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ABSTRACT: The key challenges in all-solid-state batteries (ASSBs) are
establishing and maintaining perfect physical contact between rigid
components for facile interfacial charge transfer, particularly between the
solid electrolyte and cathode, during repeated electrochemical cycling.
Here, we introduce inorganic-based pliable solid electrolytes that exhibit
extraordinary clay-like mechanical properties (storage and loss moduli <1
MPa) at room temperature, high lithium-ion conductivity (3.6 mS cm−1),
and a glass transition below −50 °C. The unique mechanical features
enabled the solid electrolyte to penetrate into the high-loading cathode
like liquid, thereby providing complete ionic conduction paths for all
cathode particles as well as maintaining the pathway even during cell
operation. We propose a design principle in which the complex anion
formation including Ga, F, and a different halogen can induce the clay-
like features. Our findings provide new opportunities in the search for solid electrolytes and suggest a new approach for
resolving the issues caused by the solid electrolyte−cathode interface in ASSBs.

The field of battery research is in the midst of a
paradigm shift from conventional liquid electrolyte
systems to all-solid-state batteries (ASSBs) owing to

their high safety and potentially large volumetric energy
density by enabling both the use of lithium metal anodes and
the bipolar stacking of electrodes.1,2 This transition brings a
significant change in the kinetics of interfacial electrochemistry
governing the battery performance because of the rigid solid−
solid interface in ASSBs.3−6 In a typical liquid electrolyte cell,
the active material surface is completely covered by the fluidic
electrolyte, whereas a solid electrolyte forms a point contact
with the active material owing to its intrinsically rigid nature,
thereby inducing sluggish charge transfer and mass transport
kinetics at the interface.
Thus, to achieve ASSBs, an important prerequisite is

forming and maintaining a well-defined solid−solid interface
with intimate contact between the solid electrolytes and
cathode/anode active materials during electrochemical cycling.
The anode−solid electrolyte interface, represented by a
metal−ceramic interface, maintains intimate contact relatively
easily, regardless of the type of electrolyte, owing to the
ductile nature of lithium metal. In addition, alloying with
other metals or incorporating interlayers facilitates the
maintenance of intimate contact with the solid electrolyte
by keeping the interfacial resistance low during electro-
chemical cycling.7,8 Meanwhile, because cathodes have a
random porous structure, forming a well-defined cathode−

electrolyte interface fully covered by a solid electrolyte is
difficult, which can result in inhomogeneous electronic and
ionic conduction in the cathode. Further, this interface is a
rigid ceramic−ceramic contact, making it more challenging to
establish and maintain intimate contact.
Current solid electrolyte systems that are considered

promising candidates in terms of lithium-ion conductivity
(e.g., garnet, argyrodite, halide, and hydride)9−12 require
additional engineering for intimate cathode−electrolyte
contact, such as cosintering,13,14 maintaining external
pressure,15 or adding an ionic liquid.16 However, cosintering
can cause thermal decomposition or chemical diffusion17,18

and incorporating a device to apply pressure can occupy
considerable space, thus decreasing the volumetric energy
density. In particular, because these materials are in the class
of inorganic solids, their deformability is limited, which makes
it challenging to maintain close contact at the solid−solid
interface. Meanwhile, solid polymer electrolytes satisfy the
requirements of deformability, but their low ionic con-
ductivity19 and safety concern regarding thermal vulnerability
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remain critical issues. Solid-type hybrid electrolytes repre-
sented by polymer−ionic liquid−inorganic compounds (e.g.,
solid−liquid composite electrolytes) have been suggested as
an alternative for overcoming this low ionic conductivity;
however, the ionic conductivity of the majority of compounds
remains within 10−4 S/cm, because the amount of ionic liquid
is limited to form a self-supporting membrane.20,21 In
addition, cathode electrodes with low loading densities of
cathode active materials (below 3 mg cm−2) have been
primarily applied for evaluation. In contrast, the feasibility of
these electrolytes in thick and porous cathode electrodes with
high loading densities (over 10 mg cm−2) have yet to be
evaluated, perhaps due to the potentially veiled issue on the
application of high-loading-density cathode electrodes.22

Due to these limitations, i.e., the unsuitable mechanical
properties of inorganic solid electrolytes and the poor
chemical properties of polymer electrolytes, it is of interest
to design a new class of freely deformable, inorganic-based
electrolytes. Here, we report a pliable solid electrolyte
combining the advantages of both polymer and inorganic
materials, i.e., clay-like rheological properties (storage and loss
moduli <1 MPa) with a low glass transition temperature (−60
°C) and high ionic conductivity (3.6 mS cm−1). Complex
anion formation with Ga, F, and a different halogen is critical
to achieve both clay-like viscoelasticity and high ionic
conductivity. Owing to its soft physical properties, this
electrolyte can function as a catholyte for ASSBs by forming
and maintaining intimate contact with a commercial lithium

nickel cobalt manganese oxide (NCM) electrode with a high
loading density (∼20 mg cm−2).
Synthesis of material and rheological character. Pliable solid

electrolytes were mechanochemically prepared by mixing as-
received LiCl and GaF3 precursors (xLiCl−GaF3, 1 ≤ x ≤ 4)
(Figure S1). The composition is similar to the recently
reported halide-based Li3MX6 (M = Y, In, Sc, Er, etc./X = F,
Cl, Br, I) electrolytes;11,23−27 however, it is acquired as a glass-
like amorphous phase. By varying the mixing ratio of LiCl and
GaF3, an approximately pure phase was obtained at the
composition of x = 2, with the formation of chemical bonds
with F− or Cl− bound to Ga (Figure S2) accompanied by a
local structural evolution forming four-coordination geometry
(Figure S3), which is often observed in gallium-containing,
static, disordered phases.28,29

The pliable electrolytes show unique clay-like physical
properties, exhibiting rheological behavior with high plasticity
at room temperature (Figure 1(a)), which means that their
shape is readily transformed by kneading (Video S1). In
addition, we can easily control their thickness by a roll-to-roll
process, and they even show flexibility without crack
formation when bent. Scanning electron microscopy (SEM)
images of 2LiCl−GaF3 reveal a compact morphology without
grain boundaries, similar to that of a glassy matrix (Figure
1(b)), which is commonly observed in glass and cold-pressed
glass−ceramic electrolytes.30 Differential scanning calorimetry
(DSC) curves (Figure 1(c)) exhibit glass transition behavior
(glass transition temperature, Tg ≈ −60 °C), explaining their

Figure 1. Pliable characteristics of xLiCl−GaF3 (1 ≤ x ≤ 4) composite. (a) Optical images confirming the room-temperature formability of
the 2LiCl−GaF3 composite. (b) SEM images of the 2LiCl−GaF3 composite. (c) DSC curves exhibiting glass transitions under −60 °C. (d)
Rheological properties of the xLiCl−GaF3 (1 ≤ x ≤ 4) composite.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.1c00545
ACS Energy Lett. 2021, 6, 2006−2015

2007

http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c00545/suppl_file/nz1c00545_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c00545/suppl_file/nz1c00545_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c00545/suppl_file/nz1c00545_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c00545/suppl_file/nz1c00545_si_002.mp4
https://pubs.acs.org/doi/10.1021/acsenergylett.1c00545?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c00545?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c00545?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c00545?fig=fig1&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.1c00545?rel=cite-as&ref=PDF&jav=VoR


clay-like state at room temperature. This Tg is lower than
those of supramolecular lithium-ion conductors (−49 °C),
polymers (−29 °C),31 and glass-type solid electrolytes (128−
210 °C).32,33 The rheological properties of the solid
electrolytes were quantified using a rheometer, and the
storage (G′) and loss (G″) moduli were plotted as a function
of frequency (Figure 1(d)). All moduli were in the range of
105−106 Pa and exhibited a phase shift of less than 45°,
indicating clay-like solid properties. In addition, the complex,
shear moduli were on the same order of magnitude as that of
a viscoelastic, gum-like, polymer electrolyte of 0.2 × 106 Pa.34

Lithium superionic conductor as solid electrolyte. We also
measured the lithium-ion conductivity and electrochemical
stability window of xLiCl−GaF3 to evaluate its feasibility as a
solid electrolyte. The ionic conductivity was measured by
potentiostatic electrochemical impedance spectroscopy (PEIS)
from −20−80 °C with a cell configuration of stainless steel
(SS)/solid electrolyte (SE)/SS and no additional external
pressure. As shown in Figure 2(a), 2LiCl−GaF3 showed bulk
resistance under 250 Ω at and above 25 °C, and even at low
temperatures (−20 °C, Figure 2(b)), only the bulk resistance
was shown with no grain boundary resistance. Given that the
bulk resistance of solid electrolytes is on the order of tens of
ohms over 30 °C, we subtracted the cable impedance (a few
ohms) to acquire the exact value of ionic conductivity (Table
S1). In the Arrhenius plots of bulk ionic conductivity for
various compositions of xLiCl−GaF3 (1 ≤ x ≤ 4) in Figure

2(c), 2LiCl−GaF3 and 3LiCl−GaF3 showed the highest values
of ionic conductivity of 3.6−3.7 mS cm−1 at room
temperature, and its DC electronic conductivity was estimated
to be 4−5 × 10−9 S cm−1 (Figure S4). The activation energy
of 2LiCl−GaF3 was 364.3 meV at and above room
temperature (25 °C) but increased to 490 meV below 25
°C. As the amount of LiCl increased to x = 4, the room-
temperature ionic conductivity decreased to 1.84 mS cm−1

(Figure S5), which may have been due to the excess LiCl that
did not form anion complexes observed in X-ray diffraction
(XRD), which had a low ionic conductivity (∼10−6 S cm−1).
Conversely, the lowest ionic conductivity of 0.015 mS cm−1 at
x = 1 was due to the insufficient amount of LiCl for forming
the ion-conducting phase. Non-Arrhenius, temperature-
dependent, ionic conductivity, which is shown in glass or
polymer electrolytes above the glass transition temperature,35

may be due to the coupling behavior of ionic transport with
sliding or translation of the structural network similar to the
motion of polymer chains in the polymer electrolyte. Given
that the glass transition temperature was far below room
temperature and the rheological behavior, the temperature-
dependent viscosity change of the xLiCl−GaF3 solid electro-
lyte could be responsible for the non-Arrhenius relationship of
ionic conductivity as a function of temperature. This implied
that the high ionic conductivity of xLiCl−GaF3 originated
from the fluidic behavior. In fact, the solid electrolyte with

Figure 2. Ionic conductivity and stability of xLiCl−GaF3 (1 ≤ x ≤ 4) composite solid electrolytes. (a,b) Impedance spectra of 2LiCl−GaF3
electrolytes with 4940 μm thickness and 0.567 cm2 electrode area in the SUS/2LiCl−GaF3/SUS configuration at various temperatures. (c)
Arrhenius plots of the bulk conductivity of xLiCl−GaF3 (1 ≤ x ≤ 4) composite electrolytes. (d) Cyclic voltammetry (CV) and
electrochemical stability window (shaded area) of Li/LLZTO/2LiCl−GaF3 with a 1.5 wt % carbon/SUS cell at a scan rate of 0.2 mV s−1.
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clay-like features showed high ionic conductivity compared to
the powder state (Table 1).

Cyclic voltammetry (CV) was performed to measure the
electrochemical stability of the 2LiCl−GaF3 compounds,
which exhibited the highest ionic conductivity (Figure
2(d)). The cell was configured as Li/garnet/SE + carbon.
Carbon was added to the solid electrolyte given the recent
report that the electrochemical stability depends on the
decomposition pathway of the (de)lithiated state of a solid
electrolyte.36 Garnet (Li6.5La3Zr1.5Ta0.5O12, LLZTO) was
applied, because 2LiCl−GaF3 is unstable in contact with Li
metal (Figure S6). The anodic and cathodic voltage scans at
0.2 mV s−1 both began at the open-circuit potential of 3.28 V
and revealed reaction peaks at 4.1 and 2.4 V versus the
reduction potential of lithium, respectively. Since the anodic
stability of materials is primarily determined by the
dissociation of Li binary phases, a relatively high anodic
stability, in agreement with other Cl-based materials, was
observed for 2LiCl−GaF3.37 On the other hand, the cathodic
limit was relatively high compared to other recently reported
halides, presumably due to the vulnerability of Ga3+ against
reduction. To compare the reduction stabilities of various
metal species in halide solid electrolytes, we calculated their
thermodynamic electrochemical stabilities by performing
density functional theory (DFT) calculations for recently
reported halides (with a composition of Li3MX6) and Ga-
substituted versions. The Ga-substituted versions possessed a
different crystal structure from xLiCl−GaF3; however,
calculations using isostructural models enabled us to directly
compare the effect of metal species on the reductive stability,
isolated from the other possible factors, such as structural
effects. The reduction stability was indeed dependent on the
metal species (Table S2), and Ga3+ was readily reduced to
Ga2+ or Ga0 above 2 V regardless of the anion species, while
Y3+ and Sc3+ were not reduced until ∼0.9 V.
Stability in the presence of ambient air and water was

investigated in addition to the electrochemical stability. Owing
to their hygroscopicity, the clay-like solid electrolytes turned

into gels with low viscosity after exposure to ambient air for
24 h. Adding 10−30 wt % of water to the xLiCl−GaF3 solid
electrolytes increased their ionic conductivity to over 10 mS
cm−1 at room temperature (Figure S7), whereas humid air
usually decreases the ionic conductivity of sulfide and halide
electrolytes.23 This increase may be due to the formation of
LiCl·xH2O, which has a high ionic conductivity (more than
10 mS cm−1).38

Ga-containing complex anions for clay-like solid electrolytes.
Inspired by the chemical tunability of the pliable electrolyte
observed while varying the composition (xLiCl−GaF3, 1 ≤ x
≤ 4), we also explored the chemical space showing both
rheological properties and high ionic conductivity. LiBr and
LiOH were separately applied as lithium sources for
mechanochemical mixing with GaF3. Both 3LiBr−GaF3 and
3LiOH−GaF3 showed ionic conductivities of 0.43 and 0.17
mS cm−1 at room temperature, respectively (Figure S8).
3LiBr−GaF3 showed clay-like rheological behavior with a low
Tg (−57.6 °C, Figure S9), unlike 3LiOH−GaF3, which
remained in the powder state. Notably, adding different kinds
of halogen atoms other than the gallium and fluorine further
benefitted the rheological behavior and high ionic conductivity
(Table 1).
In particular, the rheological behavior is thought to

originate in the formation of complex anions in an amorphous
matrix, which is different from the mechanism underlying the
clay-like properties of other electrolyte materials, which are
imparted by water. In those electrolytes, compounds form
such as Li3−xHxOCl or hydrated lithium hydroxide LiCl·
xH2O,

33,38 which show a lower activation energy (80−140
meV). These low activation energies were presumed to be
similar to the solvent-mediated ion transport that demon-
strated a value of approximately 80−160 meV.39 However,
xLiCl−GaF3 (x = 2, 3) solid electrolytes showed higher
activation energies in the range of 300−500 meV, which
indicated that the ion transport mechanism was different from
water-mediated ion transport. In contrast, a drastic decrease in
activation energy from 513 to 188 meV was observed when
we intentionally added 10 wt % of deionized (DI) water to
the 3LiCl−GaF3 solid electrolyte (Figure S10). In addition,
considering that the water content requirement of glass-
forming for LiCl is between 63 and 77 wt %,40 the water
content in our system was too low to impart viscoelasticity
(Figure S11). All of the absorbed residual water in the xLiCl−
GaF3 electrolyte was released in the form of H2O or HCl at
temperatures below 200 °C, and there was no structural water
released at temperatures above 200 °C, from the evolved gas
analysis (EGA) measurements (Figure S12). Therefore, the
effect of the water content in the xLiCl−GaF3 solid electrolyte
on both its rheological properties and fast ion conduction was
insignificant. Instead, the glass-forming ability, which was
correlated with the glass transition temperature, was affected
by the formation of complex anions in the compounds.
In gallium-containing chalcohalide glasses, adding a halogen

or halide increases the glass-forming ability. For example,
incorporating a metal chloride into the GeS2−Ga2S3 system
produces mobile complex anions of MGaS3/2Cl, resulting in
glass formation.41 Further, increasing the CsI contents in
GeS2−In2S3 tends to decrease the glass transition temper-
ature42 and even the formability of glasses with a softening
point below room temperature has been demonstrated in the
GaI−NaCl system.41 Various metal halides have also been
introduced in chalcohalide or fluoride glasses to improve

Table 1. Rheological Behavior and Ionic Conductivity of
Solid Electrolytes with Various Combinations

composition
main
cation

main
anion

different
halogen

physical
state

ionic conductivity
(@ RT, mS cm−1)

2LiCl−GaF3 Ga F Cl clay-like 3.6
3LiCl−GaF3 Ga F Cl clay-like 3.7
4LiCl−GaF3 Ga F Cl clay-like 1.84
3LiBr−GaF3 Ga F Br clay-like 0.43
2LiCl−
LiOH−
GaF3

Ga F Cl clay-like 2.0

3LiCl−
0.1LaCl3−
0.9GaF3

Ga F Cl clay-like 1.34

3LiCl−
0.1InCl3−
0.9GaF3

Ga F Cl clay-like 2.32

3LiOH−GaF3 Ga F - powder 0.17
Li2O−GaF3 Ga F - powder too low to measure
3LiCl−LaF3 La F Cl powder too low to measure
3LiCl−InF3 In F Cl powder too low to measure
6LiCl−Ga2O3 Ga O - powder too low to measure
3LiCl−GaCl3 Ga Cl - powder 1.57 × 10−2

LiCl−GaCl3 Ga Cl - powder 7.48 × 10−3

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.1c00545
ACS Energy Lett. 2021, 6, 2006−2015

2009

http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c00545/suppl_file/nz1c00545_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c00545/suppl_file/nz1c00545_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c00545/suppl_file/nz1c00545_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c00545/suppl_file/nz1c00545_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c00545/suppl_file/nz1c00545_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c00545/suppl_file/nz1c00545_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c00545/suppl_file/nz1c00545_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c00545/suppl_file/nz1c00545_si_001.pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.1c00545?rel=cite-as&ref=PDF&jav=VoR


glass-forming ability and lower the glass transition temperature
by forming complex anions.43,44

Gallium-containing mobile complex anions of Ga−F−X (X:
different halogens) are thus expected to induce viscoelasticity.
In addition, compositions that form a clay-like solid show
higher ionic conductivity than those remaining in the powder
state. Amorphous or glass-type materials offer more room for
improvement than their crystalline counterparts, because they
can tolerate a wider range of changes in their chemical
compositions. Adding a metal chloride as a dopant was
feasible while maintaining a high ionic conductivity over 1 mS
cm−1 (Table 1). Thus, the properties of the clay-like solid
electrolytes, such as their ionic conductivity, mechanical
properties, electrochemical stability window, and chemical
reactivity toward the cathode can be more easily tailored by
tuning and optimizing the complex anion composition.
Application in all-solid-state batteries and degradation

mechanism. The xLiCl−GaF3 solid electrolyte has an intrinsi-
cally vulnerable electrochemical stability against the Li metal
anode for ASSBs; thus, it was demonstrated as a catholyte.
The assembled ASSBs consisted of LLZTO, which is stable
against Li metal, and the xLiCl−GaF3 electrolyte covered by a
commercial cathode cast on an Al current collector (NCM111
with 96 wt %), which is usually used in conventional lithium-
ion batteries. Solid-state batteries were assembled with a
configuration of Li/LLZTO/SE film/NCM111 cathode by
applying a cold isostatic pressure of 250 MPa for 3 min
(Figure 3(a)).

A galvanostatic charge−discharge test was performed on the
assembled cell at 60 °C with a current density of 0.6 mA cm−2

using 3LiCl−GaF3 in the voltage range of 2.85−4.05 V vs Li+/
Li (Figure 3(b)) given its superior chemical stability
compared to that of x = 2, as shown in Figure S13. The
ability to employ thick electrodes with high loading densities
has the potential to dramatically increase the volumetric
energy density of ASSBs thanks to the large areal capacity,
whereas most reported, garnet-based, solid-state batteries
usually deliver 0.2−1.5 mAh cm−2.45 The first charge capacity
was 2.84 mAh cm−2 (i.e., 160 mAh g−1), which is a
comparable value to that of an ionic liquid electrolyte cell
in the same voltage range (2.62 mAh cm−2) (Figure 3(b)).
Similar results were observed at 25 °C (Figure S14), which
implies that the 3LiCl−GaF3 solid electrolyte is feasible as
catholyte not only at 60 °C but also at room-temperature
operation. Given the fact that liquid electrolytes can form
perfect interfaces with cathodes, the comparable first charge
capacity of ASSBs implies a homogeneous distribution of the
solid electrolyte in the porous cathode that can form well-
defined ionic conduction paths. Thus, all cathode particles can
participate in the electrochemical reaction, even in a thick
electrode with a high loading density (∼20 mg cm−2).
Interestingly, the solid electrolyte fills the porous region of a
cathode with 70 μm thickness (Figure 3(c)), as confirmed by
the Ga and Cl signals from energy-dispersive spectroscopy
(EDS) mapping (Figure 3(d)), which implies that the
viscoelastic solid electrolyte can provide intimate contact not

Figure 3. Application of the 3LiCl−GaF3 electrolyte in an ASSB. (a) Schematic figure of the cell configuration of the ASSB. (b) Voltage
profile with a current density of 0.6 mA cm−2 at 60 °C in the voltage range of 2.85−4.05 V. Inset: dq dV−1 curves of the first and second
cycles. Dotted lines indicates the voltage profile with a Li/garnet/ionic liquid/cathode cell. (c) SEM and (d) EDS mapping images of an
all-solid-state cell composed of a Li/LLZTO/3LiCl−GaF3/cathode.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.1c00545
ACS Energy Lett. 2021, 6, 2006−2015

2010

http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c00545/suppl_file/nz1c00545_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c00545/suppl_file/nz1c00545_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c00545?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c00545?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c00545?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c00545?fig=fig3&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.1c00545?rel=cite-as&ref=PDF&jav=VoR


only with LLZTO garnet but also with the porous cathode
electrode.
Beyond its feasibility, to successfully employ the pliable

electrolyte in ASSBs, its remaining issues of a narrow
electrochemical stability window and chemical reactivity
must be resolved. High-voltage operation is inevitable for
high-energy-density systems; however, the solid electrolyte
showed a parasitic reaction above 4.1 V in both the
galvanostatic charge profile and the dq dV−1 analysis in the
voltage range of 2.85−4.2 V (Figure S15). Additionally, the
first discharge of 2.15 mAh cm−2 showed a low Coulombic
efficiency of approximately 74.2% (Figure 3(b)), which
implies the occurrence of side reactions in solid electrolyte.
Specifically, as shown in Figure 4(a), only 45% of the capacity
was retained after 100 cycles at 60 °C. This degradation was
induced by the increasing interfacial resistance during cycling.
The cathode−SE interfacial resistance increased more during
discharge than during charge, which is similar to the
increasing resistance observed in LiCoO2−In cells with
Li10GeP2S12 caused by a chemical reaction during cycling.23

As shown in Figure 4(b), two semicircles are observed
regardless of the state of charge, which correspond to the
resistances of the garnet−SE (R2) and cathode−SE (R3)
interfaces according to capacitance value from EIS fitting
(Table S3) with an equivalent circuit shown in Figure S16.
Resistance from the semicircle in the low-frequency region
(R4) is considered to be originated by an electrochemical
reaction including a charge transfer reaction at the cathode−
SE interface, given that the capacitance value is in the range of
10−5∼10−4 F.46 Both R2 and R3 increased more during
discharge than during the charge process, and the proportion
of R2 to the total resistance rapidly increased with the number
of cycles (Figures S16−S18), indicating more severe
degradation of the garnet−SE interface. According to the
results in EIS fitting, the capacitance value of C3 (parallel
connected to R3, 10−8∼10−7 F) and corresponding to SE/
cathode interface were maintained during cycling; however,

the value of C2 (parallel connected to R2, 10−9∼10−8 F)
corresponding to garnet/SE interface decreased as the cycle
number. It is analogous to the capacitance decrease
phenomenon usually observed at the interface where a
chemical reaction occurs (e.g., argyrodite Li6PS5Cl/bare
NCM cathode interface).4 It implies a chemical reaction or
formation of an interfacial layer such as a solid electrolyte
interphase (SEI) at the garnet−SE interface. After cell
disassembly, the chemical diffusion of Ga and Cl into the
garnet was confirmed by EDS mapping images (Figure S19).
Chemical diffusion at the interface induced not only reduction
of Ga ions but also the formation of Zr−Cl bonds and LaOCl,
as confirmed by the XPS results (Figure 4(c)). Both garnet
and the solid electrolyte surface showed lower energy shifts in
the binding energy from 1120.3 to 1119.3 eV and new peak
emergence at 1116.8 eV, which indicates the Ga−O bond
formation and reduction of the Ga ion.47 The intensity
increase at 184.0 and 186.0 eV in the Zr 3d region is similar
to peaks observed for ZrCl4, and the decrease of the Cl
binding energy from 200.0 to 199.4 eV supports the formation
of metal chloride.48 When combined, the change in Cl 2p and
the decrease of the La 3d5/2 doublet splitting energy from 4.4
to 4.1 eV implies the formation of LaOCl, given that the
magnitude of the multiplet splitting is sensitive to the ligand
atoms.49 The observed peak of La 4p at 196.0 eV and
postmortem analysis also support the formation of LaOCl,
which has Cl− ion conductivity,50 because Cl− ions were
detected from the Li metal surface after cell degradation
(Figure S20). These observations were further corroborated
by DFT calculations, which predicted the formation of several
compounds, including LaClO, LiGaO2, and LiCl at the
interface between 3LiCl−GaF3 and LLZTO with a high
reaction energy of 137 meV/atom (Figure S21(a)). This
chemical degradation was found to be worse in the high-
voltage region within a battery operating voltage window (2−
4.5 V), as the reaction energy between 3LiCl−GaF3 and
LLZTO further increased to above 200 meV/atom over 4 V

Figure 4. Cycle life and cell degradation. (a) Cycle life of an all-solid-state cell with a current density of 0.6 mA cm−2 at 60 °C. (b)
Electrochemical impedance spectra after charge and discharge. Inset: voltage profile at a current density of 0.1 mA cm−2 and 60 °C. (c)
XPS of the garnet/halide solid electrolyte interface after cell degradation. Red and blue indicate the surface of garnet and halide solid
electrolyte, respectively. (d) Schematic figure of the degradation mechanism of Li/garnet/3LiCl−GaF3/NCM cathode solid-state batteries.
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(Figure S21(b) and Table S4). The overall degradation
mechanism is schematically shown in Figure 4(d). The
chemical degradation layer was observed in both interfaces of
the garnet/solid electrolyte and garnet/Li forming Zr−Cl,
Ga−O, LaOCl, and LiCl, respectively, due to the chemical
reaction. This chemical reaction induced the decrease of the
bulk ionic conductivity of garnet from 0.74 to 0.34 mS cm−1.
Mitigation of the chemical reaction and improved cyclability.

To mitigate the undesirable chemical reaction between
xLiCl−GaF3 and garnet, we introduced an interlayer that
was chemically stable to both components. The interlayer
material was hierarchically searched through high-throughput
calculations of interface reaction energies (See methods for
details). Among the candidate materials, we selected B-doped
Li2CO3, which is well-known as a coating material with good
lithium ionic conductivity.51 DFT calculations revealed that B-
doped Li2CO3 could effectively suppress the interfacial
degradation between xLiCl−GaF3 and garnet. As discussed
in the previous section, the reaction energy of the original
3LiCl−GaF3/garnet interface is 137 meV/atom. However, the
introduction of a B-doped Li2CO3 protection layer between
two electrolyte layers was found to produce less reactive
interfaces, as described in Figure S22 and Table S5. We also
discovered that the stabilization effect was more pronounced
as carbon composition increased in Li2+xC1−xBxO3. Based on
these predictions, B-doped Li2CO3 was applied on the garnet
surface through heat treatment after spin coating the solution
of LiOH and H3BO3 with a carboxymethyl cellulose (CMC)
binder (Figure S23). Given that the structure of interlayer was
similar to that of Li2CO3 (Figure S23(c)), not Li3BO3, the
amount of boron was expected to be less than x = 0.5 in
Li2+xC1−xBxO3.

51 The thickness of the interlayer was

confirmed as 1−3 μm through the cross-sectional SEM
image and EDS analysis (Figure S24). After an interlayer was
applied, more than 80% of the initial capacity was retained
after 100 cycles, as shown in Figure 5(a), and the interfacial
resistance of the semicircles was slightly decreased during
charging and discharging, as shown in Figure 5(b,c). These
results were in stark contrast to the progressive electro-
chemical degradation shown in Figure 4(a,b). For detailed
analysis, we applied the distribution of relaxation time (DRT)
analysis to interpret EIS change as cycles.52 In DRT results of
a charged cell in Figure 5(c) (Figure S25), unresolved
semicircles (R2, R3, and R4) were separated by the time
constant. In contrast to the Li/garnet/3LiCl−GaF3/NCM cell
(Figure S25(a)), a Li−B−C−O interlayer applied cell showed
a decrease in intensity of both R2 (38 000 Hz) and R3 (650
Hz) peaks (Figure S25(b)). It indicates that chemical reaction
at the garnet/3LiCl−GaF3 interface is mitigated by Li−B−C−
O interlayer, and even further, it is effective to the mitigation
of chemical degradation at the 3LiCl−GaF3/NCM interface as
denoted as R3. Comparative DRT analysis implies that
chemical reaction between garnet and 3LiCl−GaF3 could lead
to bulk degradation of SE that can induce the sluggish charge
transfer kinetics to the NCM cathode. The improved capacity
retention was due to the mitigation of chemical diffusion of Cl
and Ga ions to garnet, which was confirmed by SEM and EDS
analysis after battery cycling (Figure S26). These results
confirmed that the introduction of B-doped Li2CO3 effectively
suppressed the chemical reaction between 3LiCl−GaF3 and
garnet, which was the main reason for cycle degradation.
The viscoelastic characteristics of the 3LiCl−GaF3 solid

electrolyte also contributed to its stable cycling performance
by maintaining the physical contact with the NCM cathode

Figure 5. Improved cycle life by mitigation of the chemical reaction with garnet and preservation of the physical contact with the cathode.
(a) Cycle life of an all-solid-state cell including a Li−B−C−O interlayer between 3LiCl−GaF3 and garnet with a current density of 0.6 mA
cm−2 at 60 °C. (b) Voltage profile at a current density of 0.6 mA cm−2 and 60 °C for in situ EIS analysis after charging and discharging. (c)
EIS spectra after charging and discharging during the initial five cycles. Cross-sectional SEM images of the cathode with a 3LiCl−GaF3
solid electrolyte for the (d) fresh cell and (e) cell after 50 cycles. SEM images and electron probe microanalysis (EPMA) mappings of
gallium in (f,g) the fresh cell and (h,i) cell after 50 cycles, respectively.
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particles during battery cycling. As shown in Figure 5(d,e), the
FIB-SEM images before and after battery cycling indicated
that intimate contact between 3LiCl−GaF3 and the cathode
was well-maintained even after battery cycling, due to the
similarities to the original state of the fresh cell, aside from
crack formation in the secondary cathode particles. The Ga
signal from the solid electrolyte was detected in the EPMA
analysis even in the grain boundaries of the primary cathode
particles after cycling (Figure 5(f−i)), which indicated that
3LiCl−GaF3 could smear into voids or cracked regions that
were formed due to the stress induced by the volumetric
change of the cathode particles. In contrast to the sulfide-
based solid electrolyte that showed physical contact loss
during battery cycling, even under pressure, this clay-like
property enabled the maintenance of physical contact with the
cathode particles without the external pressure.
The mitigation of the chemical reaction and interfacial

evolution between 3LiCl−GaF3 and the interlayer or cathode
is schematically shown in Figure S27. At the 3LiCl−GaF3/
interlayer interface, the B-doped Li2CO3 interlayer effectively
blocked the diffusion of Cl and Ga ions to garnet and
stabilized the interface by forming thermodynamically stable
compounds, suspected to be the Cl-rich phase due to the
brighter signal of Cl in the EDS analysis from the interlayer
compared to the signal from 3LiCl−GaF3 (Figure S26). At the
3LiCl−GaF3/NCM cathode interface, although physical
contact was well-maintained even after battery cycling, the
slight initial cycle degradation implied the occurrence of the
chemical reaction.
In the present work, a new type of solid electrolyte that

demonstrated both high ionic conductivity (3.6 mS cm−1) and
gum-like viscoelasticity (complex shear moduli = 0.2 MPa)
was discovered. The unique, viscoelastic, “glassy” property was
believed to be due to the formation of gallium-containing,
mobile, complex anions of Ga−F−X (X: different halogens);
solid electrolytes showing viscoelastic behavior tend to exhibit
high ionic conductivity (Table 1). In this context, the effect of
different halogen atoms can be further investigated in terms of
ionic conductivity and conduction mechanism. Since the solid
electrolyte was vulnerable to reduction stability due to the
reduction of Ga, it was used as the catholyte to solve the
inhomogeneous point contact problem between the cathode
and solid electrolyte. Due to its pliable characteristics, it was
beneficial for forming and maintaining intimate contact with
the cathode active material, even in commercialized, porous,
and thick electrodes during battery cycling. Garnet was used
as the anolyte by forming a garnet/xLiCl−GaF3 interface;
however, chemical diffusion of Cl and Ga to garnet degraded
the cycling performance of the all-solid-state battery. This
chemical reaction between the catholyte and anolyte was
mitigated by coating the garnet surface using B-doped Li2CO3,
which was chemically stable with both garnet and the xLiCl−
GaF3 solid electrolyte, forming a stable interlayer between the
garnet and the xLiCl−GaF3; as a result, a stable cycling
performance was achieved. These results implied that, given
the vulnerable cathodic stability of halide solid electrolytes,53

halide solid electrolytes must be used as catholytes in
combination with other solid electrolytes that are stable to
lithium metal to use Li metal in high-energy-density, solid-
state batteries. This indicated that the chemical reaction
between halide and the other solid electrolyte could be a
potential issue for the use of halide solid electrolytes. As
shown in Figure S28, 3LiCl−GaF3 showed chemical reactivity

with a sulfide-based argyrodite solid electrolyte, which means
that xLiCl−GaF3 is not compatible with argyrodite. After 2
days of aging even at 25 °C, the total resistance increased to a
value of 15 times higher than that of fresh cells. The chemical
reactivity of xLiCl−GaF3, not only with other solid electro-
lytes, including garnet, but also with the cathode active
particles should be further investigated. In addition, regarding
the reactivity of xLiCl−GaF3 with its counterparts in forming
an interface, the ion conduction behavior of Ga, Cl, and F in
xLiCl−GaF3 must be studied, where the chemical diffusivity of
each ion could be controlled or mitigated using either a
cation-mixing or anion-mixing effect through cation or anion
doping.44 Given a potential, wide range of chemical
compositions in amorphous or glass-type materials that can
be tolerated, as confirmed in Table 1, various solid electrolytes
can be designed. Therefore, the discovery of a new class of
solid electrolytes with high ionic conductivity and pliability
can be not only an alternative solution to the problematic
solid−solid contact issue with solid electrolytes and cathodes
but also a framework for designing new solid electrolytes for
the development of high-energy-density ASSBs.
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