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[26_TD$DIFF]A B S T R A C T

Lithium (Li) metal, possessing an extremely high theoretical specific capacity (3860 [27_TD$DIFF]mAh/g) and themost
negative electrode potential (�3.040 V vs. standard hydrogen electrode), is one themost favorable anode
materials for future high-energy-density batteries. However, the poor cyclability and safety issues
induced by extremely unstable interfaces of traditional liquid Li metal batteries have limited their
practical applications. Herein, a quasi-solid battery is constructed to offer superior interfacial stability as
well as excellent interfacial contact by the incorporation of Li@composite solid electrolyte integrated
electrode and a limited amount of liquid electrolyte (7.5mL/cm2). By combining the inorganic garnet Al-
doped Li6.75La3Zr1.75Ta0.25O12 (LLZO) with high mechanical strength and ionic conductivity and the
organic ethylene-vinyl acetate copolymer (EVA)with good flexibility, the composite solid electrolyte film
could provide sufficient ion channels, sustained interfacial contact and good mechanical stability at the
anode side, which significantly alleviates the thermodynamic corrosion and safety problems induced by
liquid electrolytes. This innovative and facile quasi-solid strategy is aimed to promote the intrinsic safety
and stability of working Li metal anode, shedding light on the development of next-generation high-
performance Li metal batteries.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
The developing of modern society essentially requires the
exploration of next-generation energy storage systems with
intrinsic high energy density and low cost [1–3]. Nevertheless,
current lithium ion batteries (LIBs), limited by the unsatisfactory
capacity of graphite anode (372 [27_TD$DIFF]mAh/g), are nearly approaching
the theoretical value on energy density [4,5]. It can hardly keep
pace with the ever-increasing requirements from the boomingly
developed electronic field. With the extremely high theoretical
specific capacity (3860 [27_TD$DIFF]mAh/g) and the most negative electrode
potential (�3.040 V vs. standard hydrogen electrode), Li metal has
been strongly regarded as a “Holy Grail” anode material. The next-
generation Li metal batteries (LMBs), including Li–oxygen (Li–O2)
and Li–sulfur (Li–S) batteries, exhibit great promise in largely
upgrading the energy density [6–9]. However, the extremely
unstable interfaces of traditional liquid LMBs results in poor
ience & Engineering, Beijing

titute of Materia Medica, Chinese
cyclability, low Coulombic efficiency (CE) and serious safety issues,
intrinsically hindering the process toward practical applications
[10–12].

Derived from the inherent ultrahigh chemical reactivity, Li
metal can react with almost all nonaqueous electrolytes, leading to
the formation of heterogeneous solid electrolyte interphase (SEI),
which further induces nonuniform Li ion transport and uneven Li
deposition (Fig. 1a) [13–15]. During Li plating, the fragile SEI is
easily broken by the sharp Li dendrites, and fresh Li will contact
with liquid electrolyte directly with continuous SEI generation.
Even worse, isolated “dead Li” will form during Li stripping due
to the intrinsic heterogeneity of SEI, largely decreasing the
reversibility of the cell [16]. As a result, the practical liquid LMBs
always suffer from the increased interfacial resistance, low
Coulombic efficiency, poor cycle performance and even safety
concerns [17–19]. Thus, particular dedications should be devoted
to overcome the inherent weakness to achieve a more stable
Li/electrolyte interface [20–22].

In this consideration, tremendous efforts have been paid into
regulating the in situ SEI by optimizing solvents [23], Li salts [24] [28_TD$DIFF]
and electrolyte additives [25,26]. However, these in situ SEIs are
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Schematic of the deposition behavior of (a) bare lithium, dendrites forms
after cycling. (b) LLZO-EVA composite electrolyte protected Li metal, dendrites
penetration is well suppressed due to the stable interface.
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Fig. 2. Morphological and structural characterizations. (a) Top-viewSEM image and
(b) side-view of the integrated Li@LLZO-EVA electrode. (c) XRD patterns of LLZO-
EVA film and pristine LLZO powders (PDF#45-0109).
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always not robust enough towithstand the huge volume change of
electrode, which leads to the ever-consuming of liquid electrolyte
and the thickening of SEI [27,28]. Solid-state electrolyte with high
stability towards Li metal is expected to address these drawbacks
[29–31]. Unfortunately, all-solid-state LMBs are currently facing
severe challenges originated from the poor solid-solid interfacial
contact and sluggish interfacial kinetics, which significantly
increase the polarization and deteriorate the long cycle perfor-
mance [32,33].

Herein, a quasi-solid battery is developed by the incorporation
of a composite integrated Li metal electrode protected by the
solid electrolyte film and a limited amount of liquid electrolyte
(7.5mL/cm2). The composite solid electrolyte provides fast ion
transport pathways, good mechanical strength at the anode side,
which considerably suppresses the thermodynamic corrosion of Li
metal anode. Meanwhile, a small amount of liquid electrolyte
injected [29_TD$DIFF]enables sustained wetting and superior interfacial
contact. This unique quasi-solid strategy is expected to greatly
reinforce the electrode/electrolyte stability and alleviate the safety
anxiety of traditional liquid LMBs (Fig. 1b).

Garnet Al-doped Li6.75La3Zr1.75Ta0.25O12 (LLZO) and ethylene-
vinyl acetate copolymer (EVA) were chosen in this work to
fabricate the composite solid electrolyte film onto Li metal. LLZO is
widely accepted as a promising solid electrolyte with superior
ionic conductivity of 10�4 S/cm and sufficient stability toward Li
metal [34]. The Li@LLZO-EVA integrated electrode can be facilely
obtained via an easy-processing doctor blading method. Firstly,
0.50 g EVA was dissolved in 1.2mL xylene and the dispersion was
vigorously stirred for 20.0 h at an elevated temperature of 50 �C.
After that, 0.50 g LLZO was added into the dispersion and
magnetically stirred for 24 h. The mixed slurry was doctor bladed
on the 50mmultra-thin Li belt, followed by drying at 60 �C for
24.0 h in argon (Ar)-filled glove box. Prior to use, the electrode was
pouched into pieces with a diameter of 15.0mm. The as-prepared
Li@LLZO-EVA electrode processes a uniform morphology with
LLZO inorganic particles well dispersed in the flexible EVA
substrate (Fig. 2a). The composite electrolyte film has both
essential mechanical strength and enough flexibility, suppressing
dendrite penetrationwhile adapting to the volume variation of the
electrode during the cell cycling. From the cross-sectional angle, a
3mm-thick LLZO-EVA film can be observed, which tightly binds to
the Li metal surface to serve as an interfacial ion conducting layer
(Fig. 2b). In fact, the thickness of the composite electrolyte film
could be facilely regulated by adjusting the amount of precursor
solution as well as the gap of scraper. Finally, an optimized
thickness of 3mm was obtained. The ultrathin property of the
composite solid electrolyte film is expected to endow a minimum
additional resistance for ion transport. X-ray diffraction (XRD) was
employed to provide explicit information on the composition and
phase state of the composite electrolyte film. As shown in Fig. 2c,
strong crystallinity can be confirmed of the solid electrolyte film.
The peaks [30_TD$DIFF]match commendably with pure cubic-phase LLZO
(PDF#45-0109). The highly ionic conductive cubic-phase LLZO
(�10�4 S/cm) intrinsically ensures fast ion transport across the
electrolyte with low ohmic polarization.

Systematic electrochemical testswere carried out to investigate
the performance of the quasi-solid electrolyte film. Firstly, the ionic
conductivity of the composite electrolyte film was measured at
room temperature using blocking electrode method (Fig. 3a). A
considerable value of 5.8� 10�4 S/cm can be determined. The high
ionic conductivity contributes to the low interfacial resistance
(�350 V) of practical cell as exhibited in Fig. 3b, which is
comparable to the liquid counterpart (�280 V). Additionally, the
small resistance is also benefited from the conformal interfacial
contact between the composite LLZO-EVA electrolyte film and
Li metal, which is essential for achieving long-term protection
during cycling.

The Li+ transference number (tLi+) measurement was further
conducted to quantitatively describe the Li+ transport behavior
within the [31_TD$DIFF]quasi-solid-state LLZO-EVA film. In detail, tLi

+ was
determined by the following equation:[32_TD$DIFF]

tLiþ ¼ IsðDV � I0R0Þ
I0ðDV � IsRsÞ

where I0 and R0 are the initial current and resistance, respectively, [33_TD$DIFF]
Is and RS are the steady-state current and resistance, DV is the
constant polarization voltage applied (10mV). A low Li+ transfer
number of 0.31 was determined (Fig. 3c and Table 1) in bare
symmetric Li cell with liquid electrolyte (1.0mol/L LiPF6 [34_TD$DIFF]EC/DEC,
v/v = 1/1). As for symmetric cell with Li@ LLZO-EVA electrode, the
tLi+ increases from 0.31 to [35_TD$DIFF]0.53 (Fig. 3d and Table 1). The reason for
the increase of tLi+ in the composite electrolyte should be the
alternative Li+ transport channels provided by the LLZO-EVA film,
which enables a more efficient interfacial Li+ migration manner.

Full cells were assembled for an assessment of the quasi-solid
strategy under practical conditions. LiNi0.5Co0.2Mn0.3 (NCM)
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Fig. 3. Electrochemical tests. (a) The EIS obtained to determine the ionic conductivity of the LLZO-EVA film. The insert is the configuration of the cell with stainless steel
electrodes. (b) EIS spectra of full cells with bare Li and LLZO-EVAmodified Li; Current-timeplots of (c) bare and (d) LLZO-EVA coated symmetric Li cell after the application of a
constant potential (10mV). The inserts are the impedance spectra before and after polarization.
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cathode (�1.5mg/cm2), ultrathin (50mm) Li anode, and conven-
tional carbonate electrolyte of 1.0mol/L LiPF6 [36_TD$DIFF]FEC/EC/DEC
(v/v/v = 1/2/2) were used in the Li[23_TD$DIFF]ǀNCM cells. The full cells cycled
using a LAND multichannel battery cycler in the voltage range
of 3.0–4.3 V. At a relatively sufficient amount of electrolyte
(22.5mL/cm2), the cycling performance of Li [23_TD$DIFF]ǀNCM cells employing
Li anodes with and without composite electrolyte film is quite
distinct as shown in the Fig. 4a. An electrochemical activation
step at 0.1 C (1.0 C = 170 [27_TD$DIFF]mAh/g) was performed before the
subsequent cycling at 0.3 C. At the beginning, both the cells with
bare Li and Li@LLZO-EVA anodes exhibited high capacities of 155 [27_TD$DIFF]

mAh/g and high CEs of > 99%, while rather different in capacity
decrease can be observed during the later cycling. The capacity of
cell with bare Li dropped sharply to 100 [27_TD$DIFF]mAh/g after 70 cycles
(Fig. 4a). Contrastly, the cell with Li@LLZO-EVA anode illustrated
much enhanced cycling performance with a considerable [37_TD$DIFF]retained
discharge capacity of 110.8 [27_TD$DIFF]mAh/g after 125 cycles, indicating the
improved interfacial stability of the quasi-solid battery than
traditional liquid battery. The sharp capacity decrease is due to
the augment of anode resistance and polarization as a result of
severe accumulation of dead Li during plating/stripping in liquid
battery. However, the polarization increase of the cell can be
largely suppressed by the incorporation of LLZO-EVA solid
electrolyte film. As demonstrated in Figs. 4b and c, the discharge
midpoint voltage of the control cell significantly reduced from
3.77 V to 3.61 V. In contrast, the decrease of discharge midpoint
voltage for the cell with Li@LLZO-EVA anode, from 3.77 V to
3.65 V, was less prominent. This should be originated from the
Table 1
The parameters for Li+ transference number calculation.

Electrode R0 (V) RS (V) I0 (A/cm2) IS (A/cm2) tLi+

Li@LLZO–EVA [24_TD$DIFF]111.71 110.42 7.15�10-5 6.12�10-5 0.53
Bare Li 154.91 155.40 6.14�10-5 5.54�10-5 0.31
stabilized electrode/electrolyte interface due to the protection of
the composite LLZO-EVA electrolyte film.

In the pursuit of high energy density, the amount of electrolyte
and Li source in LMBs should be concurrentlyminimized to provide
a practical cycling protocol. Based on this consideration, cell
performance of the Li@LLZO-EVA anode was further evaluated
under strict conditionwith lean electrolyte (7.5mL/cm2), aiming to
afford more meaningful insight into the performance of LMBs
under practical conditions. As exhibited in Fig. 4d, the distinction
on cycling stability of Li [23_TD$DIFF]ǀNCM cells was evenmore exaggerated. The
traditional liquid battery can be hardly cycled under the harsh
condition with such a tiny amount of electrolyte. The capacity
straightly declined from 160 [38_TD$DIFF]mAh/g to 40mAh/g after just seven
cycles. In contrast, the lifespan of the cell using this facile quasi-
solid strategy was prolonged significantly. A high specific capacity
of 115 [27_TD$DIFF]mAh/g can be maintained after 35 cycles (Fig. 4d). The
ameliorative cycle performance was ascribed to the alleviated
consuming of liquid electrolyte during cycling, in virtue of the
diminished SEI and porous “dead Li” layer generation. Rate
performance of the Li [39_TD$DIFF]ǀNCM cells with Li@LLZO-EVA anode was
further examined under lean electrolyte condition (7.5mL/cm2).
Considerable capacities of 150 [40_TD$DIFF]mAh/g, 145mAh/g, 135mAh/g,
165mAh/g can be achieved at 0.3 C, 0.4 C, 0.5 C, 0.1 C, respectively
(Fig. 4e). The superior rate performance is strongly benefited from
the fast ion transport ability of the solid electrolyte film and the
conformal interfacial contact with low resistance.

This work demonstrates a feasible strategy of quasi-solidifica-
tion to concurrently enable superior interfacial stability and
enhanced safety of working LMBs. The rational design of an
effective solid electrolyte film plays an indispensable role in the
stabilization of Li metal/electrolyte interface, which provides
sufficient ion channels, sustained interfacial contact and good
mechanical stability at the anode side, enabling the stable cycling
of LMBs even under lean liquid electrolyte. The quasi-solidification
methodology provides a compromise path between the all-solid-
state and liquid cells, shedding fresh light on the building of high-
durability electrode/electrolyte interfaces.
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Fig. 4. (a) Cycle performance of Li-NCM cells with and without the LLZO-EVA film at 0.3 C (1.0 C = 170mA/g). Voltage profiles of different cells at (b) 1st [22_TD$DIFF] cycle and (c) 100th

cycle. (d) Cycling stability of Li-NCM cells at 0.1 C with lean electrolyte (7.5mL/cm2). (e) Rate performance of the Li [23_TD$DIFF]ǀNCM cell with Li@LLZO-EVA anode.
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