tests were then performed with
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Figure 1. a) Calculated HOMO and LUMO energies according to the illustrated models. b) Schematic illustration of the fabrication process, c) SEM
image of LiOPS, detailed XPS spectra of Si2p d), O1s e), S2p f), N1s g), Li1s h), and i) exchange current density of bare Li and LiOPS.

symmetric bare Li and LiOPS cells to investigate the impact of
the functional protection layer on the interfacial stabilities of
Li metal anode. Figure 2 displays the plating/stripping behav-
iors of symmetric Li/Li and LiOPS/LiOPS cells at various cur-
rent densities of 1, 2, 4 mA cm−2, while the deposition capacity
was fixed at 1 mAh cm−2. The bare Li cell displayed a slight de-
crease in overpotential after initial stable cycling for ≈100 h, how-
ever, a rapid increase in polarization voltage was observed after
≈200 h (Figure 2a,b), exceeding 500 mV after 300 h at 1 mA cm−2.
Figure 2c provides the average plating and striping voltage, which
offers a more comprehensive comparison between the two elec-
trodes. The significant hysteresis observed indicates the forma-
tion of a highly resistive interfacial layer, primarily consisting of
inactive Li and by-products of decomposed electrolyte. The sharp
variation of voltage also suggests the uncontrolled dendrites self-
propagation during the plating/stripping process. In contrast to
the bare Li foil, the LiOPS cell demonstrates a consistent overpo-
tential of ≈40 mV throughout the entire cycling process, lasting
for 400 cycles (800 h), and displays flatter voltage profiles. As il-
lustrated in Figure 2d,g, the stable plating/stripping voltage of
LiOPS is observed even at higher current densities (2 mA cm−2

and 4 mA cm−2). The corresponding overpotential was 170 and
240 mV (Figure 2f,i), respectively. However, significant fluctua-
tion is detected in the symmetric cell with bare Li foil, which
can be attributed to the growth of lithium dendrites and accu-
mulation of “dead Li”. Additionally, the LiOPS electrode exhibits
excellent rate capability from 0.5 to 6 mA cm−2 with a constant
capacity of 1 mAh cm−2 (Figure 2j). In comparison to bare Li foil,

the LiOPS electrode demonstrates highly stable voltage oscilla-
tion and remarkably low overpotential at each current density,
particularly at the high current density of 6.0 mA cm−2, which
suggests fast kinetic behavior for Li+ transport. The thickness
evolution of the electrode after the rate test was also analyzed by
SEM (Figure S7, Supporting Information). The volume expan-
sion of the bare Li foil is significant, resulting in the electrode
thickness increasing by 106 μm (from 460 to 566 μm) after the
rate test. On the other hand, the LiOPS electrode thickness in-
creased by only 25 μm (460 to 485 μm), indicating that the Li
deposition on the LiOPS electrode is more uniform and denser,
enabling long-term plating/stripping cycling. The evolutions of
interfacial resistance during cycling were monitored by electro-
chemical impedance spectroscopy (EIS), where all the Nyquist
plots showed a full semicircle with a tail (Figure 2k,l). The diam-
eter of the semicircle reflects the interfacial resistance between
the electrolyte and the lithium metal electrode. Based on the re-
sults of the equivalent circuit fitting, the overall impedance of
the cell is reduced significantly (from 268.8 to 91.4 Ω) by the pro-
tection layer prior to cycling (Figure 2m). The interfacial resis-
tance of the LiOPS symmetric cell remains almost constant af-
ter plating/stripping at 1 mA cm−2 for 20 and 50 cycles, indicat-
ing a stable electrode/electrolyte interface that is consistent with
the constant overpotential. However, the interfacial resistance
of the bare Li symmetric cell continuously decreases during cy-
cling, potentially due to the increased surface area resulting from
lithium dendrite growth.[32] The results highlight the lower resis-
tance of Li+ diffusion through the OPS protection layer and the

Adv. Energy Mater. 2023, 2302577 2302577 (3 of 9) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202302577 by K
arlsruher Institution F. T

echnologie, W
iley O

nline L
ibrary on [07/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advenergymat.de

Figure 2. Performance of symmetric LiOPS (red) bare Li (blue) cells: a,d,g) plating/stripping behavior at different current densities (see legend) and
b,e,h) magnified voltage profile as well as c,f,i) average voltage profiles calculated for each cycle. j) rate performance from 0.5 to 6 mA cm−2, fixed
deposition capacity of 1 mAh cm−2. Electrochemical impedance spectra of the symmetric cell before and after cycles: k) LiOPS and l) bare Li impedance
spectra upon cycling (including fitting lines) and m) overall impedance of LiOPS and bare Li cells before cycling.

mechanical strength of the interphase layer providing good me-
chanical stability to suppress the growth of Li dendrites during
cycling.

To enhance the understanding of the lithium deposition mech-
anism, an in situ optical microscope monitoring was performed
using a symmetric cell. The results revealed that the bare Li an-
ode displayed an uneven surface after applying a current den-
sity of 0.5 mA cm−2 for 5 min, with large “mossy” clusters ap-
pearing on the surface and continuously growing over 30 min
as the deposition capacity increased (Figure 3a, Video S1, Sup-
porting Information). In contrast, a completely different phe-
nomenon was observed with the LiOPS electrode, as shown in
Figure 3b and Video S2 (Supporting Information). Throughout
the whole process, no clusters were observed, indicating that the
deposited Li was denser and more uniform on the electrode.
SEM images presented in Figure 3c–h, Figures S8 and S9 (Sup-
porting Information) display the lithium deposition morphology
at various current densities. On the surface of the bare Li foil,
nonuniform and uncontrolled growth of 1D lithium dendrites
are evident (Figure 3f–h) even at a very low current density of

0.1 mA cm−2 (the uneven lithium deposition behavior on the
bare Li electrode can be also observed in Figure S9c,d, Support-
ing Information). Conversely, highly dense and uniform lithium
particles with several micrometers in width were observed on
the LiOPS electrode at 1 mA cm−2. Moreover, as the current
density increased, smaller and denser lithium particles formed.
Even at 4 mA cm−2, no needle-like lithium formed. It is im-
portant to note that, besides the characteristics of the protective
layer, the growth rate and morphology of Li can be strongly influ-
enced by electrochemical test conditions, such as the charge cur-
rent density. According to electrocrystallization nucleation the-
ory, a higher current density leads to a higher overpotential and
a greater number of lithium nuclei, resulting in smaller nucle-
ation size.[33] These results demonstrate the superiority of the
modified Li anode in obtaining good interfacial ion distribution
at high current densities and avoiding the growth of Li den-
drites. The hybrid layer can redistribute the Li+ flux and pro-
vide rapid Li+ transport simultaneously, in addition to acting
as a physical barrier to protect lithium from corrosion of the
electrolyte.
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Figure 3. Optical images of bare Li a) and LiOPS b) taken at different times and corresponding schematic diagrams. SEM images of LiOPS c,d,e) and
bare Li f,g,h) electrodes after the first deposition at different current densities, but constant deposition capacity (see figure legend).

Bare Li and LiOPS symmetric cells were cycled and the XPS
spectra were collected after 10 cycles at 1 mA cm−2, 1mAh cm−2

(Figure 4a,b). A higher intensity of LiF (F 1s, 684.9 eV), Li2CO3
(O1s, 531.7 eV), and Li2O (O1s, 527.9 eV) was detected in the SEI
layer of LiOPS cell, hence is composed by a higher ratio of inor-
ganic components. While the SEI layer of bare Li shows higher
content ratio of -C-C/-CH- (hydrocarbons), and LixPFy/LixPFyOz
than those of LiOPS. Therefore, these results demonstrate that
the OPS coating layer suppressed the electrolyte decomposition
and formed a highly dense inorganic-rich SEI layer. The higher
proportion of inorganic components can improve the ionic con-
ductivity of the SEI layer of LiOPS and homogenizes Li ion flux,
thus prohibiting lithium dendrite formation during Li plating
and stripping.

To systematically evaluate the load behavior of Li atoms after
the OPS adsorbed on the Li (110) anode surface, we have calcu-
lated possible sites for Li atoms around the OPS. As shown in
Figure 4c, namely the vertical position of the benzene ring cen-
ter (D1, M1, and U1), symmetrical positions corresponding to the
body center (M4), face center (D2, M2, and U2) and edge center
(D3, M3, and U3) of the cage composed of Si─O bonds. For com-
parison, the adsorption energy of Li atoms was also calculated
excluding the influence of the OPS (R0 site), which indicates the

adsorption energy of Li atoms on Li foil. Based on the calculation
results, Figure 4d illustrates ten possible adsorption sites for Li
and their respective formation energies. It is evident that the ad-
sorption of OPS on lithium atoms demonstrates a gradient effect
in terms of energy adsorption.

It is worth noting that when Li ions are loaded on the center
of two benzene rings (i.e., D sites), the two benzene rings will ro-
tate towards the Li ions, which will lead to significant structural
changes in OPS and thereby affecting the adsorption energy at
other locations. Besides, Li atoms located at the D2 position are
metastable, and once D3 positions are occupied, the Li atoms at
D2 position will transfer to either D1 or D3 positions, demon-
strate smart and self-adaptive properties. Additionally, D1 and D3
sites exhibit higher affinity for Li ion adsorption compared to the
bare Li surface (i.e., R0 sites). The charge density deformation di-
agram for an OPS molecule adsorbing four and eight Li atoms is
depicted in Figure 4e,f. It is observed that the number of Li atoms
adsorbed between OPS and Li anode increase, the interaction be-
tween OPS and Li anode is enhanced, leading to the deformation
of the Si-O cage within the OPS molecule. The lithium deposition
mechanism on Li anode, with and without OPS protection layer,
is illustrated in Figure 4g–j. In the case of bare Li foil, the nonuni-
form Li ion flux and heterogeneous SEI layer cause preferential
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Figure 4. Detailed XPS spectra of cycled LiOPS a) and bare Li b), c) available Li adsorption sites around OPS and d) their adsorption energy. Differential
charge density diagram when OPS adsorbs 4 (D1 position) e) and 8 (D1 and D3 positions) Li atoms f), respectively. The schematic of the Li plating
process with and without OPS g,h). i,j) display the concentration gradients of Li+ and the corresponding Li deposition morphologies. c0

Li+
c0

Li+
is the

electrolyte concentration, c0
Li+

cs
Li+

is the concentration of the liquid layer near the electrode surface.

deposition of Li ions on hotspots, resulting in the formation of
protrusions.[34] The high curvature of these protrusions gener-
ates a stronger electric field at their tips, attracting more Li-ions
and accelerating the evolution of a strong concentration gradient
of Li ion, leading to further growth of the protrusions and ulti-
mately resulting in dendrite formation (Figure 4i).[35–37] On the
contrary, the presence of the OPS protection layer with varying Li
ion adsorption capabilities in 3D space promotes more uniform
Li ion flux. The Li is deposited in bulk particles instead of needle-
like morphologies, which inhibits the formation of a strong con-
centration gradient (Figure 4j). Consequently, this improves the
reversibility of Li during plating/stripping process and reduces
dead Li formation.[38]

Lithium metal full cells assembled with a 450 μm Li anode and
NCM811 cathode (areal loading: 9.1 mg cm−2) has been investi-
gated. The initial discharge capacity was 159.6 mAh g−1 at 1 C
for both cells (see Figure 5a). After 300 cycles, however, the dis-
charge capacity of LiOPS||NCM811 cell is 136.3 mAh g−1, which

corresponds to a capacity retention of 85.4%. In contrast, the bare
Li full cell only offers 87.5 mAh g−1 with a capacity retention of
53.7% (Figure 5a). This significant difference indicates that se-
vere capacity decay occurred in the Li||NCM811 cell, as is evident
in the charge/discharge curve displayed in Figure S10 (Support-
ing Information). The polarization of the Li||NCM811 cell is ob-
served to be significant, which is mainly due to the uncontrolled
growth of dendrites and dead lithium during the long-term cy-
cling, leading to an increase in the internal resistance of the cell.
However, the polarization is much lower in the LiOPS||NCM811
cell as shown in Figure 5b. Moreover, the high-frequency part
of the LiOPS||NCM811 cell impedance spectra before and after
selected cycles is almost overlapping, indicating an enhanced sta-
bility in the electrode/electrolyte interface with respect to those
of the Li||NCM811cell (Figure S11, Supporting Information). To
evaluate practical application, a thin lithium foil with a thick-
ness of 20 μm (≈4 mAh cm−2) has been used as a replacement
for the thick lithium, which provides a realistic performance of
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Figure 5. Electrochemical performance comparison of bare Li and LiOPS with high nickel content NCM811 a–e) and NCM88 f–h) cathodes. (a) Long
term cycling of bare Li and LiOPS with an unlimited lithium foil (thickness: 450 μm) at a high areal loading of ≈9.1 mg cm−2 and (b) selected voltage
profiles for LiOPS, (c) comparison of cycling behavior of bare Li and LiOPS with NCM811 using a thin lithium foil (thickness: 20 μm), corresponding
voltage curves of (d) LiOPS and (e) bare Li, (f) comparison of cycling behavior of bare Li and LiOPS with NCM88 using a thin lithium foil (thickness:
20 μm) and selected voltage profiles for (g) LiOPS and (h) bare Li.

the Li-metal battery. As shown in Figure 5c, after the first five
formation cycles at 0.1C (1C = 200 mA g−1), the cells cycled
at 1C for the following cycles at the voltage range of 3.0–4.3 V.
The LiOPS||NCM811 cell demonstrated excellent cycling stabil-
ity, maintaining a high discharge capacity of 157.5 mAh g−1 even
after 300 cycles. The corresponding capacity retention rate was
exceptionally high at 91.4%, and the average CE was also impres-
sively high at 99.94%. The Li||NCM811 cell experiences a rapid
decrease in capacity after the 135th cycle, in contrast to the Li-
OPS||NCM811 cell. This is due to the formation of dendritic Li,
accelerating the reaction between fresh Li and electrolyte to form
SEI. As the cycling proceeded, metallic Li is trapped by the in-
sulating SEI and lose electron connection, thus becoming “dead
Li”.[38-40] When the active Li has been depleted, the cell experi-
ences fast capacity decay and a short cycle life. Figure 5d depicts
the selected charge/discharge curves, the shoulder of the charge
curve demonstrates the start of delithiation in NCM811, which
corresponds to Li deposition on the anode side.[41] By virtue of
the effective protection layer of OPS homogenized Li+ flux, neg-
ligible voltage polarization is observed, indicating low ionic mi-
gration barrier for Li nucleation and plating. However, Figure 5e
shows a drastic increase of electrode polarization at the 150th

when assembled with bare Li. The high repeatability of the cell
performance tests is shown in Figure S12 (Supporting Informa-
tion). Then, the full cell assembled with a high areal loading cath-
ode (9.2 mg cm−2) and thin Li foil (20 μm), corresponding to a
low N/P ratio of 2.17, was also evaluated (see Figure S13, Sup-
porting Information). The first charge/discharge capacity was
188.1/168.4 mAh g−1. After 70 cycles at 1 C, the discharge ca-
pacity is 135.7 mAh g−1, corresponding to a capacity retention
of 80.6%. To further improve the specific capacity of lithium
metal battery, the electrochemical performance was investigated
by employing a higher nickel content of LiNi0.88Co0.09Mn0.03O2
(NCM88). The thin LiOPS||NCM88 cell delivered an impres-
sive charge/discharge capacity of 230.8/208.0 mAh g−1 for the
first cycle at 0.1 C (Figure S14, Supporting Information). The
cell displayed a discharge capacity of 136 mAh g−1 at 1 C with
a capacity retention of 76.0% after 200 cycles. In contrast, the
thin Li||NCM88 exhibited an inferior cycling performance, with
a drastic capacity decay even after 60 cycles, coinciding with an
increase in voltage hysteresis. The electrochemical performance
of the Li metal battery coupled with NCM88 cathode is found to
be inferior compared to the cell matched with NCM811 cathode.
This is because high nickel content cathode are more prone to

Adv. Energy Mater. 2023, 2302577 2302577 (7 of 9) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. Schematic diagram of the solid-state cell a) and corresponding cycling behavior b,c), as well as the morphology of the cycled LiOPS
electrode d).

microcracking due to volume changes caused by H2-H3 phase
transitions, allowing the electrolyte to penetrate inside, causing
an increase in impedance and a rapid capacity decay.[42] This is
the main reason for the difference in cycling performance ob-
served with the LiOPS anode.

Solid-state batteries, employing lithium metal as the anode, are
regarded as a prospective alternative to conventional lithium-ion
batteries due to their safety and potential for achieving higher en-
ergy densities. However, their practical implementation has been
impeded by the instability of the interface between lithium metal
electrodes and solid-state electrolytes (SSE), as well as the high
solid-solid contact resistance.[43-45] To overcome these challenges,
the use of OPS as a protective layer between the Li anode and solid
electrolyte has been explored, with the aim of improving the elec-
trochemical stability and contact between the two components.
A solid-state battery was assembled using Li1.5Al0.5Ge1.5(PO4)3
(LAGP) as the electrolyte, and NCM811 was utilized as the cath-
ode to investigate the effectiveness of the LiOPS anode. It should
be mentioned that 40 μL carbonate-based electrolyte was added
on the surface of cathode as a wetting agent to improve interfacial
contact between electrode and solid electrolyte without compro-
mising safety. As shown in Figure 6, the cell delivers a discharge
capacity of 216.3/190.5 mAh g−1 with an initial CE of 88.1%. After
the first three formation cycles at 0.1 C, the cell displays high sta-
bility with a capacity retention of 85.7% after 300 cycles at 0.2 C,
accompanied by an average CE of 99.58%. Subsequently, the cell
was dissembled for SEM characterization. As shown in Figure 6d,
some holes have been observed on the surface of LiOPS but no
dendrites were formed. The results indicate that the OPS layer
effectively improves the stability of the lithium metal-solid elec-
trolyte interface and prevents lithium metal corrosion.

3. Conclusion

To summarize, a protective layer with a propensity to capture
Li+ and homogenize Li ion flux was designed and investigated.
The OPS layer demonstrated superior performance in regulat-
ing homogeneous Li plating/stripping and improving electro-
chemical performance by facilitating the redistribution of Li+

ions through multi-site adsorption. Furthermore, the protective
layer demonstrated self-adaptive properties that prevented self-
destruction by adjusting the adsorption sites when the amount
of absorbed lithium exceeded eight atoms. The protected Li
metal anode exhibited improved electrochemical performance
in various cell configurations, including stable cycling perfor-
mance for 300 cycles with high-capacity retention in the thin Li-
OPS||NCM811 full cell and good stability for long-term cycles
in the LiOPS||SSE||NCM811 cell. These strategies for construct-
ing OPS layers using a simple drop-casting method provide a
framework for the development of dendrite-free lithium metal
anodes and promote the practical application of lithium metal
batteries.
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