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ABSTRACT: Developing highly conductive and cost-effective solid electrolytes is
essential for the commercialization of all-solid-state batteries (ASSBs). Zr-based halide
electrolytes hold great promise due to their low estimated cost and high oxidation stabil-
ity. However, the ionic conductivities of most of them are not high enough to enable
moderate- and high-rate cycling of ASSBs. Here, fast ion transport is achieved in a group
of cost-effective ZrCl4-based electrolytes via a design strategy to create highly disordered
amorphous structures. Amorphous Li0.8ZrCl4(SO4)0.4, with a low estimated cost of
$21 kg–1, achieves an ionic conductivity of 1.86 mS cm–1 at 25 °C. It also shows a high
oxidation limit of 4.5 V vs Li/Li+ and good compatibility with high-voltage cathodes, as
demonstrated by the stable cycling of ASSBs (73.7% capacity retention after 1000 cycles
at 1 C). Synchrotron X-ray diffraction, pair distribution function analysis, and electro-
chemical impedance spectroscopy reveal that the outstanding conductivity of these amor-
phous electrolytes is closely related to their short-range and medium-range ordering,
 26
revealing new insights for designing high-performance, cost-effective solid electrolytes.
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Tall-solid-state batteries (ASSBs), it is essential to develop
high-performance solid electrolytes (SEs) that have high ionic
conductivity, good deformability, a wide electrochemical stabil-
ity window, and low cost.1–4 In recent years, sulfide,5–8

oxide,9,10 and halide SEs11–13 have been extensively studied.
However, a single electrolyte that simultaneously meets all
these criteria has yet to be identified. Halide SEs with the gen-
eral formula Li3MX6 (M = Y, In, Sc, etc.; X = Cl or Br) show
great promise owing to their high ionic conductivity, high oxida-
tion stability (above 4 V vs Li/Li+), and excellent
compressibility.13–15 In 2018, Asano et al. reported that low-
crystalline Li3YCl6 exhibits an ionic conductivity of 0.51 mS
cm–1 at 25 °C and is compatible with uncoated LiCoO2
(LCO).16 Since then, tremendous efforts have been devoted
to developing halide/oxyhalide SEs, such as Li3InCl6 (1.49
mS cm–1 at 25 °C),17 Li3ScCl6 (3.0 mS cm–1 at 25 °C),18

Li2In1/3Sc1/3Cl4 (2.0 mS cm–1 at 25 °C),19 Li3YCl3Br3 (7.2
mS cm–1 at 25 °C),12 Li3GdBr3Cl3 (11 mS cm–1 at 25 °C),13

LiNbOCl4 (12.4 mS cm–1 at 25 °C),20 and
Li0.388Ta0.238La0.475Cl3 (3.02 mS cm cm–1 at 30 °C).21

Although high ionic conductivities exceeding 1 mS cm–1 have
been achieved in these reported halide/oxyhalide SEs, the use
of scarce and expensive elements (e.g., Y, Sc, In, Nb, and Ta)
poses a major barrier to large-scale commercialization. In com-
parison, Li2ZrCl6 has been reported to be cost-effective, with an
estimated cost of approximately $10 kg–1—well below the
$50 kg–1 threshold22 for large-scale production.23 However, its
improvements.
Cationic or anionic doping has been attempted to improve

the conductivity of Zr halides. For example, aliovalent (Fe3+)
doping24 or oxygen incorporation25–27 in Li2ZrCl6 achieved
ionic conductivities of ∼1 mS cm–1

. Making SEs in the amor-
phous phase or disordered states is another promising
approach, as demonstrated in some halide SEs.28–33

Amorphous SEs offer isotropic ionic conduction pathways and
less (or no) grain boundaries, which facilitate Li+ transport
and enable high ionic conductivity.34–36 Despite the absence
of long-range structural order, amorphous materials can exhibit
short-range order (<5 Å) as well as medium-range order
extending to approximately 20 Å. The short-range ordering is
closely related to the local coordination environment of the
polyhedral building blocks, while the medium-range ordering
is related to the spatial arrangement of the polyhedra.37 Most
recent studies have primarily focused on how short-range order-
ing influences ionic transport in amorphous SEs, while the cor-
relation between medium-range ordering and ionic conductivity
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Figure 1. (a) Synchrotron XRD patterns of ball-milled Li2xZrCl4(SO4)x (x = 0.25, 0.33, 0.4, 0.5, and 1) and Li2ZrCl6. (b) Synchrotron XRD pat-
terns of ball-milled Li0.8ZrCl4(SO4)0.4, 200 °C annealed Li0.8ZrCl4(SO4)0.4, LiZrCl4(SO4)0.5, and 200 °C annealed LiZrCl4(SO4)0.5. (c) PDF G(r)
with best-fit for ZrCl4, 200 °C annealed Li0.8ZrCl4(SO4)0.4, and 200 °C annealed LiZrCl4(SO4)0.5. (d) PDF G(r) patterns for ZrCl4, ball-milled
Li0.8ZrCl4(SO4)0.4, 200 °C annealed Li0.8ZrCl4(SO4)0.4, LiZrCl4(SO4)0.5, 200 °C annealed LiZrCl4(SO4)0.5, and ball-milled Li2ZrCl6.
(e) Schematic crystal structures with space groups P2/c, P3̄m1, and C2/m, derived from PDF refinement. Zr and Li are represented by pink and green
colored spheres, respectively. The illustrative structures are visualized using VESTA.40
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remains largely unexplored. Here, we report a series of amor-

phous Li2xZrCl4(SO4)x SEs with high ionic conductivities (up
to 1.86 mS cm–1) and a very low estimated cost of ∼$21 kg–1

and discuss the impacts of short-range and medium-range
orders on ionic conductivity that are illustrated by synchrotron
X-ray diffraction (XRD), pair distribution function (PDF) anal-
ysis, and electrochemical characterizations, which provide valu-
able insights for guiding the rational design of high-
performance and low-cost SEs.

A series of amorphous Li2xZrCl4(SO4)x (x = 0.25, 0.33, 0.4,
0.5, and 1) solid electrolytes were prepared via ball-milling
ZrCl4 and Li2SO4 with different molar ratios. The synchrotron
XRD patterns of ball-milled Li2ZrCl6 and Li2xZrCl4(SO4)x sam-
ples are displayed in Figure 1a. Ball-milled Li2ZrCl6 (denoted as
5592
BM-Li2ZrCl6) is used as the baseline material for comparison. It
shows sharp Bragg peaks, which can be well-indexed with a
P3̄m1 space group. As a comparison, ball-milled
Li2xZrCl4(SO4)x samples show majorly broad bumps and only
a few relatively sharp peaks, implying a composition of a predom-
inantly amorphous phase with trace crystallites. Quantitative
phase analysis based on Rietveld refinement (Figure S1) reveals
that these samples contain more than 97 wt % amorphous
phases. These findings are further supported by transmission
electron microscopy (TEM) observations (Figure S2), where
both SAED and HRTEM analyses confirm the predominantly
amorphous nature of the samples. In the XRD pattern of
Li0.5ZrCl4(SO4)0.25, a trace amount of residual ZrCl4 can be
identified. Upon increasing the Li2SO4 ratio to 0.33 in the
https://doi.org/10.1021/acsenergylett.6c01352
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starting materials, the ZrCl4 peaks nearly disappear, indicating an
almost complete reaction between ZrCl4 and Li2SO4. When fur-
ther increasing the Li2SO4 ratio, notably, LiZrCl4(SO4)0.5 shows
different sets of weak and sharp reflections from those observed
in Li0.66ZrCl4(SO4)0.33 and Li0.8ZrCl4(SO4)0.4, indicating a dis-
tinct structure of its crystallites. This variation is likely driven
by the higher Li+ content in the starting materials of
LiZrCl4(SO4)0.5, as evidenced by the observation that
Li2ZrCl4(SO4) also displays the same characteristic peaks as
LiZrCl4(SO4)0.5, but with greater intensity.

As the crystalline phases in ball-milled Li2xZrCl4(SO4)x may
be the crystalline phase of the amorphous components,38,39 we
annealed the samples at 200 °C for 3 h to further crystallize the
samples to help us interpret the structure of the crystalline and
the amorphous phases. Figure 1b compares the synchrotron
XRD patterns of the 200 °C-annealed Li2xZrCl4(SO4)x (x =
0.4 and 0.5, denoted as Li0.8ZrCl4(SO4)0.4-200C and
LiZrCl4(SO4)0.5-200C, respectively) and the pristine ball-
milled counterparts. Upon annealing, the characteristic peaks
show enhanced intensity and narrower linewidth without any
noticeable shift in peak positions, suggesting that ball-milled
samples solely undergo a grain coarsening and crystallization
process without a phase transition during annealing. The
annealed Li0.8ZrCl4(SO4)0.4-200C sample is dominated by a
monoclinic C2/m phase, isostructural with Li3InCl6, whereas
LiZrCl4(SO4)0.5-200C mainly crystallizes in a hexagonal P3̄m1
phase similar to Li3YCl6, with a minor amorphous component
remaining in both samples. The identification of these distinct
crystalline phases provides structural references for elucidating
the short- to medium-range order of the amorphous
component.

To further probe the short- and medium-range order, syn-
chrotron PDF analyses were performed for Li2xZrCl4(SO4)x
(x = 0.4 and 0.5), their annealed counterparts, and ZrCl4 as a
reference. The PDF fitting shown in Figure 1c further confirms
that Li0.8ZrCl4(SO4)0.4-200C and LiZrCl4(SO4)0.5-200C crys-
tallize in the C2/m and P3̄m1 space groups, respectively. The
schematic crystal structures derived from fitting analysis are
illustrated in Figure 1e. Notably, the relatively high Rw values
for the two annealed samples may result from the presence of
residual sulfate-containing amorphous phases that are not con-
sidered in the fitting model. Consistent with the XRD results,
the annealed samples are only partially crystallized and still con-
tain an amorphous fraction, which may retain SO4

2– groups. In
ZrCl4 (P2/c space group), the [ZrCl6]

2– octahedra share edges
to form one-dimensional chains along [001], yielding a promi-
nent Zr–Zr correlation at 4.0 Å. In contrast, the [ZrCl6]

2– octa-
hedra in C2/m and P3̄m1 are connected primarily through
[LiCl6]

5– or partially occupied [ZrCl6]
2– units, resulting in a

much weaker 4.0 Å signal, as shown in Figure 1c. Figure 1d
compares the G(r) profiles of ball-milled Li2xZrCl4(SO4)x (x =
0.4 and 0.5) with those of the reference materials. The PDF
G(r) patterns of both ball-milled samples exhibit structural corre-
lations extending up to approximately 10 Å. Beyond this distance,
the PDF signals become markedly attenuated, indicating the
absence of long-range periodic order. Structural correlations in
the 4–10 Å range arise from the spatial arrangement of
[ZrCl6]

2– and [LiCl6]
5– octahedra, suggesting the presence of

medium-range order. Ball-milled Li0.8ZrCl4(SO4)0.4 exhibits
nearly identical correlations to its annealed counterpart (C2/m)
up to ∼10 Å, demonstrating that its short- and medium-range
order closely resembles that of the crystalline phase. Likewise,
5593
the amorphous LiZrCl4(SO4)0.5 retains the same short- and
medium-range order, consistent with the crystalline P3̄m1 phase.
Both are different from the pattern of ball-milled Li2ZrCl6, which
clearly still has a strong long-range ordering. A distinct peak at
∼1.5 Å, attributed to S–O bonds within SO4

2–,36,41 is observed
in both amorphous and annealed samples, confirming the incor-
poration of SO4

2– tetrahedra.
Ionic conductivities of amorphous Li2xZrCl4(SO4)x samples

were measured by electrochemical impedance spectroscopy
(EIS) to probe their Li+ transport properties. The ionic con-
ductivities and corresponding Nyquist plots are shown in
Figure 2a and 2b, respectively. BM-Li2ZrCl6 possesses an ionic
conductivity of 0.35 mS cm–1, which is consistent with previous
reports.23,24 The ionic conductivities of Li2xZrCl4(SO4)x show a
volcanic trend. As the ratio of SO4

2– increases, the ionic con-
ductivity initially increases from 0.85 mS cm–1 at x = 0.25 to
a maximum of 1.86 mS cm–1 at x = 0.4, followed by a decrease
to 0.20 mS cm–1 at x = 1. The increase in ionic conductivity
between x = 0.25 and x = 0.4 is likely due to the increased
charge-carrier (Li+) concentration1,42 as their structures are
quite similar. The decrease of the ionic conductivity, between
x = 0.4 and x = 1, however, is likely because those composi-
tions yield different medium- and long-range ordering, as shown
in the comparison of the PDF patterns of Li0.8ZrCl4(SO4)0.4
and LiZrCl4(SO4)0.5. In ball-milled Li0.8ZrCl4(SO4)0.4, the
long-range ordering is lost, while the medium-range order is
retained, which enables a fast local 3D Li+ diffusion network
resembling that in the fully crystallized C2/m structure,11 con-
tributing to its high ionic conductivity. While for
LiZrCl4(SO4)0.5, although it also loses its long-range ordering
and retains the short- and medium-range ordering, its
medium-range ordering resembles that in the P3̄m1 phase,
which is known to be less conductive than the C2/m struc-
ture.16,26 It is thus critical to keep a favorable medium-range
ordering for fast Li+ transport in amorphous solid-state
electrolytes.
Additionally, the electronic conductivity of

Li0.8ZrCl4(SO4)0.4 was measured as 3.49 × 10–10 S cm–1 via a
direct current (DC) polarization method, which is about one
order of magnitude lower than that of BM-Li2ZrCl6 (2.44 ×
10–9 S cm–1) (Figure S3). The high ionic conductivity and
low electronic conductivity make it an ideal solid electrolyte.
Arrhenius plots of the conductivities of these samples are pre-
sented in Figure 2c. The activation energies of the amorphous
Li2xZrCl4(SO4)x samples are all around 0.34 eV, which is lower
than many halide and oxide SEs and offers high ionic conductiv-
ity at low temperatures.43 Cyclic voltammetry (CV) tests were
performed to assess the electrochemical stability window of
amorphous Li0.8ZrCl4(SO4)0.4 and BM-Li2ZrCl6. BM-Li2ZrCl6
exhibits an oxidation peak around 3.9 V in the first cycle. By
contrast, amorphous Li0.8ZrCl4(SO4)0.4 shows negligible oxida-
tion currents up to 4.5 V vs Li/Li+, suggesting excellent oxida-
tion stability and good compatibility with high-voltage cathodes.
The abundance of Zr in Earth’s crust is ∼165 ppm, which is

one to two orders of magnitude higher than that of other metals
commonly employed in halide SEs, such as Y, In, Sc, and Nb
(Figure 2e). As shown by the estimated bulk prices in
Figure 2f, amorphous Li0.8ZrCl4(SO4)0.4 has a projected cost
of $21 kg–1, primarily due to its low-cost raw materials Li2SO4
and ZrCl4, as detailed in Tables S3–S6. It is widely accepted
that practical ASSB cells capable of moderate- to high-rate
cycling require room-temperature conductivities of the SE to
https://doi.org/10.1021/acsenergylett.6c01352
ACS Energy Lett. 2026, 11, 5591−5600
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Figure 2. (a) Ionic conductivity and (b) Nyquist plots of ball-milled Li2xZrCl4(SO4)x (x = 0.25, 0.33, 0.4, 0.5, and 1) and Li2ZrCl6, plotted in resis-
tivity form. (c) Arrhenius plots of ball-milled Li2xZrCl4(SO4)x (x = 0.33, 0.4, and 0.5) and Li2ZrCl6. (d) Cyclic voltammogram (CV) curves of ball-
milled Li0.8ZrCl4(SO4)0.4 and Li2ZrCl6 with the scan rate of 0.1 mV/s. CV measurements were performed on the Li-In|Li6PS5Cl|SE|SE + C cells.
(e) Earth’s crust abundance of transition metal elements commonly used in halide solid electrolytes. (f) Estimated cost of various halide solid elec-
trolytes when purchased in quantities of 1000 kg (estimated cost based on raw materials only). The bulk prices shown here are also listed in Table S2,
while the laboratory-scale prices used to estimate these bulk prices are provided in Tables S3–S6. The reported ionic conductivities of these solid
electrolytes are also plotted for comparison.
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be at least 1 mS cm–1.25 Although several previously reported
high-performance SEs, such as LiNbOCl4 and LiTaCl6, exhibit
outstanding ionic conductivities (∼10 mS cm–1),20,29 they suffer
from prohibitively high costs, reaching hundreds or thousands
of dollars per kilogram. In contrast, amorphous
Li0.8ZrCl4(SO4)0.4 delivers a high ionic conductivity of 1.86
mS cm–1, exceeding the practical threshold of 1 mS cm–1, while
maintaining a low cost that is two orders of magnitude lower.
5594
This compelling combination of high ionic conductivity, low
cost, high elemental abundance, and minimum supply risks
underscores its strong potential for commercial solid-state elec-
trolyte applications.
To further understand the local structure of amorphous

Li0.8ZrCl4(SO4)0.4, X-ray absorption spectroscopy (XAS) and
varied-temperature XRD/PDF techniques were conducted.
Figure 3a presents the normalized Zr K-edge X-ray absorption
https://doi.org/10.1021/acsenergylett.6c01352
ACS Energy Lett. 2026, 11, 5591−5600
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Figure 3. (a) Ex situ XANES and (b) corresponding k3-weighted Fourier transform EXAFS spectra of ZrO2, ZrCl4, ball-milled Li0.8ZrCl4(SO4)0.4,
Li0.8ZrCl4(SO4)0.4-200C, and Li2ZrCl6 at the Zr K-edge. (c) k

3-weighted wavelet transforms for the Zr K-edge EXAFS signals of ZrO2 and ball-milled
Li0.8ZrCl4(SO4)0.4. (d) In situ XRD patterns of ball-milled Li0.8ZrCl4(SO4)0.4 heated to temperatures ranging from 30–200 °C under an Ar atmo-
sphere, suggesting the crystallization of ball-milled sample to the C2/m structure. (e) In situ PDF G(r) signals of ball-milled Li0.8ZrCl4(SO4)0.4 heated
to temperatures ranging from 30–200 °C under an Ar atmosphere, indicating only the change of long-range ordering.
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near-edge structure (XANES) spectra of different samples. The
edge position of the reference ZrCl4, determined by the first
derivative of the normalized absorption spectrum,44 is located at
18,010 eV (Figure S4). Amorphous Li0.8ZrCl4(SO4)0.4,
Li0.8ZrCl4(SO4)0.4-200C, and BM-Li2ZrCl6 exhibit edge posi-
tions identical to that of ZrCl4, indicating a tetravalent oxidation
state of Zr in all synthesized samples. The Fourier transformed
(FT) extended X-ray absorption fine structure (EXAFS) spectra
of all samples are compared in Figure 3b to illustrate the local
Zr coordination structure of amorphous Li0.8ZrCl4(SO4)0.4.
Based on the refinement results in Figure S5 and Table S7, peaks
at 1.5 and 3.0 Å in the reference ZrO2 are attributed to the Zr–O
and Zr–Zr coordination, respectively. Reference ZrCl4 and BM-
Li2ZrCl6 exhibit only a peak at ∼1.9 Å, which corresponds to
the Zr–Cl coordination.24 It is worth noting that deviations exist
between these FT peak positions and the actual interatomic dis-
tances due to phase shift.45 The Zr–Cl bond length obtained
from EXAFS fitting analysis (Table S7) is 2.46 Å, which
aligns well with our PDF measurement. Amorphous
Li0.8ZrCl4(SO4)0.4 shows only an asymmetric peak at 1.9 Å with
a very weak shoulder near 1.5 Å, suggesting an octahedral
[ZrCl6]

2– coordination environment with minor substitution of
Cl by O. In a previous report, for O-doped Lix+2yZrCl4+xOy
SE, O from the starting material Li2O tends to react with ZrCl4
to form ZrO2 and preferentially substitutes Cl atoms in the
[ZrCl6]

2– octahedra, leading to strong peaks at 1.5 and 3.0
5595
Å.25,27 The weak shoulder near 1.5 Å observed in our amorphous
Li0.8ZrCl4(SO4)0.4 suggests the stable presence of SO4

2– anions
and their interaction with [ZrCl6]

2– octahedra, i.e., some of the
[ZrCl6]

2– octahedra and SO4
2– tetrahedra are connected through

a shared corner O atom, which replaces one of the six Cl atoms in
the [ZrCl6]

2– octahedron. The k3-weighted wavelet transforms
(WT) analysis of the Zr EXAFS signals in Figure 3c further con-
firms the minor Cl–to–O substitution in the [ZrCl6]

2– octahe-
dron and the absence of ZrO2.
The medium-range order of amorphous Li0.8ZrCl4(SO4)0.4

has been shown to resemble that of its annealed counterpart
(space group C2/m) by the comparison of their PDF patterns.
Here, variable-temperature XRD and PDF were used to probe
the crystallization and evolution of the medium-range ordering
of amorphous Li0.8ZrCl4(SO4)0.4 upon heating. Synchrotron
XRD and PDF data were collected at 10 °C intervals during
heating from 30 to 200 °C. Figure 3d shows the in situ synchro-
tron XRD patterns of amorphous Li0.8ZrCl4(SO4)0.4 during
heating. As the temperature increases, the broad diffraction
peak at ∼2 Å becomes sharper, especially after 150 °C.
Simultaneously, more characteristic peaks appear, which can
be matched to the C2/m space group. The corresponding
PDF G(r) profiles in Figure 3e show that medium-range order
becomes stronger with heating, indicating the enhancement of
medium-range ordering. In contrast, the peaks within 7 Å
remain unchanged throughout the heating process, showing
https://doi.org/10.1021/acsenergylett.6c01352
ACS Energy Lett. 2026, 11, 5591−5600
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Figure 4. (a) SEM image and (b) EDS elemental mapping of ball-milled Li0.8ZrCl4(SO4)0.4. (c) SEM image of ball-milled Li2ZrCl6. SEM images
with low and high magnifications for the cold-pressed pellets of (d) ball-milled Li0.8ZrCl4(SO4)0.4 and (e) ball-milled Li2ZrCl6. All the pellets were
fabricated under 243 MPa.
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that the local arrangements remain unchanged during crystalli-
zation. This confirms that the amorphous material shares a sim-
ilar short- and medium-range order with the structural motif of
the C2/m phase.

The morphology and deformability of amorphous
Li0.8ZrCl4(SO4)0.4 were characterized as well. As reported by
Shi et al.,46 smaller solid-electrolytes particles in cathode com-
posites facilitate the formation of a percolated Li+-conduction
network and can increase the effective conductivity of the com-
posite. However, only a few methods can achieve the synthesis
of SE with <200 nm particle size.47,48 The particle size of ball-
milled Li0.8ZrCl4(SO4)0.4 is ∼200 nm, as shown in Figure 4a,
which is favorable for composite cathode fabrication. EDS map-
ping shows the homogeneous distribution of Zr, S, and Cl
(Figure 4b). The homogeneously distributed S further confirms
the distribution of SO4

2– in the amorphous SE. The particles of
amorphous Li0.8ZrCl4(SO4)0.4 are predominantly well-dis-
persed, as demonstrated in Figure S6. As a comparison, BM-
Li2ZrCl6 has a larger particle size and forms agglomerates, as
indicated in Figures 4c and S7, which is common in other halide
electrolytes, like Li3InCl6 and Li3ScCl6. The deformability of
solid electrolytes is critical for achieving the dense stacking of
SE separators and ensuring intimate solid–solid contact between
the cathode and SEs. To evaluate this property of amorphous
Li0.8ZrCl4(SO4)0.4, pellets of this material and a reference BM-
Li2ZrCl6 were pressed under the same pressure of 243 MPa.
Their surface morphologies were examined using SEM at two
magnifications (Figure 4d,e). While the BM-Li2ZrCl6 pellet
appears relatively compact, it contains numerous pores and
cracks. In contrast, the amorphous Li0.8ZrCl4(SO4)0.4 pellet
exhibits a much smoother and denser surface, indicating superior
5596
deformability and densification under pressure. The elastic mod-
ulus and hardness of amorphous Li0.8ZrCl4(SO4)0.4 measured by
nanoindentation (Figure S8) are 9.55 GPa and 0.35 GPa, respec-
tively, further supporting its good deformability.
The performance of amorphous Li0.8ZrCl4(SO4)0.4 was evalu-

ated in ASSBs using uncoated LCO and LiNi0.8Mn0.1Co0.1O2
(NMC811) as positive electrodes. Figure 5a presents the sche-
matic configuration of the assembled ASSBs. Given that the
reduction potential of ball-milled Li2ZrCl6 is reported to be
approximately 1.8 V vs Li/Li+,49,50 bilayer solid electrolytes con-
sisting of Li6PS5Cl (LPSCl) and either amorphous
Li0.8ZrCl4(SO4)0.4 or BM-Li2ZrCl6 were used as separators.51

Figure 5b,c compares the electrochemical performance of
ASSBs with LCO cathodes, using either amorphous
Li0.8ZrCl4(SO4)0.4 or BM-Li2ZrCl6 as the separator. The cell with
amorphous Li0.8ZrCl4(SO4)0.4 demonstrates a high initial dis-
charge capacity 144 mAh g–1 and a high initial Coulombic effi-
ciency of 95.4% at 0.1 C, outperforming the cell with BM-
Li2ZrCl6 (139 mAh g–1 and 88.4%). The higher initial
Coulombic efficiency and enhanced cycling stability
(Figures S10 and S11) suggest reduced side reactions and
improved compatibility between amorphous Li0.8ZrCl4(SO4)0.4
and LCO. Furthermore, the amorphous Li0.8ZrCl4(SO4)0.4-based
cell exhibits superior rate performance, likely due to its higher
ionic conductivity and enhanced deformability, which facilitate a
more efficient percolated ionic conduction network. Specifically,
it delivers 113.9 and 76.8 mAh g–1 at rates of 1 C and 2 C, respec-
tively, while the BM-Li2ZrCl6-based cell only achieves 75.0 and
21.1 mAh g–1, respectively.
The performance of ASSBs using NMC811 as the active

material and amorphous Li0.8ZrCl4(SO4)0.4 as the separator
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Figure 5. (a) Schematic graph of the all-solid-state batteries (ASSBs) using bilayer solid electrolytes. LCO and NMC 811 are used as active materials
in Figure b,c and Figure d–g, respectively. All ASSBs were tested at 25 °C and 20 MPa within a voltage range of 2.8–4.3 V vs Li/Li+. (b) First-cycle
charge–discharge voltage profiles at 0.1 C (14 mA g–1) for ASSBs using Li2ZrCl6 or Li0.8ZrCl4(SO4)0.4 as solid electrolytes. (c) Rate capability of
ASSBs employing Li2ZrCl6 or Li0.8ZrCl4(SO4)0.4 as solid electrolytes. (d) First-cycle charge–discharge curves at 0.1 C (20 mA g–1) for ASSBs with
Li0.8ZrCl4(SO4)0.4 as the solid electrolyte and NMC811 as the active material. (e, f) Initial charge–discharge curves of ASSB with Li0.8ZrCl4(SO4)0.4
as the solid electrolyte at various rates and corresponding rate performances at 0.1, 0.2, 0.5, 0.75, 1, and 2 C. (g) Cycling performance and coulombic
efficiency under 1 C.
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was also assessed. As shown in Figure 5d–f, the LiIn|LPSCl|
amorphous Li0.8ZrCl4(SO4)0.4|NMC811 cell delivers an initial
discharge capacity of 197.1 mAh g–1 with a Coulombic effi-
ciency of 90% at 0.1 C and 25 °C. It also demonstrates excellent
rate capability, delivering 188.5, 159.8, 144.6, 129.0, and
87.1 mAh g–1 at rates of 0.2, 0.5, 0.75, 1, and 2 C, respectively.
The cell exhibits cycling stability comparable to that reported
for halide-based all-solid-state batteries in the literature
(Table S8). As shown in Figure 5g, it retains 61% of its
initial capacity after 2000 cycles at 1 C under a stacking
pressure of 20 MPa, with an average Coulombic efficiency of
99.75%.

In summary, a series of cost-effective amorphous Li2xZrCl4
(SO4)x solid electrolytes were synthesized using a mechano
chemical method. Synchrotron XRD, PDF, and XAS analyses
5597
revealed that amorphous Li0.8ZrCl4(SO4)0.4 and LiZrCl4
(SO4)0.5 possess medium-range order resembling those of their
annealed counterparts, which crystallize in C2/m and
P3̄m1 space groups, respectively. The distinct medium-range
order leads to differences in ionic conductivity, highlighting
the importance of tuning the local structure of amorphous elec-
trolytes to optimize Li+ transport. Amorphous
Li0.8ZrCl4(SO4)0.4 combines fast local Li+ diffusion enabled
by the retained medium-range ordering with reduced grain
boundary resistance due to its long-range disorder, thus achiev-
ing an ionic conductivity of 1.86 mS cm–1 at 25 °C. In addition,
it also offers a low estimated cost of $21 kg–1 and high oxidative
stability up to 4.5 V vs Li/Li+. As a result, it demonstrates sat-
isfactory electrochemical performance in ASSBs with uncoated
LCO or NMC811. This study provides a design strategy for
https://doi.org/10.1021/acsenergylett.6c01352
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low-cost, high-performance amorphous solid electrolytes and
reveals medium-range ordering as a key factor governing ionic
conductivity in amorphous SEs.
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