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1D ZrCl4 Matrices for Enhanced Ion Transport in Glassy
Chloride Electrolytes
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Designing a solid-state electrolyte (SSE) that combines the lithium-ion
transport behavior found in liquid or solid polymer electrolytes with the high
lithium-ion transference number characteristic of inorganic SSEs is an
immensely appealing challenge. Herein, a cost-effective, chain-structured
ZrCl4 is introduced as a hosting matrix, resembling polyethylene oxide (PEO),
to facilitate the dissociation of lithium salts (e.g., LiCl, Li2SO4, and Li3PO4).
The dissociated free Li-ions can be coordinated by the [ZrCl6] octahedra,
forming fast ion-conducting pathways along ZrCl4 chains that achieve an
ionic conductivity as high as 1.2 mS cm−1. Simultaneously, ZrCl4 serves as a
Lewis acid, trapping anions and delivering a high lithium transference number
approaching unit. The proposed electrolyte exhibits stable cycling
performance when integrated into LiNi0.8Mn0.1Co0.1O2||Li-In cells. Moreover,
this design strategy also extends to the synthesis of sodium-ion conductors,
achieving a high ionic conductivity of 0.3 mS cm−1. Demonstrating a
previously unreported lithium-ion conduction mechanism, the proposed
ZrCl4-based electrolytes offer a versatile approach for tailoring advanced SSEs.
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1. Introduction

Solid-state batteries (SSBs) are consid-
ered an ideal next-generation electro-
chemical energy storage system to re-
place commercial lithium-ion batteries
due to their potentially higher intrin-
sic safety and energy densities.[1,2] One
key aspect of developing SSBs is to de-
sign SSEs with both high ionic con-
ductivity and a wide electrochemical
window.[3,4] The capability of Li+ con-
duction in SSEs is largely determined
by the chemical environment of Li+

and the corresponding Li+ transport
pathways.[5–7] Ideally, Li+ should be able
to move anisotropically as they do in
liquid electrolytes[8] One resembling ex-
ample is the Li+ transfer mechanism
in polymeric SSEs such as PEO, where
Li+ is solvated by polymer segments
via the strong Li-O coordination.[9–11]

However, due to the strong coordina-
tion between Li+ and polymer chains,

the conduction of Li+ is also limited by the sluggish polymer mo-
tion under room temperature and the low Li+ transference num-
ber (generally lower than 0.5).[12–14] Therefore, exploring a solid
electrolyte that enables free and efficient Li+ transport is of great
significance.
Glass-type solid electrolytes, characterized by isotropic na-

ture and low grain boundary resistance, hold great promise
for meeting the above requirements. The glassy state design
has been widely adopted in SSEs such as sulfides, metal–
organic frameworks, and chlorides.[15–19] Compared with sul-
fides, chloride-based electrolytes demonstrated significant ad-
vantages in environmental friendliness and high oxidative sta-
bility (>4.3 V vs Li+/Li), which are suitable for high-voltage
cathodes.[20–22] Although chlorides are generally unstable to
lithium-metal anodes, a sulfide buffer layer (e.g., Li6PS5Cl)
can effectively prevent their degradation without unduly in-
creasing interfacial impedance.[23–25] More recently, Hu and co-
workers developed an oxygen-substituted chloride electrolyte
MAlCl4-2xOx (M = Li, Na) with high ionic conductivity, con-
firming the potential of glassy chloride applications.[26] How-
ever, the lack of long-range periodicity in glassy SSEs hin-
ders the understanding and modulation of ion transport.
Therefore, exploring the intrinsic structural features of chlo-
rides and their impact on ion transport is essential for
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Figure 1. Design schematic and Li-ion conducting properties of SSEs. a) Schematic of anions trapped by polymer-like ZrCl4 matrix to release free Li
ions for fast conduction. b–d) Ionic conductivity is dependent on lithium salt concentration for different SSEs. e) Nyquist plots of the EIS measurement
results of SSEs. f) Arrhenius plots of the SSEs. g) Ionic conductivity depends on the Na3PO4 concentration of xNa3PO4@ZrCl4.

developing glassy chlorides with ideal ion transport mecha-
nisms.
As a low-cost quasi 1D compound, ZrCl4 exhibits characteris-

tic signatures of zigzag, PEO-like chain-structured [(ZrCl4/2)Cl2]n
with Cl-bridged edge-sharing [ZrCl6] octahedra,

[27,28] where Cl
atoms at bridge positions and terminal positions are marked as
Cl(B) and Cl(T), respectively. These parallelly arranged chains
are held together by van der Waals forces rather than chemical
bonds (Figure S1, Supporting Information), potentially facilitat-
ing abundant pathways for Li+ conduction. Besides, as described
in Figure 1a, ZrCl4 is a natural Lewis acid,

[29] which tends to trap

anions, thus dissociating ion pairs in Li salts. Therefore, “dissolv-
ing” Li salts in ZrCl4 might be an effective way to obtain solid
electrolytes with high ionic conductivity.
In this work, a class of solid electrolytes based on ZrCl4 with

high ionic conductivity (1.2 mS cm−1) was prepared using the
facile ball milling method. By thoroughly mixing lithium salts
withZrCl4, Li

+ can be coordinated by theZrCl4 octahedrawithout
interrupting the chain structure, thus ensuring the integrity of
the Li+ transport channels. Compared with liquid/polymer elec-
trolytes, the as-prepared solid electrolyte has an ion migration
number close to the integer because the anions are also bound by
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the [ZrCl6] octahedra chain. The design strategy presented here
can also be applied to the design of fast sodium-ion conductors,
demonstrating good versatility.

2. Results and Discussion

2.1. Li-Ion Conducting Properties

SSEs based on ZrCl4 were prepared by ball-milling a stoichio-
metric mixture of lithium salt and ZrCl4. In this case, three
low-cost lithium salts with monovalent (LiCl), divalent (Li2SO4),
and trivalent (Li3PO4) anions were selected. Room-temperature
impedance spectra (Figure S2, Supporting Information) and
ionic conductivity of SSEs with various Li: Zr ratios (Figure 1b–d)
show that all three lithium salts can be ball milled with ZrCl4
to form SSEs with high ionic conductivity (>10−4 S cm−1). In
terms of room-temperature conductivity, the optimized ratios are
LiCl@ZrCl4 (0.5 mS cm−1), 1/2Li2SO4@ZrCl4 (0.7 mS cm−1),
and 1/3Li3PO4@ZrCl4 (1.2 mS cm−1), respectively. It is worth
noting that for all Li salts, the highest ionic conductivity can
be obtained when [Li+]: [ZrCl4] = 1, suggesting Li+ transport
behaviors follow the same mechanism in this type of SSE. In
addition, the room-temperature Nyquist plots (Figure 1e) show
that without high-temperature sintering, the solid electrolyte con-
taining three anions exhibits negligible grain boundary resis-
tance, manifesting characteristics of glass-type solid electrolytes.
Moreover, based on the temperature-dependent impedance spec-
tra (Figure S3, Supporting Information), the activation energies
of LiCl@ZrCl4, 1/2Li2SO4@ZrCl4, and 1/3Li3PO4@ZrCl4 sam-
ples are calculated to be 0.42, 0.31, and 0.28 eV, respectively
(Figure 1f). Since Li3PO4-based electrolytes outperformed other
electrolytes in terms of conductivity, we will focus on analyzing
this type of solid electrolyte.
In principle, the chain-like structure of ZrCl4, resembling

that of PEO, should be capable of facilitating the fast conduc-
tion of other alkali metal ions. Here, xNa3PO4@ZrCl4 com-
pounds were synthesized and tested. Similar to xLi3PO4@ZrCl4,
the ionic conductivity at room temperature of xNa3PO4@ZrCl4
(Figure 1g) shows a maximum of 0.33 mS cm−1 when the ra-
tio of Na: Zr is 1:1, and the calculated activation energy (Figure
S4, Supporting Information) of 1/3Na3PO4@ZrCl4 (0.27 eV)
is almost identical to that of 1/3Li3PO4@ZrCl4. Therefore, it
is reasonable to speculate that Na+ shares the same transport
mechanism as Li+, attributed to the low structural rigidity and
ion-size selectivity caused by weak van der Waals forces be-
tween ZrCl4 chains. However, the larger ionic radius of Na+

slows its transport, resulting in lower ionic conductivity than Li+

conductors.
An ideal SSE for Li-ion batteries should solely transport Li+.

However, the high electronic conductivity of some ceramic SSEs
and anionic mobility in PEO-based polymeric SSEs have raised
a series of issues.[30,31] Via the blocking electrode polarization
method, the electronic conductivity of 1/3Li3PO4@ZrCl4 is mea-
sured to be 3.9 × 10−9 S cm−1 (Figure S5, Supporting Infor-
mation), which is about six orders of magnitude lower than its
ionic conductivity, showing excellent safety for high-power appli-
cation scenarios.[32] According to direct current measurement of
1/3Li3PO4@ZrCl4 sandwiched by Li2S-P2S5 SSEs and Li-metal
(Figure S6, Supporting Information), the lithium-ion transfer-

ence number (tLi+) was calculated to be 0.90, indicating that
lithium ions are the primary conducting carriers.[33]

2.2. Characterization of xLi3PO4@ZrCl4

The X-ray Diffraction (XRD) patterns of various xLi3PO4@ZrCl4
composites (Figure 2a) show that with a relatively smaller
amount of Li3PO4 (x = 1/6 or 1/3), the obtained SSEs exist in
amorphous form. The broad diffraction band ≈18° should be at-
tributed to the polyimide film covering the samples, which was
applied to protect the chlorides from moisture due to their sen-
sitivity to air humidity (Figure S7, Supporting Information). The
1/3Li3PO4@ZrCl4 was pressed into a tablet and thinned using
a focused ion beam (FIB) for high-resolution transmission elec-
tron microscopy (HRTEM) analysis. The amorphous nature of
1/3Li3PO4@ZrCl4 is further confirmed by HRTEM images of
both the bulk and edge regions, as well as the corresponding
overall fast Fourier transform (FFT) patterns (Figure S8, Support-
ing Information), where no distinct lattice fringes or diffraction
spots are observed. Additionally, elemental mapping images re-
veal a uniform distribution of elements without any detectable
phase separation (Figure S9, Supporting Information). Differen-
tial scanning calorimetry analysis indicates the glassy state of
1/3Li3PO4@ZrCl4, with a glass transition temperature (Tg) of
≈225 °C (Figure S10, Supporting Information). Scanning elec-
tron microscopy (SEM) images show indistinct grain boundaries
and irregular grain structures, presenting a dense morphology
characteristic of a molten-like or glassy state (Figure S11, Sup-
porting Information). With the increase of Li3PO4 content in the
samples, the diffraction peak of LiCl begins to manifest instead
of Li3PO4. Therefore, it could be speculated that Li3PO4 is grad-
ually dissociated by ZrCl4, with PO4

3− ions being anchored by
the polymer-like chains of ZrCl4. Nevertheless, the excess Li3PO4
disrupts the Zr─Cl chains by breaking the Zr─Cl bonds, lead-
ing to the precipitation of LiCl. The existence of crystalline LiCl
can also be observed from the TEM image (Figure S12, Sup-
porting Information). The variation tendency in XRD patterns of
xLiCl@ZrCl4 and xLi2SO4@ZrCl4 (Figure S13, Supporting In-
formation) is very similar to that of xLi3PO4@ZrCl4, suggesting
similar evolution processes for the chemical environment of Li+

in ZrCl4-based SSEs.
Next, the atomic pair distribution function (PDF) tech-

nique is employed to investigate the local structure changes in
xLi3PO4@ZrCl4 SSEs and the salt dissociation mechanism. All
peaks in the PDF pattern of ZrCl4 (Figure S14, Supporting Infor-
mation) can be assigned accordingly based on Figure S15 (Sup-
porting Information), with peaks at ≈2.19, ≈2.55, ≈3.15, and
≈3.56 Å sequentially attributed to Zr─Cl(T), Zr─Cl(B), Cl─Cl(B),
and Cl─Cl(T), confirming its chain-like structure. Additionally,
the peaks at ≈4.01 and ≈4.70 Å can be attributed to Zr─Zr and
Zr─Cl atomic pairs between two neighboring [ZrCl6] octahe-
dra. For xLi3PO4@ZrCl4 samples (Figure 2b), the peak inten-
sity of both Zr─Cl(B) and Cl─Cl(B) pairs gradually decreases as
x increases from 1/6 to 1/3; by contrast, the peak intensity of
Zr─Cl(T) and Cl─Cl(T) remains unchanged. Therefore, it can be
inferred that Li+ tends to coordinate with Cl(B), and the dissoci-
ation of Li3PO4 is closely related to the weakening of Zr─Cl(B)
bonds. Moreover, the Zr─Zr pairs remain unchanged when x
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Figure 2. Characterization of xLi3PO4@ZrCl4. a) XRD pattern of xLi3PO4@ZrCl4 samples. b) PDF pattern of xLi3PO4@ZrCl4 samples. c) NMR patterns
of xLi3PO4@ZrCl4 samples. d) XPS data of xLi3PO4@ZrCl4 samples.

≤ 1/3, showing that the polymer-like ZrCl4 structure is main-
tained before oversaturation. Since two adjacent Zr atoms con-
nect via two Cl(B), it can be inferred that each Zr contributes one
Cl(B) to coordinate with Li+, while the other Cl(B) maintains the
chain structure. This explains why Li+ transport becomes satu-
rated when the Li: Zr ratio reaches 1. The peaks at ≈1.5 and ≈1.8
Å, corresponding to the P─O atomic pair, indicate that the [PO4]
tetrahedra are well-preserved in the SSEs. To compensate for the
weakened Zr─Cl(B) coordination, the unsaturated Zr bonds with
O in the [PO4] group (see Figure S16, Supporting Information).
The newly formed Zr─O bond shares a similar peak position
with Zr─Cl(T) at ≈2.19 Å. As the Li3PO4 content increases fur-
ther (x = 2/3), the change in the peak shape of the Zr─Zr pair
suggests partial disruption of the chain structure, which impedes
Li+ transport and limits the salt dissociation by the matrix. Com-
bined with the XRD results above, the precipitation of LiCl leads
to the enhancement of the peak corresponding to its Cl─Cl bond
(≈2.55 Å, similar to Zr─Cl(B)).[34] In addition, the peak for two
O atomic pairs adjacent to the Li position (denoted as O─O(Li),
≈3 Å) is observed. This is attributed to incompletely dissociated
Li3PO4, which is undetected by XRD due to its minute quan-
tity and low crystallinity. This phenomenon is analogous to ion
aggregate-type solvated structures reported in liquid or polymer
electrolytes.[35]

Solid-state nuclear magnetic resonance (ssNMR) was em-
ployed to further investigate the local structure changes

(Figure 2c). Broad asymmetric signals centered ≈−33 ppm are
observed in the 31P NMR spectra of xLi3PO4@ZrCl4 SSEs, con-
firming the dominating amorphous phases. These asymmet-
ric signals can be deconvoluted into three peaks at −35, −30,
and −18 ppm, which indicate that PO4

3− dissociated in ZrCl4
exists in at least three chemical environments, with no P─Cl
bond formation.[36–38] As the concentration of Li3PO4 increases,
the peak intensity at −35 ppm gradually decreases while the
peak at −18 ppm corresponding to Zr3(PO4)4 increases.[39,40]

The downfield shift in the chemical shift could be attributed to
the strong binding affinity between PO4

3− and Zr4+, which en-
hances the deshielding effect by reducing the electron cloud den-
sity around the phosphorus atom. The increase in the Zr3(PO4)4
peak intensity indicates the continued dissociation of lithium
salt, consistent with the XRD results. Therefore, these three
chemical environments can be reasonably assigned to the un-
saturated, saturated, and oversaturated (i.e., Zr3(PO4)4 forma-
tion) states of PO4

3− in the ZrCl4 chain. Excessive Zr3(PO4)4
configuration would disrupt the polymer-like chain and impair
the dissociation ability of the matrix. Consequently, a new sin-
gle peak of insufficiently dissociated Li3PO4 appears at 10 ppm
in 2/3Li3PO4@ZrCl4 (Figure S17, Supporting Information), in
agreement with the PDF conclusions. Such a dissociation mech-
anism is further confirmed by the Fourier transform infrared
(FTIR) results (Figure S18, Supporting Information). The ab-
sorption peak of 𝜐3(PO4

3−) at 1014.3 cm−1 blueshifted to high
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Figure 3. Salt dissociation mechanism and Li-ion transport channels. a) Geometry optimization of Li3PO4 and ZrCl4. b) Scheme of the dissociation
process of Li3PO4 in ZrCl4. c) Proposed Li-ions transport pathway in 1/3Li3PO4@ZrCl4. d) The radial distribution function of the Li atom centered on
the Cl, Zr, and PO4.

wavenumbers for 1/6Li3PO4@ZrCl4 and 1/3Li3PO4@ZrCl4, ow-
ing to the newly formed bonding between PO4

3- and Zr.[41] How-
ever, for X = 2/3, the undissociated 𝜐3(PO4

3−) absorption peak
was re-detected. The X-ray photoelectron spectroscopy (XPS) re-
sults further confirm the formation of Zr-O bonds (Figure 2d;
Figure S19, Supporting Information).[42,43] As the amount of
Li3PO4 increases, the peak area ratio of Zr─O to Zr─Cl bonds
rises from 0.76 to 1.22. This is attributed to the increased coordi-
nation of Zr-PO4

3− and the breaking of Zr─Cl bonds, validating
the dynamic dissociation process of lithium salts.
Similar to its Li-based counterparts, the XRD patterns (Figure

S20, Supporting Information) indicate that xNa3PO4@ZrCl4
samples exist in amorphous form, and NaCl impurity appears
when the concentration of Na exceeds 1/3. The 31P NMR spec-
trum for the 1/3Na3PO4@ZrCl4 samples is also dominated by
broad, asymmetric signals, centered ≈−33 ppm (Figure S21,
Supporting Information). Both XRD and NMR data suggest
that xNa3PO4@ZrCl4 possesses a very similar microstructure to
xLi3PO4@ZrCl4. With interchangeable anions and cations, our
proposed SSE design strategy based on ZrCl4 shows its versatil-
ity across a broad spectrum of battery systems.

2.3. Unveiling the Li-Ion Transport Mechanism

Based on the above results, the coordination of Li3PO4 in
the ZrCl4 matrix is illustrated in the geometry optimization
(Figure 3a; Figure S22, Supporting Information), where PO4

3− is

embedded between two parallel octahedral chains. One of the two
Zr─Cl(B) bonds between two adjacent octahedrons breaks with
the addition of Li3PO4, forming a Zr─Cl─Li+ and an unsaturated
Zr. The unsaturated Zr will form Zr─O bonds with O in PO4

3−,
with a bond distance of 2.14 Å, which is consistent with the PDF
data shown in Figure 2c. In this case, the chain structure of ZrCl4
is maintained by the remaining Zr─Cl(B) bond. Since PO4

3− is
anchored to Zr, its mobility in SSE is compromised, which ex-
plains the high Li+ transference number.
The critical influence of anion chemistry on salt dissociation

is further highlighted through geometry optimization. Figure 3b
illustrates the ideal process of Li3PO4 dissociation, where only
three oxygen atoms in the PO4

3− group participate in forming
Zr─O bonds.When x is less than 1/3, sufficient Zr sites are avail-
able for complete salt dissociation, and the ZrCl4 chains have
not yet reached their maximum Li+ transport capacity. When x
= 1/3, all Zr atoms will be coordinated with one PO4

3−, hence
the [ZrCl6] octahedra are connected by exactly one Zr─Cl(B),
and the ZrCl4 chain is saturated with Li+ transport. As x ex-
ceeds 1/3, the chain structure can no longer accommodate excess
Li3PO4 without breaking the remaining Zr─Cl(B) bonds, which
results in the collapse of the ZrCl4 chain structure as well as the
precipitation of LiCl. These findings partially explain the three
chemical environments of PO4

3− observed in the ssNMR spec-
tra, corresponding to the dynamic increase in Zr and PO4

3- co-
ordination. Similarly, the proposed model can also explain the
ideal amount of other salts in ZrCl4 (Figure S23, Supporting
Information).
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Figure 4. Cycling performance and costs of 1/3Li3PO4@ZrCl4. a,b) Charge–discharge curves and cycling performance of 1/3Li3PO4@ZrCl4 in a
NMC811||Li-In cell at the current density of 0.1 mA cm−2. c) Raw material costs for 1/3Li3PO4@ZrCl4 and reported SSEs based on bulk commod-
ity prices (detailed information can be referred to Tables S3–S5, Supporting Information).

To further explore the Li-ion pathway in the as-prepared SSE,
the dynamics of lithium migration are investigated by first-
principles molecular dynamics methods based on a proposed lo-
cal structure of 1/3Li3PO4@ZrCl4 (Figure S24, Supporting Infor-
mation). As visualized in Figure 3c, the free Li-ions from Li3PO4
have access to the ion tunnel formed by the arrangement of Cl
atoms between neighboring ZrCl4 chains. The viability of the fa-
vorable ion pathway is substantiated by the radial distribution
function (RDF), where the highest peak for Li-Cl interactions at
an average distance of 2.14 Å, signifying a strong bond between Li
and Cl atoms (Figure 3d). Furthermore, the highest Li interaction
energy with Cl, when compared to other atoms, provides addi-
tional support for the transport pathway facilitated by Cl (Figure
S25, Supporting Information). Since the space between ZrCl4
chains depends on the size of the anions embedded, the trans-
port channel of Li+ can bemodulated by anion groups. Compared
with Cl− and SO4

2−, PO4
3- exhibits the largest size (Figure S26,

Supporting Information) and the lowest anion number (due to
the highest charge). With a broader pathway and more vacancies
for Li+ transport, 1/3Li3PO4@ZrCl4 is expected to show the high-
est ionic conductivity and the lowest activation energy.

2.4. Application Prospects in Full Cells

In addition to ionic conductivity, the interfacial stability of SSEs
with cathode and anode materials, as well as their cost, deter-
mines their practical value. The electrochemical stability win-

dow of SEs is evaluated using linear sweep voltammetry with
an asymmetric cell, where carbon black (CB)/SE composites
serve as the working electrode and lithium metal act as the
counter/reference electrode (Figure S27, Supporting Informa-
tion). The introduced CB in the working electrode can provide
sufficient electron transport, thus precisely monitoring the reac-
tion potentials.[44–46] 1/3Li3PO4@ZrCl4 exhibits a wide electro-
chemical stability window of 2.20–4.75 V versus Li+/Li. Similar to
many chloride electrolytes, 1/3Li3PO4@ZrCl4 displays a distinct
cathodic current response above 0 V, suggesting that it is unsta-
ble toward Li metal. By contrast, 1/3Li3PO4@ZrCl4 does not ex-
hibit a significant anodic current even at ≈5 V, indicating strong
oxidation resistance, making it suitable for high-voltage cathode
materials.
To evaluate the application of 1/3Li3PO4@ZrCl4 in high-

voltage ASSLBs, full cells with LiNi0.8Mn0.1Co0.1O2 (NMC811)
cathode and lithium-indium alloy (Li-In) anode were fabricated
and tested. The NMC811||1/3Li3PO4@ZrCl4||Li-In cell exhibits
a reversible capacity over 153 mAh g−1 (Figure 4a) between 2.0–
3.8 V at 0.1 mA cm−2 (25 °C, with NMC811 loading of 4.7 mg
cm−2). The ASSLB exhibited a reversible capacity of over 153
mAh g−1. Stable cycling was achieved for 90 cycles, with a capac-
ity retention of 92.9% (Figure 4b). Even at high current density
(0.5 mA cm−2) or high cathode mass loading (20.0 mg cm−2), the
1/3Li3PO4@ZrCl4-based ASSLBmaintains stable cycling perfor-
mance (Figures S28–S30, Supporting Information). Compared
to the reported halide electrolytes, 1/3Li3PO4@ZrCl4 exhibits
superior electrochemical performance and can withstand more
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extreme full-cell testing conditions (Figures S31 and S32, Tables
S1 and S2, Supporting Information). These results highlight the
potential of 1/3Li3PO4@ZrCl4 with polymer-like ion transport
behavior for future ASSLB applications.
Moreover, in view of the tight supply of global lithium re-

sources and the sharp rise in lithium salt prices, lowering
lithium content in SSEs without compromising Li+ conduc-
tivity is also desirable.[47] Compared with other representative
SSEs (Figure S33, Supporting Information), 1/3Li3PO4@ZrCl4
exhibits the lowest lithium content of 2.5 wt.%. More sig-
nificantly, 1/3Li3PO4@ZrCl4 also exhibits obvious competi-
tive advantages in cost over its counterparts (Figure 4c),
which lends a substantial edge to its viability for commercial
applications.

3. Conclusion

In summary, a new class of halide superionic conductors was syn-
thesized by a mechanochemical method using inexpensive ele-
ments. In the 1D ZrCl4 matrix, Li/Na salts could be dissociated
with a maximum Li (or Na): Zr ratio of 1:1. The released Li/Na
ions can transport rapidly between octahedral ZrCl4 chains, re-
sulting in high ionic conductivity. Simultaneously, the released
anions are firmly anchored to ZrCl4, yielding a Li-ion trans-
ference number close to 1. Moreover, the anion group embed-
ded in the octahedra chain can modulate the transport channel
of Li/Na ions, and then affect the ionic conductivity and acti-
vation energy. Among the as-prepared SSEs, 1/3Li3PO4@ZrCl4
SSE exhibits the highest ionic conductivity at 1.2 mS cm−1,
low electronic conductivity, and wide electrochemical window,
hence enabling long-term cycling of LiNi0.8Mn0.1Co0.1O2||Li-In
cells. Demonstrating a new lithium-ion conduction mechanism
and featuring interchangeable anions and cations, the proposed
ZrCl4-based electrolytes provide a versatile and innovative ap-
proach for designing advanced SSEs adaptable to diverse battery
systems.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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