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ABSTRACT

Lithium (Li) metal has an ultrahigh specific capacity in theory with an extremely
negative potential (versus hydrogen), receiving extensive attentions as the negative
electrode material in batteries. However, formation of Li dendrites and unstable
interfaces due to the direct Li metal reaction with solid sulfide-based electrolytes is
hindering the application of lithium metal in all-solid-state batteries. In this work, we
report the successful fabrication of LIAIO; interfacial layer on the Li/LiioGeP2S12
interface through magnetic sputtering. As LiAIO can be a good Li* ion conductor but
an electronic insulator, the LiAIO; interface layer can effectively suppress Li dendrite
growth and the severe interface reaction between Li and LiioGeP2S12. The LI@LIAIO:
200nm/Li10GeP2S12/Li@LiAIO2 200nm symmetric cell can remain stable for 3000 h at
0.1 mA cm2 under 0.1 mAh cm2. Moreover, unlike the rapid capacity decay of the
cell ~ with  pristine  lithium  negative  electrode, the Li@LIAIO>
200nm/Li10GeP2S12/LiCoO,@LiINbOs cell delivers a reversible capacity of 118 mAh
g * and a high energy efficiency of 96.6% after 50 cycles. Even at 1.0 C, the cell with

the Li@LiAlO2 200nm electrode can retain 95% of the initial capacity after 800 cycles.

KEYWORDS: LiAIO,, interface modification, lithium negative electrode,

Li10GeP2S12, magnetic sputtering, all-solid-state batteries

1. INTRODUCTION
Lithium-ion batteries (LIBs) are manufactured for various purposes, particularly
consumer electronic devices.> Nevertheless, all commercial LIBs cannot yet reach the
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high energy density needed for larger scale energy storage.* ° In part, this is due to the
capacity of graphite negative electrode approaching its theoretical limit (372 mAh
g 1.5 7 Lithium metal wins over many others as an ideal negative electrode with 0.534
g cm~2 in density, 3860 mAh g in specific capacity, and —3.04 V in potential ( Vs
standard hydrogen electrode).®1°

However, lithium dendrites growth and detrimental interface side reactions have
seriously limited the using of lithium metal negative electrode.!! Inorganic solid
electrolytes of high mechanical strength are promising candidates for preventing the
penetration of lithium dendrites.'? Among those studied inorganic solid electrolytes,
Li10GeP2S12 is widely recognized to be highly conductive to Li ions and capable of
effective dendrites suppression.’® * Thus, all-solid-state lithium metal batteries
(ASSLMB) with solid electrolyte are developed to offer greatly enhanced energy
capacity surpassing that of currently available LIBs.™ ! Lithium metal, unfortunately,
can reduce Li1oGeP2S12 easily to various products (Li-Ge alloy, Li2S, LisP) of high
electron conductivity. These continuously formed reduction products accumulate at the
interface, leading to a large increase of the cell impedance and rapid cell failure.!’

So far, constructing a protective layer is a viable strategy to strengthen the
Li1oGeP2S1o/lithium metal interface. For example, research have demonstrated the
improved interface stability by introducing LisPO4,*® LiF,*® and BN 2 layer at the
Li1oGeP2Si2/lithium metal interface. In addition, alloys such as Li-Ag,? Li-Mg ?? have
also been used as a buffer layer to provide effective protection for LiioGeP2S12. All the

artificial layers mentioned above can physically isolate the electrolyte and lithium



metal, preventing Li1oGeP2S1»> from being reduced by lithium metal. However, lithium
dendrites are still growing during the cycle, and lithium alloy interface layers are not
reversible, which cannot meet the application requirements of ASSLMB. Therefore, it
is urgent to find a stable coating with good ion conductivity which can effectively
hinder the reduction of LiioGeP.S12 by lithium metal but also block the growth of
lithium dendrites. It has been reported that Li-containing compounds coatings with
good Li-ion conductivity could induce good electrochemical performance for LIBs. As
LiAIO. phase can facilitate the hopping of lithium ions in the boundary region, it
possesses good ability to conduct lithium ions.?® 2* Zhang et al. has demonstrated that
LiAlIO: coated on NazLi>TisO14 could provide fast charge transmission paths for lithium
ions in LIBs.% Thus, we envision that a LiAIO; coating can also be used to guard the
deposition of lithium metal at the interface between lithium and LiioGeP2S12 in
ASSLMB.

For use in ASSLMB, the LiAIO- protection layer must be fabricated with the thinnest
possible thickness so that the diffusion of Li ions is not completely obstructed while the
Li dendrite formation is adequately hindered. However, to the best of our knowledge,
there is no report of investigation of the performance of LiAIO2 layer on Li/Li10GeP2S12
interface for ASSLMB. Therefore, there is a need to develop a suitable methodology
for fabrication of LiAIO2 thin film with an optimally thin thickness at the
Li1oGeP2S1o/lithium metal interface of ASSLMB. Due to its insulating behavior,
LiAIO> thin film is usually grown on Li metal substrate via chemical deposition

methods, such as atomic layer deposition 2 and chemical vapor deposition 27, or



physical deposition methods, such as magnetic sputtering 8. Amongst these deposition
methods, magnetron sputtering offers a wider range of advantages, such as simpler
instrumentation, no constraint of substrate morphology and induce no reaction with the
substrate surface.? %

In this work, we first report an ease to reproduce methodology for deposition of thin
insulating layer of LiAIO> for use in ASSLMB via magnetron sputtering. Specifically,
the LiAIO: interface layer was constructed on lithium surface through the radio
frequency magnetic sputtering method which can fabricate uniform and dense coatings
to provide effective protection for LiioGeP2S1o. The LIAIO2 layer is capable of
physically isolating lithium metal from LiioGeP2Si.. In addition, the decomposition of
Li10GeP2S12 resulting from reduction by lithium metal can be effectively suppressed by
the LiAIO:z layer, thus achieving a greatly improved stability of the LiioGeP2Sio/Li
interface. More importantly, the LiAIO2 layer with high mechanical property could
prevent  lithium  dendrite  growth.  Consequently, the  Li@LIAIO;
200nm/Li10GeP2S1o/Li@LiAIO2 200nm symmetric cell remained highly stable as long
as 3000 h during the 0.1 mA cm™2 cycling test at a capping capacity of 0.1 mAh cm ™.
As expected, the cell of Li@LiAIO2 200nm/Li10GeP2S12/LiCoO@LiINbO3 revealed a
reversible capacity of 78 mAh g~ with 95% in capacity retention after 800 cycles at

1.0C.
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Figure 1. Schematic illustration of preparation procedures of Li@LiAlO>
electrode.

2. EXPERIMENT

2.1 Preparation of LI@LIiAIO: electrode

The target material of LIAIO, was obtained from Zhongnuo New Materials
(Beijing) Technology Co., Ltd. Figure 1 schematically illustrates the preparation
procedure for the Li@LIAIO electrode. The diameter and thickness of the Li metal
plate are 10 mm and 0.5 mm, respectively. The LiAIO, layer was magnetically
sputtered on the lithium plate at a pressure of 0.5 Pa. All samples were fabricated and
examined in argon-filled glove boxes. The magnetic sputtering (RH450) apparatus was
coupled to a glove box so that the samples were protected by inert gas before and after
sputtering. Lithium with LiAIO> thicknesses of 100 nm, 200 nm and 300 nm are labeled

as LI@LIAIO2 100nm, Li@LiAIO2 200nm and Li@LiAlIO2 300nm, respectively.

2.2 Characterization of the LiAIO, Layer

To characterize the Li@LiIAIO2 morphology and elemental information, a
scanning electron microscope (SEM, Regulus-8230, Hitachi) with energy dispersive X-
ray spectroscopy (EDX) analyzer was used. The valence state of elements on the

LiAIO> layer was further confirmed using an AXIS Ultra DLD X-ray photoelectron



spectroscopy (XPS) system. The test data were corrected with the standard value of C-
C binding energy, and the CasaXPS software was used for peak fitting. The elastic
modulus of the LiAIO; layer was evaluated on a scanning probe microscope (SPM,

Dimension ICON, Bruker).

2.3 Fabrication of symmetric and all-solid-state cells

Lithium symmetrical cells were fabricated by inserting the LiioGeP.S12 electrolyte
between two LI@LIiAIO: electrodes. Specifically, 150 mg of LiioGeP2S1> powder were
pressurized to form the dense electrolyte layer under 240 MPa. Then two LI@LIAIO>
foils with different LIAIO, thickness were attached on both sides of the LiioGeP2S12
layer and compressed under 360 MPa. Mixed LiCoO,@LiNbOs and Li1oGeP2S12 with
7:3 weight ratio was used as the positive electrode material for the fabrication of all-
solid-state cells. The positive electrode material was uniformly dispersed on
Li10GeP2S12 layer and compressed at 120 MPa. Subsequently, on the other side of the
Li1oGeP2S12 layer, Li@LIAIO2 200nm or Li as negative electrode was attached and
compressed under 360 MPa. For the fabrication of three-electrode cells, Li@LIAIO-
200nm/Li10GeP2S12/Li@LIAIO2 200nm and Li/Li1oGeP2S12/Li with lithium metal
reference electrode were assembled to investigate the separate lithium plating and
stripping behavior. All batteries were fixed with screws and nuts and tested without

applying additional pressure. The stainless steels were used as current collectors.

2.4 Electrochemical Measurements



The electrochemical performance of Li@LIAIO> or Li electrode was performed by
using a multichannel battery analyzer (LAND CT-2001A). Three-electrode cells were

examined by using the electrochemical workstation (1470E, Solartron).

3. RESULTS AND DISCUSSION

As presented in Figure 2a and Figure S1, the surface of pristine lithium metal shows
an uneven morphology with evident minor cracks and quickly becomes black after
being exposed to air. Whereas the uniform surface morphology of Li@LiAIO2 200nm
and homogeneously distributed Al element (Figure 2b) demonstrate that a dense
LiAIO: layer was successfully fabricated on lithium metal, which guard the lithium
from reacting with air (Figure S1). The thickness of LiAlO: can be characterized by the
transversal surface based on the element Al distribution (Figure 2c), which is around
200 nm. Besides, LiAIO; layers with thickness of 100 nm and 300 nm were also
fabricated on the surface of lithium, as shown in Figure S2. XPS was used to
characterize the LiAIO2 due to its amorphous nature.3! Figure 2d shows the XPS results
of the LiAIO:z layer. The peak at 530.6 eV is corresponding to the O 1s in the LiAIO-
(Figure 2e), and the peak at 55.1 eV, which is assigned to the Li 1s (Figure 2f) in the
LiAIO: layer, is different than that of lithium metal (55.4 eV). Also, the peak at about
74.8 eV (Figure 2g), which is close to the binding energy of AI** in LiAIO, %, further
confirms the existence of LiAIO. layer. Moreover, the mechanical property of the
LiAIO: layer was investigated by SPM. As shown in Figure 2h, the smooth surface of
the LiAIO: layer indicates a uniform formation of the LiAlO2 coating. The high elastic
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modulus (Figure 2i) concentrated between 20-50 GPa (> 10 GPa of the lithium

dendrite) 33 is beneficial to prevent the penetration of lithium dendrites 343,
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Figure 2. SEM images of (a) Li, (b) Li@LiAIO2 200nm and (c) sectional view of

SI@LIiAIO2 200nm, and the corresponding EDX elemental mapping of Al. XPS spectra

of (d) Original XPS survey spectra. High-resolution pattern of (e) O 1s, (f) Li 1s and

(9) Al 2p for LI@LiAIO2 200nm. (h) SPM image and (i) elastic modulus distribution

of LIAIO> layer.



0.1 mA cm2 —Li
0.1 mAh cm= — LI@LIAlOz 100nm
e 25 o0 — Li@LIAICz 200nm
= —— Li@LiAIOz 300nm
)
8
s
-4
-2 T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000
Time(h)
b i/Li i c Li@LiAlO= 200nm/Li, . GeP,S /LI@LIAIO= 200
041 LllLl.‘UGePESm/IJ Stripping 0.4 I@ [ 2 nmiLl Ler,o, ., I@ | 2 nm
90" cycle Stripping 90" cycle
< 80 cycle < —_— 80" cycle
< 0.2 1 70" cycle <0.21 70™ cycle
=2 Before 70" cycle % Before 70" cycle
S 0.0 S 00
Platting Platting
-0.2 T w T T -0.2 ‘ i y T
0 0.02 0.04 0.06 0.08 0.10 0 0.02 0.04 0.06 0.08 0.10
d Areal capacity (mAh cm?) Areal capacity (mAh cm?)
2
0.1 mA cm? —Li
1.0 mAh cm? —— Li@LIiAIO=2 200nm
17 25°C

Voltage(V)
o
1
1

0 200 400 600 800 1000

Figure 3. Cyclic stability of symmetric cells with Li@LiAlO2 100nm, Li@LiAlO:
200nm, Li@LiAlO; 300nm and Li at (a) 0.1 mAh ¢cm 2, lithium plating and stripping
behavior on (b) lithium/Lij0GeP2S12, (¢) Li@LiAlO2 200nm/Li10GeP2S1> interface in
three electrodes cells, (d) symmetric cell with Li@LiAlO> 200nm and Li at 1.0 mAh
cm 2 and 0.1 mA cm 2. SEM images of (¢) Li and (f) Li@LiAlO2 200nm electrode and

corresponding elements distribution of O and Al after deposits of 1 mAh cm ™ Li.
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To assess the effectiveness of the LiAIO2 on the protection of LiioGeP2S12/lithium,
Li@LiAIO2/Li10GeP2S12/LI@LIAIOz and Li/Li1oGeP2S12/Li were assembled and tested
at 0.1 mA cm 2. Compared with rapid increase overpotential of Li/Li1oGeP2S12/Li, the
symmetric cell with Li@LiAlO2 200nm can stably cycle up to 3000 h at 200 mV and
0.1 mAh cm™2 (Figure 3a). However, when the thickness of LiAlO, decreased to 100
nm, the LI@LiIAIO2 100nm/Li1oGeP2S1o/Li@LiIAIO2 100nm cell only cycled for 1400
h with a large polarization voltage and then failed quickly, which probably due to the
LiAIO2 100 nm film is too thin to withstand the multiple stripping and plating of lithium
metal. While when the thickness of LiAIO> increased to 300 nm, the symmetric cell
with LiI@LiAIO2 300nm can only cycle for 1600 h before its failure. Therefore,
compared with Li@LiAIO2 100nm and Li@LiAIO2 300nm, the Li@LiAIO2 200nm
electrode possesses the best stability in the lithium platting/stripping process. The
separate platting and stripping voltage were explored in the three electrodes cell at 0.1
mAh cm™2. As shown in Figure 3b, an obvious asymmetry in the polarization between
stripping and plating was observed for pristine lithium metal. Generally, voids will form
in the stripping process and lead to a decrease in the contact area between the Li metal
and the solid electrolyte, thus leading to an increase in the local current density and
voltage of stripping. However, in the plating process, Li deposition is initiated at the
triple point where the Li metal, solid electrolyte, and void meet, and then grow along
the free surface of the void. Then many voids will be filled by Li, which will cause a
low local current density and polarization, thus resulting in asymmetric voltage of

stripping and plating.®® The platting voltage reached to 100 mV, and the stripping
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voltage quickly increased to 380 mV after 100 cycles, showing an uneven contact due
to the formation of by-products and dendrites on lithium/Li1oGeP2S12 interface. In
comparison, the platting and stripping voltage plateaus are quite smooth for the cell
with LiI@LiAIO2 200nm electrodes (Figure 3c). The platting voltage is stable at around
78 mV, and the stripping voltage only reached to 80 mV after 100 cycles, indicating an
intimate and stable contact between the lithium meatal and Li10GeP.S:, due to the
suppressed formation of by-products resulting from the parasite reactions and lithium
dendrites under the protection of LiAIO2. With further increased areal capacity of 1.0
mAh cm2 (Figure 3d), Li@LiAIO2 200nm/Li1oGeP2S12/Li@LiAIO, 200nm can stably
cycle up to 1000 h, which is much better than Li/LiioGeP2S12/Li with 300 h. The SEM
images of the Li and Li@LiAlO; 200nm electrodes are also investigated after
depositing 1.0 mAh cm™2 of lithium, as shown in Figure 3e and f. The surface of Li
electrode is uneven and accompanied by lithium dendrites (Figure 3e). By contrast,
Li@LiAlO; 200nm electrode possesses flat and dense surface (Figure 3f), and elements
of Al and O are still well distributed, which indicates that the protection layer of LiAlO-

remains relatively intact after lithium platting.
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Figure 4. Rate capabilities of (a) Li@LiIAIO2 200nm/Li1oGeP2S12/Li@LiAIO2 200nm
and Li/Li1oGeP2Si2/Li symmetric cells at 0.10, 0.25, 0.50 and 1.00 mA cm?,
respectively. (b) The Li@LIAIO2 200nm/LiioGeP2S12/LiCoO.@LiNbOs and
Li/Li10GeP2S12/LiCo0O,@LiINbOs cells cycled at 0.1, 0.2, 0.5, 1.0, 0.1 C, respectively.

Figure 4a  compares the rate  capabilities of  Li@LIAIO:
200nm/Li10GeP2S1o/LI@LIAIO2, 200nm  and  Li/LioGeP2Sio/Li  symmetric  cells.
Compared with the higher overpotentials of Li/Li1oGeP2S12/Li cell observed under 0.1,
0.25, 0.5, 1.0 mA cm?, the overpotentials of symmetric cell with Li@LiAlO, 200nm
were remarkedly lower. Notably, the overpotential of the symmetrical cell with

Li@LiAIO2 200nm increased from 191 to 2134 mV when the current density was

13



enlarged from 0.25 to 1.00 mA cm2, which are much lower than that of
Li/Li1oGeP.S12/Li with the overpotential from 1050 to 4000 mV. These results
demonstrate that the detrimental side reactions and lithium dendrites growth could be
effectively reduced by LiAIO. layer. Figure 4b shows the rate capabilities of
Li@LiAlO> 200nm/Lii10GeP2S12/LiCoO2@LiNbO3, the reversible capacities are 125,
110, 94 and 78 mAh g ' at 0.1, 0.2, 0.5 and 1.0 C, respectively. After tested at various
current densities from 0.1 to 1.0 C, the reversible capacity can recover to 110 mAh g™
when the current density is reset to 0.1 C. On the contrary, the
Li/Li10GeP2S12/LiCoO2@LiNbOs cell possesses lower reversible capacities of 124, 92,
70, 40 mAh g ! under the corresponding current densities from 0.1 to 1.0 C, and the
capacity only recovers to 96 mAh g ! under 0.1 C. It further proved good reversibility
of capacity at a high current density due to the effectively protection of LiAlO,.

The electrochemical performances of ASSLMB with Li@LiAlO2 200nm as
negative electrode were further evaluated. Figure 5a shows the charge and discharge
curve of Li/LijoGeP2S12/LiCoO,@LiNbO3, showing rapid capacity decay after 10
cycles, and the large polarization voltages leads to a low energy efficiency which is a
detriment to the battery electrochemical performance. In comparison, the Li@Li1AlO-
200nm/Li10GeP2S12/LiCoO,@LiNbO3 demonstrates good cyclic performance even
after 50 cycles with high reversible capacity of 118 mAh g ! and energy efficiency of
96.6% at 0.1 C (Figure 5b and 5c), which is beneficial for its future practical application
for ASSLMB. Even at a high current density of 1.0 C (Figure 5d), the cell of

Li@LiAlO2 200nm/Lii0GeP2S12/LiCoO2@LiNbO3 delivers an impressive specific
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capacity of 78 mAh g! with a high capacity retention of 95% after 800 cycles. The
results show that the suppressed formation of lithium dendrites and generation of by-
products lead to an excellent electrochemical performance for the cell with Li@LiAlO>

200nm even at high current density.
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Figure 5. Charge-discharge curves of (a) Li/Li10GeP2S12/LiCoO2@LiNbO3 and (b)
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200nm/Li10GeP2S12/LiCoO2@LiNbOs cell at 0.1 C. (d) Cyclic performances of
Li@LiAlO2 200nm/Lij0GeP2S12/LiCoO2@LiNbOs3 cell at 1.0 C under 25 °C.

The performance of the LiAlO; layer with a thickness of 200 nm is benchmarked
against the reported performance of LizPOa, LiF and Li-Ag layers and the performance
comparison is shown in Table S1. The cycling stability performance of the LiAlO; layer
is about three times longer than that of the LisPOa, LiF, Li-Ag layers, and the cell with
LiAlO; layer exhibits the highest reversible capacity of 118 mAh g after 50 cycles. In
addition, the energy efficiency of the cell with LiAlO> can be maintained at 96.6% at
50" cycle, which is much higher than that of cell with pristine lithium (83.6%). Clearly,
the LiAlO; layer fabricated in this work, which possesses the thinnest thickness and
excellent cycle performance, will enable its promising application in the ASSLMB with
high energy density in the future.

As illustrated in Figure 6 and Figure S3, the formation of Ge, Li2S, and LizP on
the LijoGeP2S12/lithium interface was detected due to the side reactions between the
lithium and Li;0GeP2S12. In comparison, the LiAlO; can greatly suppress the formation
of by-products while maintaining a good Lij0GeP2S12 phase at Lij0GeP2S12/Li@LiAlO;
200nm interface. As shown in Figure S4, the abscissa axis-intercept corresponds to the
bulk impedance (Ry) and the semicircle is assigned to the interface impedance of
Li/Li10GeP2S12 (Ret), respectively. The Ry and R of the cell with Li@LiAlO2 200nm
are 604 Q and 473 Q after 50 cycles, respectively. By contrast, pristine Li based cell
exhibits much higher values of Ry and Rt with 1399 Q and 4997 Q, indicating serious

side reactions between the lithium metal and Li10GeP2S1».
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4. CONCLUSIONS

A dense and uniform LiAlO; layer with high mechanic strength was successfully
fabricated on lithium metal surface through magnetic sputtering method. The lithium
ion conducting but electron insulating LiAlO> layer could effectively suppress the
generation of interface side reactions and lithium dendrites, and greatly improve the
stability performance of Li@LiAlO2 negative electrode. By employing the Li@LiAlO2
200nm in the all-solid state battery, the Li@LiAlO2 200nm/Lij0GeP2S12/Li@LiAlO:
200nm symmetric cell is able to stably cycle up to 3000 h. The all-solid-state cell with
Li@LiAlO2 200nm shows a high reversible capacity of 78 mAh g after 800 cycles at
1.0 C. In addition, the energy efficiency of the cell with LiAlO> can be maintained at
96.6% after 50th cycle. Obviously, this work presents a method for improving the

lithium negative electrode of ASSLMBs based on Li10GeP2S12, and an ideal interface
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layer for the preparation of ASSLMB with high energy density in the future.
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