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ring of Li6.75La3Zr1.75Ta0.25O12 via
in situ built LiI/ZnLix mixed buffer layer for solid-
state lithium metal batteries†

Lei Zhai,a Jinhuan Wang,a Xiaoyu Zhang, a Xunzhu Zhou,b Fuyi Jiang,a Lin Li *b

and Jianchao Sun *a

Garnet-type solid-state Li metal batteries (SSLMBs) are viewed as hopeful next-generation batteries due to

their high energy density and safety. However, the major obstacle to the development of garnet-type

SSLMBs is the lithiophobicity of Li6.75La3Zr1.75Ta0.25O12 (LLZTO), resulting in a large interfacial impedance.

Herein, a LiI/ZnLix mixed ion/electron conductive buffer layer is constructed at the interface by an in situ

reaction of molten Li metal with ZnI2 film. This mixed buffer layer ensures close contact between the Li

metal and garnet, significantly reducing interfacial impedance. As a result, the Li symmetrical cell with

the LiI/ZnLix buffer layer shows an interface impedance of 10.3 U cm2, much lower than that of the cell

with bare LLZTO (1173.4 U cm2). The critical current density (CCD) is up to 2.3 mA cm−2, and the

symmetric cells present a long cycle life of 2000 h at 0.1 mA cm−2 and 800 h at 1.0 mA cm−2. In

addition, the full cells assembled with the LiFePO4 cathode show a capacity of 143.9 mA h g−1 after 200

cycles at 0.5C with a low-capacity decay of 0.021% per cycle. This work reveals a simple, feasible, and

practical interface modification strategy for solid-state Li metal batteries.
Introduction

Since lithium-ion batteries (LIBs) were successfully commer-
cialized by Sony, LIBs have been widely used in mobile elec-
tronic devices, electric vehicles and stationary energy storage
systems because of their long cycle life, low self-discharge and
environmental friendliness.1–3 However, the energy density of
state-of-the-art LIBs cannot satisfy the increasing demand of
drivers, resulting in severe range anxiety. Lithium metal
batteries (LMBs) are a promising candidate for next-generation
rechargeable batteries due to their high energy density obtained
by using metallic lithium as anode materials.4–6 Unfortunately,
the notorious Li dendrite growth and ammable organic liquid
electrolytes are unavoidable results in severe and sporadic
safety concerns.7–9 Therefore, unique technologies for higher
energy density and safer LMBs are being urgently explored.10,11

Solid-state electrolytes (SSEs) that can effectively mitigate
unreliable safety have emerged as the advancement of science
and technology.12,13 In recent years, a variety of SSEs have been
explored, such as sodium superionic conductors,14 suldes,15,16

perovskites17 and garnets.18,19 Among them, the garnet-type
eering, Yantai University, Yantai 264005,

.com
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9

Li6.75La3Zr1.75Ta0.25O12 (LLZTO) attracts more attention
because of its high ionic conductivity and chemical stability
against Li metal.20–22 Unfortunately, LLZTO has poor wettability
Fig. 1 Pouringmolten Li metal on (a) bare LLZTO and (b) ZnI2@LLZTO.
SEM images of (c) bare LLZTO and (d) ZnI2@LLZTO-0.5. (e) Corre-
sponding Zn, I, Zr and Ta elemental mappings. High-resolution XPS
analysis of ZnI2@LLZTO pellet surface before and after the reaction: (f)
Zn 2p, (g) I 3d, and (h) Li 1s.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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on lithiummetal, which can lead to point-to-point contact at the
interface (Fig. 1a). The point-to-point contact not only increases
interfacial resistance but also results in locally uneven Li
deposition.23,24 Therefore, interfacial buffer layers have been
proposed to improve the surface wettability of LLZTO to Li
metal.25–27

According to the different conductive carriers, the interfacial
buffer layers can be divided into three types: electronic
conductive, ionic conductive, and mixed conductive buffer
layers.28–30 Currently, Al,31 Au,32 Zn,33 Sn,34 Ge35 and Sb18 have
been reported as electronic conductive buffer layers. Undoubt-
edly, the electronic conductive buffer layer improves interfacial
wettability, but electrons can easily pass through the buffer
layer and combine with lithium ions.36–38 Especially in the case
of high current density, lithium ions move slowly in solid-state
electrolytes, and the rapid passage of electrons through the
buffer layer generates an uneven electric eld, resulting in the
formation of dendrites along grain boundaries.39 Compared
with the electron conductive buffer layer, the ionic conductive
buffer layer can effectively block the attack of electrons on the
garnet.40 In general, the ionic conductive buffer layer exhibits an
obvious overpotential increase during the cycle, which is caused
by high interface impedance.41,42 In conclusion, the micro-
structure and wettability of the lithium/garnet interface can be
improved by the construction of the lithium alloy phase.
However, the high electrical conductivity of the alloy interface
layer causes the lithium dendrites to penetrate the solid elec-
trolyte. Although the use of ionic conductive layers alone can
prevent the destruction of electrons during lithium deposition,
the electrical insulation characteristics increase the impedance
between lithium metal and the solid electrolyte, which
increases the overpotential during the cycle and causes battery
failure. Therefore, it is difficult for ionic or electronic conduc-
tion alone tomaintain a long-term stable cycle, and amixed ion/
electron conductive layer is a promising option.43–48 Taking
Cu3N as an example, a mixed conductive layer Li3N–Cu was
prepared in situ on the LLZTO surface by the reaction of Cu3N
with Li metal.46 Li3N plays a role in conducting Li+, and Cu
nanoparticles can uniformly disperse the electric eld in the
mixed conductive layer, thereby inhibiting the nucleation of Li
dendrites. However, the mixed buffer layer is mainly prepared
by magnetron sputtering, which increases the difficulty of
experimental operation and the cost of production. Therefore, it
is necessary to nd a fast, simple and low-cost method to
prepare amixed interface buffer layer, which is helpful to realize
the industrialization of solid-state lithium metal batteries.

Herein, a simple method is proposed for the construction of
a mixed LiI/ZnLix ion/electron-conductive layer on LLZTO
surface by an in situ reaction of ZnI2 lm and molten Li metal
(Fig. 1b). The mixed LiI/ZnLix layer enhances the interaction
between Li metal and LLZTO. As a result, the cell with the LiI/
ZnLix buffer layer shows a lower interfacial impedance of 10.3 U
cm2 compared with the cell with bare LLZTO (1173.4 U cm2).
The high Li+/e− conductivity of the mixed layer promotes Li+

transportation and Li nucleation, inhibiting the growth of Li
dendrites along grain boundaries. Meanwhile, the simulation
results show a much more uniform distribution of electric eld
© 2024 The Author(s). Published by the Royal Society of Chemistry
and current density at the surface of the LiI/ZnLix buffer layer
than that of bare LLZTO. As a proof, symmetrical cells with the
LiI/ZnLix buffer layer exhibit stable plating/stripping perfor-
mance of 2000 h at a low current density/capacity of 0.1 mA
cm−2/0.1 mA h cm−2 and 800 h at a high current density/
capacity of 1.0 mA cm−2/1.0 mA h cm−2. Moreover, the poten-
tial of the practical application of the LiI/ZnLix buffer layer for
high-performance solid-state Li metal batteries is also
demonstrated.

Results and discussion

LLZTO was prepared by the solid reaction method.49 The X-ray
diffraction results reveal that the synthesized LLZTO is a pure
cubic garnet phase (Fig. S1†). As shown in Fig. 1c, the LLZTO
pellet with high relative density (94.09%) is composed of
generous crystalline LLZTO particles with smooth surfaces.
ZnI2@LLZTO pellets were prepared by placing the bare LLZTO
pellets in ZnI2 solution for 10 seconds (Fig. S2†). Aer soaking
in 0.1 mol per L ZnI2 solution, the surface of LLZTO becomes
rough, but the boundary of each crystal particle is still clear
(Fig. S3†). When the concentration of ZnI2 is 0.5 mol L−1, the
surface of LLZTO is uniformly covered by the ZnI2 buffer layer
(Fig. 1d). Noticeably, obvious ZnI2 particles appear on the
surface of LLZTO when the concentration of ZnI2 increases to
1.0 and 1.5 mol L−1. Meanwhile, the elemental mappings of
ZnI2@LLZTO-0.5 disclose the uniform distribution of Zn, I, Zr
and Ta elements (Fig. 1e). The Raman spectra of the bare LLZTO
surface and the LLZTO treated with different concentrations of
ZnI2 solution were compared (Fig. S4†). The peak at 140 cm−1 is
the typical characteristic peak of ZnI2. The intensity of this
characteristic peak increases with the increase of ZnI2 concen-
tration. When the concentration of ZnI2 exceeds 1 mol L−1, the
characteristic peak becomes obvious. The Raman peaks
belonging to LLZTO show no change in any sample. Due to the
relatively low content of ZnI2 on the LLZTO surface, the reaction
between Li metal and ZnI2 cannot be directly observed. To verify
the above reaction, a large amount of ZnI2 powder was added to
the molten Li metal, and they underwent a violent reaction
(Fig. S5†). XRD test was performed on the product aer the
reaction, and the (111) diffraction peak of LiI was clearly
observed (Fig. S6†). The above experiment proves that our idea
can be realized. Subsequently, the mixed conductive buffer
layers were prepared in situ by the reaction of molten Li metal
with ZnI2 thin lm on the surface of LLZTO. To determine the
composition of the interface buffer layer on the LLZTO surface,
the detailed Zn, I, and Li species at the interfaces were inves-
tigated by XPS. The initial peak position of Zn 2p spectra is
1045.0 and 1022.1 eV.33 Aer the reaction, the peak position is
shied to 1044.2 and 1021.3 eV due to the formation of the Zn–
Li bond, indicating the formation of ZnLix alloy (Fig. 1f).
Meanwhile, analogous variation is also observed in I 3d XPS
spectra (Fig. 1g). In Li 1s spectra, two new peaks appear aer the
reaction, corresponding to the formation of the ZnLix alloy at
56.4 eV and LiI at 55.4 eV, respectively (Fig. 1h). In addition, we
also provided XPS spectra of oxygen element (Fig. S7†). The peak
position of O 1s before and aer the reaction was 531.4 eV,
Chem. Sci., 2024, 15, 7144–7149 | 7145
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without any change. This indicates that the reaction at the
interface only involves ZnI2 and Li metal.

Subsequently, we visually observed the interfacial wettability
of LLZTO with or without the ZnI2 buffer layer. A liquid Li
droplet appears spherical on the bare LLZTO surface (inset in
Fig. 2a). In addition, the cross-sectional SEM image shows
a signicant gap at the Li/LLZTO interface (Fig. 2a), which leads
to high interfacial resistance and uneven interfacial electric
eld. In contrast, ZnI2@LLZTO has excellent lithiophilic prop-
erties, and the Li metal spreads evenly on the SSE surface (inset
in Fig. 2b). The SEM image clearly shows that the Li/ZnI2@-
LLZTO interface is compact and seamless (Fig. 2b). To further
verify the effect of the buffer layer on interface impedance, Li/
SSE/Li symmetric cells were assembled. Fig. 2c shows the EIS
data for the Li/SSE/Li cells at room temperature. The cell with
bare LLZTO presents a large semicircle in the Nyquist plots,
which means a high interfacial resistance (1173.4 U cm2). In
contrast, the interfacial impedance of Li/ZnI2@LLZTO/Li drops
substantially to 10.3 U cm2. The result indicates that the ZnI2
buffer layer can effectively reduce the interface impedance,
which is benecial for the benign electrochemical reaction at
the interface. Furthermore, the interface impedances of Li/
ZnI2@LLZTO/Li cells with different concentrations of ZnI2 were
compared (Fig. 2d and e). When the concentration of ZnI2 is
0.5 mol L−1, the interface impedance is the lowest. The possible
reasons for this result are as follows: (i) when the concentration
of ZnI2 is low (<0.5 mol L−1), the surface of LLZTO cannot be
completely covered by ZnI2, which hardly achieves the best
effect of improving the interface; (ii) the ZnI2 buffer layer on the
Fig. 2 Cross-sectional SEM images of interfaces: (a) Li/LLZTO and (b)
Li/ZnI2@LLZTO. The insets show the wettability behavior of liquid Li on
SSE. (c) Nyquist plots of Li/SSE/Li symmetric cells. (d) Nyquist plots and
(e) interfacial resistance values with different concentrations of ZnI2. (f)
Interface activation energy.

7146 | Chem. Sci., 2024, 15, 7144–7149
surface of LLZTO is too thick to hinder the migration of Li+ at
a high concentration of ZnI2 (>1.0 mol L−1).

In order to further select the optimal concentration, we
assembled symmetrical cells on solid electrolytes treated with
different concentrations of ZnI2 solution for the galvanostatic
charge–discharge test. As shown in Fig. S8,† when the concen-
tration of ZnI2 is 0.5 mol L−1, the polarization voltage of the
symmetric cell is the smallest (only 13 mV). The results of
impedance and galvanostatic charge–discharge show that 0.5
mol L−1 is the best concentration. Based on the above experi-
mental results, ZnI2@LLZTO-0.5 is selected as the research
object in this work. In addition, the interfacial activation ener-
gies (Ea) of Li/LLZTO and Li/ZnI2@LLZTO were obtained
through variable temperature tests (Fig. S9†). The Ea of the Li/
LLZTO interface is 30.3 kJ mol−1, whereas that of the Li/
ZnI2@LLZTO interface is only 19.2 kJ mol−1 (Fig. 2f). Therefore,
LiI and ZnLix alloy buffer layer formed in situ by the reaction of
ZnI2 and Li metal can effectively reduce the impedance and
promote the Li+ migration at the interface.

The superiority of SSE with a buffer layer to suppress Li
dendrites was evaluated by the critical current density (CCD). As
shown in Fig. 3a, the Li/LLZTO/Li cell experiences a short circuit
at a current density of 0.15 mA cm−2, indicating that point
contact at the interface can enhance the local electric eld,
leading to a “tip effect” and inducing Li dendrites to penetrate
the SSE. In contrast, the CCD of the Li/ZnI2@LLZTO/Li cell
reaches 2.3 mA cm−2 due to the presence of the ZnI2 buffer
layer. Fig. S10† shows the CCD curve of a symmetrical cell with
Fig. 3 (a) Critical current density test of the Li/SSE/Li cell. (b)
Comparison of CCD with LLZTO modified in different ways. Charge–
discharge voltage profiles of Li/ZnI2@LLZTO/Li cells: (c) 0.1 mA cm−2,
0.1 mA h cm−2 and (d) 1.0 mA cm−2, 1.0 mA h cm−2. (e) Comparison of
current density and cycle life with LLZTO modified in different ways.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a ZnI2 concentration of 1.5 mol L−1. When the current density
increased to 1 mA cm−2, the cell experienced a so short-circuit.
This result is consistent with the impedance test, indicating
that the thickness of the buffer layer has a signicant impact on
battery performance. Noticeably, this work is superior to the
reported methods for modifying the LLZTO interface
(Fig. 3b).2,12,18,21,28,29,33,41,43,46 This may be because the good
affinity of LiI to LLZTO as well as the good lithiophilicity of the
ZnLix alloy to Li metal is better than that of the buffer layer
which only has an affinity for single LLZTO or Li metal.50 To
verify this inference, the Li/SSE/Li symmetric cell with I2 as the
buffer layer was assembled. The CCD of the Li/SSE/Li cell with
the I2 buffer layer is 0.5 mA cm−2 (Fig. S11†), which is lower than
the 2.3 mA cm−2 of the mixed LiI/ZnLix buffer layer.

More importantly, the Li/ZnI2@LLZTO/Li symmetric cells
also present excellent long-term cycling ability. As shown in
Fig. 3c, the Li/ZnI2@LLZTO/Li cell delivers a stable cycle for
2000 h with an overpotential of only 13 mV at a current density
of 0.1 mA cm−2 and an area capacity of 0.1 mA h cm−2. In
contrast, the Li/LLZTO/Li cell exhibits a large overpotential, and
the voltage rapidly decreases aer 25 h, indicating a short
circuit (Fig. S12†). Even under 0.5 mA cm−2 to 0.5 mA h cm−2

and 1.0 mA cm−2 to 1.0 mA h cm−2 conditions, the symmetrical
cells with the ZnI2 interface buffer layer can stably cycle for 1600
and 800 h, respectively (Fig. 3d and S13†). The electrochemical
performance is better than that of most of the reported Li/SSE/
Li cells (Fig. 3e, S14 and Table S1†).3,12,17,21,22,24,25,29,33,34,41,43,45,48 In
general, most reported Li/garnet/Li cells operate at low current
density with short cycle life. The above results further demon-
strate that the mixed conductive buffer layers are superior to
a single electronic or ionic conductive buffer layer.51,52

In order to further conrm the inuence of the ZnI2 buffer
layer on the interface stability, SEM and EIS were performed on
Fig. 4 The cross-sectional SEM images and Nyquist plots of Li/SSE/Li
symmetrical cells before and after cycles at 0.1 mA cm−2,
0.1 mA h cm−2: (a–c) ZnI2@LLZTO; (d–f) bare LLZTO. Simulations of
electric field and current density at the interface of different solid
electrolytes: (g and i) bare LLZTO; (h and j) ZnI2@LLZTO. Scale bar, 100
mm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
the cells aer 200 h (100 cycles). As shown in Fig. 4a and b, the
Li metal still maintains close contact with the ZnI2@LLZTO,
without gaps or lithium dendrites. Compared with the initial
state, the interface impedance increases by only 3.2 U cm2

(Fig. 4c), which indicates that the buffer layer plays a bridging
role and effectively promotes the Li+ migration at the interface.
In contrast, Li/LLZTO/Li shows more obvious cracks with loose
Li dendrites at the interface aer cycling (Fig. 4d and e). Poor
interface contact leads to large interface impedance, which is
also the root cause of battery failure (Fig. 4f). It's worth noting
that the interface of Li metal and LLZTO is still in close contact
in the symmetrical cell with the ZnI2 buffer layer even at high
current density and capacity (1.0 mA cm−2 and 1.0 mA h cm−2)
(Fig. S15†). Moreover, the interfacial impedance of the
symmetric cell increases by only 7.3 U cm2. The results prove
that the LiI/ZnLix mixed layer plays a crucial role in stabilizing
the interface.

Subsequently, the electric eld distribution and current
density of the Li/SSE interface were simulated by COMSOL
Multiphysics to further investigate the effect of the ZnI2 buffer
layer on Li dendrite growth. Because Li metal and bare LLZTO
are in point contact at the interface, the electric eld strength
and current density at the contact point are much greater than
those at non-contact locations (Fig. 4g and i). This causes Li+ in
the bare LLZTO to aggregate and deposit at the contact point,
which is also the reason for large polarization and dendrite
formation. For the Li/ZnI2@LLZTO interface, because of the
uniform distribution of Li metal on the LLZTO surface, the
electric eld and current density at the interface are evenly
distributed (Fig. 4h and j). The transmission and diffusion of
lithium ions at the interface are very smooth, resulting in small
interface impedance and excellent electrochemical perfor-
mance of symmetrical cells.

The Li/ZnI2@LLZTO/LFP full cell was assembled to demon-
strate the potential of the practical application of the ZnI2 buffer
layer (Fig. 5a). The Li/ZnI2@LLZTO/LFP full cell shows an
excellent rate performance, which hands over the specic
discharge capacities of 155.8, 147.6, 145.1, 143.7, 124.4, and
112.0 mA h g−1 at 0.1, 0.2, 0.3, 0.5, 0.8, and 1.0C, respectively
(Fig. 5b). When the current goes back to 0.1C, the discharge
Fig. 5 (a) Schematic construction of the LijZnI2@LLZTOjLFP full cell.
(b) Rate performance of Li/SSE/LFP full cells with ZnI2@LLZTO or
LLZTO in 2.5–4.1 V. (c) The cycling performance of full cells at 0.5C. (d)
Charge–discharge profiles of the Li/ZnI2@LLZTO/LFP full cell at 0.5C.

Chem. Sci., 2024, 15, 7144–7149 | 7147
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capacity can recover to 152.5 mA h g−1, indicating signicant
reversibility. In contrast, as the current increases, the full cell
assembled with bare LLZTO exhibits critical capacity degrada-
tion. The excellent rate performance of full cells with ZnI2 is
attributed to the smooth transfer of Li+ at the interface. In
addition, the full cell with bare LLZTO shows poor long-term
performance (Fig. 5c). By comparison, the full cell with
ZnI2@LLZTO displays a discharge capacity of 143.9 mA h g−1

with high coulombic efficiency (99%) aer 200 cycles. In
particular, the capacity loss per cycle is only 0.021%. As shown
in Fig. 5d, the smooth charge–discharge proles suggest that
the Li+ transmission in the full cell is rapid and uniform. More
importantly, the electrochemical performance is better than
that of most of the full cells reported in the literature (Fig. S16†).

Conclusions

In summary, we constructed a mixed LiI/ZnLix ion/electron-
conductive layer on an LLZTO surface by in situ reaction of
ZnI2 lm and molten Li metal. The mixed LiI/ZnLix layer
enhances the interaction between Li metal and LLZTO, result-
ing in a low interfacial impedance of 10.3 U cm2. The mixed
conductive layer regulates the electric eld at the interface,
which ensures a uniform Li deposition and inhibits the
formation of Li dendrites. As a result, the symmetric cells
exhibit a long cycle life of 800 h at 1.0 mA cm−2 and
1.0 mA h cm−2. Moreover, the full cells show excellent cycling
performance with a capacity of 143.9 mA h g−1 aer 200 cycles
and the capacity loss per cycle is only 0.021%. This simple
modication strategy provides a good prospect for the design of
solid-state Li metal batteries based on garnets.
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