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Abstract

All-solid-state lithium battery has become one of the most promising
secondary batteries due to their high energy density and excellent safety.
However, the growth of lithium dendrites and side reactions between
lithium metal and solid electrolytes hinder the practical application of
all-solid-state lithium batteries. Herein, a dual-functional layer of ZnO and
LiF is fabricated at the interface between lithium metal and Li;(GeP,S;,
solid electrolyte by a magnetic sputtering technique. The ZnO/LiF
dual-functional layer can suppress severe Li;qGeP,S;,/lithium metal
interface side reactions and has a high interface energy against lithium
which can block the growth of lithium dendrites. The symmetric cell
of Li@ZnO/LiF-Li,(GeP,S,-Li@ZnO/LiF demonstrates stable lithium
plating/striping cycling for 2000h with a small overpotential of
200mV at 0.1 mA cm 2 and 0.1 mAh cm™2. The full cell of Li@ZnO/LiF-
Li;(GeP,S,,-LiCoO,@LiNbO; shows stable cycling stability for 500 cycles
with a high reversible specific capacity of 80 mAhg~' at 1.0 C.
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1 | INTRODUCTION

Lithium-ion batteries with favorable energy density and
long cycle life have been widely applied in portable
electronic devices.! However, due to the theoretical
capacity of commercially used oxide cathode and
graphite anode, the energy density is approaching its
limitation of around 300 Whkg™', which cannot meet
the increasing demand of electric vehicles and large-scale
energy storage systems.” This issue can be addressed by
employing lithium metal anode instead of graphite
benefiting from its low electrode potential (—3.04V vs.
standard hydrogen electrode) and ultrahigh theoretical
capacity of 3860 mAhg™'.>® Another challenge is that
lithium batteries using flammable organic liquid electro-
lytes would suffer serious safety problems when the short
circuit happens due to the growth of lithium dendrite.

All-solid-state battery has become an alternative
technology to overcome the safety hazard of lithium
metal batteries due to their good mechanical and
nonflammable properties.”® Among all types of
all-solid-state  lithium  batteries, sulfide solid
electrolyte-based cells are the promising candidate for
practical applications because the sulfide electrolytes
possess high ionic conductivity, especially Li;¢GeP,S;,
shows an ionic conductivity of 12mScm™'.° Never-
theless, it is difficult to directly employ Li;oGeP,S;, in
all-solid-state lithium batteries arising from severe
interface reactions between lithium metal and
Li;0GeP,S1,.'%!'! Generally, an artificial protective layer
fabricated at the interface can provide sufficient
passivation between lithium metal and Li;(GeP,S;,
solid electrolytes, such as Li-Ag,'? Li-In,"® Li;PO,,'* or
LiH,PO,."> However, these coating protection technol-
ogies only suppressed the side reactions between
Li;(GeP,S,, and the lithium metal, lithium dendrites
still grow in Li;¢GeP,S;, even though the interface
resistance is reduced. It is proposed that the interfacial
layer with high interface energy can inhibit the growth
of lithium dendrites. For example, LiF possesses a
high interface energy of 73.27 eV A m™2 against lithium
metal, demonstrating high capability in lithium den-
drite suppression.®'® Therefore, it is anticipated that a
stable artificial layer with high interface energy against
lithium could well address both side reaction and
lithium dendrite growth and realize the application of
the lithium metal in Li;(GeP,S,,-based all-solid-state
lithium batteries.

In this work, a ZnO/LiF dual protection layer is
coated on the surface of the lithium metal by magnetic
sputtering technique, aiming to stabilize the lithium/
Li,(GeP,S;, interface and inhibit the growth of lithium
dendrites. Compared with atomic layer deposition and

chemical vapor deposition, magnetic sputtering shows
the advantages of a high deposition rate, being envir-
onmentally friendly, easy to control, and high production
efficiency, which can realize industrial production.
During lithium plating, lithium deposits preferentially
at the bottom of the lithiophilic ZnO, suppressing
Li,(GeP,S,, reduction by lithium. And a lithiophobic
layer of LiF with high interface energy suppresses
lithium dendrite formation. The low electronic conduc-
tivity of LiF can further reduce the side reactions
between lithium and Li;(GeP,S;,. Li@ZnO/LiF-
Li;(GeP,S1,-Li@ZnO/LiF symmetric cell demonstrates
stable lithium plating/striping cycling for 2000 h with a
small overpotential of 200mV at 0.1 mA cm 2 for 1h.
And the Li@ZnO/LiF-Li;(GeP,S;,-LiCoO,@LiNbO; full
cell shows stable cycling stability for 500 cycles with a
high reversible discharge capacity of 80 mAh g~ at 1.0 C.

2 | EXPERIMENTAL SECTION

2.1 | Fabrication of Li@ZnO/LiF
electrode

The Li@ZnO/LiF electrode was fabricated in three steps:
First, lithium metal discs with thicknesses of 0.5 mm
and diameter of 10 mm were obtained by punching
the lithium metal ingot (Tianjin Zhongneng Lithium
Industry Co., Ltd.). Subsequently, ZnO (Zhongnuo New
Materials Technology Co., Ltd) was sputtered on the
surface of lithium metal discs by magnetic sputtering
(RH450) apparatus under 50 W, 0.5Pa with a sample
rotation speed of 20 r min~" for 1 h to obtain the Li@ZnO
electrode. Finally, LiF was sputtered on the surface of
Li@ZnO under the same operation parameters for 6 h to
get the Li@ZnO/LiF electrode. The thickness of the
artificial membrane is controlled by the sputtering time.
To characterize the thickness of the ZnO/LiF accurately,
the ZnO and LiF were sputtered on the silicon surface
under the same magnetic sputtering conditions. The
magnetic sputtering equipment is equipped with a water-
cooling system which is connected to the sample stage.
The sample temperature can be controlled at 20°C during
the sputtering process. All the procedures were per-
formed in the glove box with an argon atmosphere.

2.2 | Characterization

Scanning electron microscope (SEM, Regulus-8230,
Hitachi) and energy dispersive X-ray spectroscopy
(EDX) were used to observe the surface morphology
and element distribution of the Li@ZnO/LiF electrode.

85UB017 SUOWILIOD BAIIe8ID 8|aedljdde sy Aq peusenob ae sajoie O 8sn Jo Sajni 1o Ariq1T aUIUO A3|1/W UO (SUONIPUOD-PUe-SLBIAW0D A8 | IM° ARelg 11 |UO//SANY) SUONIPUCD PUe Swie | 8y 8eS *[£202/T0/£0] Uo AridiTauljuo A8|iM S91 A 15002202 2910/200T 0T/I0p/L0D A m Aseiq 1 pul|uo//sdiy wolj papeojumoq ‘0 ‘969T89/2



CHANG ET AL.

X-ray photoelectron spectroscopy (XPS.AXIS ULTRA
DLD) was used to identify the valence state of Zn, O,
and F elements of the ZnO/LiF dual-functional layer.

2.3 | Cells assembling and
electrochemical measurements

For the symmetric cells, Li;oGeP,S;, powder (150 mg)
was compressed at 240 MPa to get a dense electrolyte
pellet, Li@ZnO/LiF electrodes were then attached to
both sides of the Li;(GeP,S;, pellet and further com-
pressed at 360 MPa. For the full cells, the positive
electrode was obtained by uniformly mixed LiCoO,@-
LiNbO; and Li;(GeP,S;, at a weight ratio of 70:30.
Specifically, on one side of the Li;(GeP,S;, electrolyte

(A)

Sputtering ZnO

Lithium metal

(B)

(©)

pellet, the positive material (3.0 mg) was dispersed evenly
and densified at 120 MPa. Finally, the Li@ZnO/LiF disc
was put on the other side of the electrolyte and pressed
under 360 MPa. Both symmetric and full cells were
tested on a battery test system (LAND CT-2001A, Wuhan
Rambo Testing Equipment Co., Ltd.). The cell impedance
tests were carried out on an electrochemical workstation
(1470E) from 0.01 Hz to 1 MHz with an amplitude of
15mV at 25°C.

3 | RESULT AND DISCUSSION

Fabrication procedures of Li@ZnO/LiF by the sputtering
method are shown in Figure 1A. The ZnO and LiF
layers are two independent and stable layers, and the

Sputtering LiF
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FIGURE 1 Fabrication strategy and the characterization of the Li@ZnO/LiF. (A) Schematic illustration of the fabrication processes of
the Li@ZnO/LiF by the sputtering method. Scanning electron microscope (SEM) (B) top view and (C) cross-section images as well as the
corresponding elemental mapping of Li@ZnO/LiF. The high-resolution X-ray photoelectron spectroscopy (XPS) pattern of (D) F 1s, (E) Zn
2p, and (F) O 1s for Li@ZnO/LiF.
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lithiophilic ZnO could guide the lithium to deposit
preferentially under the lithiophobic LiF layer away
from Li;(GeP,S;,. As shown in Figure 1B, Li@ZnO/LiF
shows a smooth surface with O, Zn, and F elements well
distributed on the surface of lithium metal. Moreover,
the thickness of the ZnO and LiF protection layer can
be identified by the cross-section view, showing 230
and 154 nm, respectively (Figure 1C). According to the
thickness and the sputtering time, the average growth
speed of the ZnO and LiF are 3.8 and 0.43 nmmin™",
respectively. Besides, the element types and electronic
states on the surface of the lithium were characterized
using XPS, and the XPS survey spectra proved the
existence of F, Li, Zn, and O (Supporting Information:
Figure S1). As shown in Figure 1D, the peak in the F 1s
spectrum at 684.7 €V is corresponding to the LiF."” After
etching the Li@ZnO/LiF during the XPS testing process,
two peaks at 1043.4 and 1020.4 eV were found in Zn 2p
spectrum, which is ascribed to the Zn 2p 3/2 and Zn 2p
1/2 (Figure 1E), confirming the existence of Zn®* in
Zn0."® The peaks in the O 1s spectrum (Figure 1F) at
530.9eV are assigned to the O°~ in ZnO.'"” All these
results proved that ZnO and LiF layers were well coated
on the surface of the lithium.

The validity of the ZnO and LiF layers in protecting
the Li;oGeP,S;,/lithium interface was investigated, as
shown in Figure 2. The symmetric cells with Li@ZnO/
LiF, Li@ZnO, and Li electrodes were tested via the
galvanostatic charge-discharge method at 0.1 mA cm™?
and 0.1 mAh cm™2 under 25°C. As shown in Figure 2A,
LI-Li,(GeP,S;,-Li only cycled for 450h, and the cell
overpotential drastically increased to 5000mV and
finally failed. Compared with bare lithium, the lithium
stripping/plating overpotential decreased to 500 mV after
coating the ZnO layer, and the symmetric cell could
cycle for 2000 h, which could attribute to the reduced
side reactions on the lithium/Li,,GeP,S,, interface. By
further coating the LiF layer, the symmetric cell with
Li@ZnO/LiF electrode stably cycled 2000h, and the
lithium plating/stripping overpotential decreased from
500 to 200 mV, indicating that ZnO and LiF could
synergistically protect the lithium/Li,,GeP,S,, interface
from side reactions and the formation of lithium
dendrites.®* With increasing areal capacity to 1.0 mAh
cm™? under 0.1 mA cm ™~ (Figure 2B), the cyclic perform-
ance of the symmetric cells with Li@ZnO/LiF, Li@ZnO,
and Li electrodes was further tested. The overpotential of
symmetric cell with bare lithium reached 5000 mV after
320h due to the severe side reaction, while it only
increased to 1000 mV for Li@ZnO, and then reduced to
500 mV. It could reasonably speculate that the growth
of lithium dendrite could lead to micro-short-circuit
during the lithium plating/striping process. In addition,

the voltage plateaus of symmetric cells with Li and
Li@ZnO increased suddenly indicating the uneven
contact between the lithium and Li;0GeP,S1,.2° In
contrast, for Li@ZnO/LiF-based symmetric cells, the
voltage plateaus are flat and the overpotential maintains
at 300 mV after 1000 h, which further proved that the LiF
layer can block the development of the lithium dendrites
and reduce the possibility of micro-short-circuit.

Figure 3 shows the rate capability of the Li@ZnO/LiF
electrode. Under the current densities of 0.1, 0.25, 0.5, 1.0,
and 0.1mAcm > the symmetric cell of Li@ZnO/LiF-
Li;(GeP,S1,-Li@ZnO/LiF shows small overpotential values
of 15, 153, 564, 1431, 198 mV, respectively (Figure 3A).
However, without ZnO/LiF layer, much larger overpotential
values of 28, 258, 950, 5000, and 1931 mV were observed for
the symmetric cell of Li-Li;,GeP,S;,-Li under the same each
current density. This result clearly confirms the superior
stable lithium/Li;(GeP,S,, interface in the presence of
Li@ZnO/LiF. Moreover, the rate capability of Li@ZnO/
LiF-Li;(GeP,S;,-LiCoO,@LiNbO;  and  Li-Li;oGeP,S;-
LiCoO,@LiNbO; at different current densities from 0.1 C
to 1.0C were also presented (Figure 3B). The reversible
discharge capacity for Li@ZnO/LiF are 115, 110, 100, and
80mAh g™ at 0.1, 0.2, 0.5, and 1.0C, respectively, and the
discharge capacity was able to recover to 110 mAh g™" at
0.1 C. On the contrary, the Li-Li;(GeP,S,,-LiCoO,@LiNbO;
exhibits lower reversible discharge capacity under the
corresponding current densities. Especially the discharge
capacity is 41 mAh g™ at 1.0 C, which is only half of that in
Li@ZnO/LiF-Li,(GeP,S;,-LiCoO,@LiNbO; cell, demonstrat-
ing ZnO/LiF dual-functional protecting layer can effectively
inhibit the side reaction on the lithium/Li,,GeP,S;, interface
at high current densities.

The stability and dendrite suppression validity of the
Li@ZnO/LiF electrode was further tested in all-solid-
state batteries at 0.1 C, as shown in Figure 4 and
Supporting Information: Figure S2. All the cells show
initial discharge capacities of around 130 mAhg™".
However, the Li-Li;(GeP,S;,-LiCoO,@LiNbO; cell
shows a rapid capacity decay and failed after less than
30 cycles (Figure 4A). After coating the ZnO layer,
a slow decay in discharge capacity was observed
(Supporting Information: Figure S2a), but an unusual
charge curve is found after 60 cycles (Figure S2b).
The specific charge capacity gradually increased to
300 mAh g™, indicating a micro-short-circuit occurred
in the cell due to lithium dendrites. By further coating
the LiF layer, the cell with Li@ZnO/LiF shows a high
initial discharge specific capacity of 126 mAh g~ with
capacity retention of 85% after 120 cycles (Figure 4B,C),
exhibiting excellent lithium dendrite suppression. After
five cycles of activation at 0.1C, Li@ZnO/LiF-
Li,(GeP,S;,-LiCoO,@LiNbO; exhibits a high specific
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FIGURE 2 Lithium metal plating/striping cycling of Li;(GeP,S;,-based symmetric cells with Li, Li@ZnO and Li@ZnO/LiF electrodes at

0.1 mA cm™2 and (A) 0.1 mAh cm ™2, (B) 1.0 mAh cm™2 under 25°C

capacity of 80 mAh g~! with a capacity retention of 97%
after 500 cycles at 1.0C (Figure 4D). The enhanced
cyclic performance can be attributed to the well-
controlled lithium stripping/plating behavior by the
protection of the ZnO/LiF, which strongly proves the
ZnO/LiF composite layer can achieve better electro-
deposition of lithium even at a high current density.

To further understand the protective mechanism of
the ZnO/LiF dual-functional layer on the lithium/
Li,(GeP,S,, interface, the impedance of full cells with
Li@ZnO/LiF and Li was conducted, as shown in
Supporting Information: Figure S3. Before cycling,
the Li@ZnO/LiF-Li;(GeP,S;,-LiCoO,@LiNbO; and
Li-Li;(GeP,S;,-LiCoO,@LiNbO; show ohmic impedance
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FIGURE 3 Rate capability of (A) the symmetric cells of Li@ZnO/LiF-Li;(GeP,S,,-Li@ZnO/LiF, Li-Li;(GeP,S;,-Li at 0.1, 0.25, 0.5,

1.0mA cm™2, (B) full cells of Li@ZnO/LiF-Li;(GeP,S;,-LiCoO,@LiNbO3, Li-Li;oGeP,S;,-LiCo0,@LiNbO; cycled at 0.1, 0.2, 0.5,
1.0 under 25°C
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FIGURE 4 Cycle performance of full cells. Charge and discharge curves of (A) Li-Li;oGeP,S;,-LiCoO,@LiNbO; (B) Li@ZnO/LiF-
Li;oGeP,S;,-LiCoO,@LiNbO;, long cyclic performances of (C) Li@ZnO/LiF-Li;¢GeP,S;,-LiCo0,@LiNbO3, Li-Li;oGeP,S;,-LiCoO,@LiNbO;
at 0.1 C, (D) Li@ZnO/LiF-Li;(GeP,S;,-LiCoO,@LiNbO; at 1.0 C under 25°C.

values of 60 and 48 Q, respectively. After 120 cycles, the
ohmic impedance value of the cell with bare lithium
increased to 2800 Q, which is much larger than that of
Li@ZnO/LiF-Li;¢GeP,S1,-LiCoO,@LiNbO; with 760 Q,

indicating serious side reactions occurred between the
Li;0GeP,S,, and lithium metal without the ZnO and LiF
protection. The side reactions between lithium dendrite
and Li;oGeP,S;, result in the formation of by-products
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with a mixed ion-electron conductive layer at the lithium/
Li;oGeP,S;, interface, leading to a significant increase
of ohmic impedance for Li-Li;(GeP,S;,-LiCoO,@LiNbO;
cell. In contrast, the side reactions between the lithium
metal and Li;(GeP,S;, and lithium dendrites were
effectively suppressed by the synergistic effect of ZnO
and LiF, resulting in a low ohmic impedance of Li@ZnO/
LiF-Li;¢GeP,S;,-LiCoO,@LiNbO3.

Moreover, the morphology of cycled Li and Li@Z-
nO/LiF was analyzed by SEM. For bare lithium metal,
a loose and rough surface with by-products was
observed after depositing 1, 5, 10 mAh cm~2 lithium
(Figure 5A-C). The by-products mainly include Li,S,
Li;P, and Ge/Li-Ge alloy with poor lithium ion
conductance and considerable electronic conductivity,*'

leading to the uneven deposition of lithium metal and
the growth of lithium dendrite. The dendrites will
further increase the uneven contact of lithium metal
with the Li;oGeP,S;, solid electrolyte, resulting in
severe side reactions on the lithium/Li;,GeP,S;, inter-
face with more by-products after the cycling. In
contrast, the Li@ZnO/LiF electrode is dense, showing
a suppressed dendrite and by-products stable interface
between the lithium metal and Li;(GeP,S,, after
depositing 1, 5, 10mAhcm™? lithium (Figure 5D-F).
Figure 6 shows a schematic of the mechanism of the
Li@ZnO/LiF dual-functional layer for protecting the
lithium/Li,GeP,S;, interface after deposition. During
the lithium deposition process, the lithiophilic ZnO
could guide lithium ions to deposit preferentially under

FIGURE 5 The surface morphology scanning electron microscope (SEM) images of (A-C) Li and (D-F) Li@ZnO/LiF deposited with 1,

5, 10 mAh cm™~? lithium metal

Li metal

Li metal

T o
K@%\:ﬁ*‘;ﬁ\'z

Cyclin
3 il \\/Li dendrite

Stable Li deposition

-_—

\ ) i\ %% \Q“\,
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FIGURE 6 Proposed interfacial evolution of Li and Li@ZnO/LiF negative electrode with Li;,GeP,S;, after deposition
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the LiF layer, which is away from the Li;(GeP,S;,,
consequently suppressing the reduction between lith-
ium metal and solid electrolyte. The lithiophobic LiF
with high interface energy and high lithium ion
conductivity could further reduce the side reactions,
and suppress the growth of the lithium dendrites during
the lithium plating/striping process. As a result, the
ZnO layer and LiF layer could synergistically lead to a
stable interface with suppressed dendrites and by-
products.

4 | CONCLUSION

To sum up, the stable dual-functional protecting
layer of ZnO/LiF on the surface of lithium metal is
fabricated by the magnetic sputtering technology, which
can effectively protect the lithium/Li,GeP,S;, interface
and impede the growth of lithium dendrites. Conse-
quently, the symmetric cell of Li@ZnO/LiF- Li;(GeP,S;,-
Li@ZnO/LiF demonstrates stable lithium plating/strip-
ing cycling for 2000h with a small overpotential of
200mV at 0.1mAcm > At 1.0C, the Li@ZnO/LiF-
Li;0GeP,S1,-LiCoO,@LiNbO; full cell exhibits a high
reversible discharge capacity of 80mAhg™" over 500
cycles. The synergistic effect of ZnO and LiF can
simultaneously suppress the side reactions between the
lithium metal and Li;(GeP,S;, as well as the growth of
lithium dendrites, which provides a promising strategy
for the application of lithium metal in Li;(GeP,S;,-based
all-solid-state lithium batteries.
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