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Broader context statement
All-solid-state batteries require safe, cost-effective solid electrolytes to replace conventional 

flammable liquid systems. Halide solid electrolytes have emerged as highly promising 

candidates due to their intrinsic combination of excellent oxidative stability, favorable cathode 

compatibility, and suitable mechanical deformability. Among them, Li2ZrCl6 is particularly 

attractive owing to the earth-abundant zirconium that provides a substantial economic 

advantage. However, its practical implementation is bottlenecked by intrinsically low ionic 

conductivity. While traditional aliovalent doping improves transport, it relies on expensive, 

scarce elements without a clear understanding of the underlying mechanistic kinetics.

In this work, we reveal that reducing the electrostatic repulsive force from metal cations is the 

fundamental key to enhancing lithium diffusion in the trigonal Li2ZrCl6 framework. This 

weakened electrostatic environment unlocks previously inaccessible face-sharing pathways 

and induces local lithium accumulation to facilitate concerted migration. Building on these 

insights, we introduce a "zero-cost" vacancy-mediated substitution strategy (Li2+4xZr1−xCl6) 

that maximally suppresses electrostatic repulsion. Achieving an enhanced ionic conductivity 

of 0.8 mS cm−1 and superior rate capability, this study establishes a fundamental design 

principle for developing economically viable, high-performance Zr-based solid electrolyte for 

next-generation energy storage.
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Abstract 

Halide solid electrolytes have recently emerged as promising candidates for solid-state 

batteries, combining high ionic conductivity, favorable cathode compatibility, and mechanical 

softness. Among them, the zirconium-based halide Li2ZrCl6 has attracted attention due to its 

cost advantages over rare-metal-based counterparts, but its intrinsic ionic conductivity remains 

insufficient for practical applications. While aliovalent substitution has been explored to 

improve the performance, the mechanisms governing lithium transport and dopant interactions 

remain unclear. In this study, we systematically investigate how aliovalent cation substitution 

modulates lithium diffusion within the trigonal Li2ZrCl6 framework. By integrating 

computational and experimental approaches, we show that reducing electrostatic repulsion 

between cations and lithium ions not only facilitates local lithium diffusion near substituted 

sites but also unexpectedly generates additional diffusion pathways beyond conventional 

doping effects, resulting in a more robust percolated diffusion network. Building on these 

insights, we propose a simpler, dopant-free strategy based on vacancy-mediated substitution, 

yielding Li2.3Zr0.925Cl6 that exhibits rapid hopping kinetics and enables efficient lithium 

incorporation, resulting in significantly enhanced ionic conductivity along with improved rate 

capability and stability. This work reveals a clear composition-path dependency on structurally 

tolerant halide solid electrolytes, offering a viable route toward high-performance, cost-

efficient solid electrolytes.

Introduction

All-solid-state batteries have gained considerable attention as a safer alternative to 

conventional lithium-ion batteries which pose significant safety risks due to their flammable 

organic liquid electrolytes1-4. However, the practical implementation of all-solid-state batteries 
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has been consistently plagued by persistent interfacial challenges between solid electrolytes 

and conventional electrodes5-8. In this context, halide-based solid electrolytes, particularly 

chloride variants, have emerged as promising candidates for catholyte due to their intrinsic 

combination of excellent oxidative stability and suitable mechanical deformability9, 10, 

overcoming the respective limitations of inherently brittle oxide- and chemically reactive 

sulfide-based electrolytes11-15. Among halide superionic conductors with various structures16-

19, the trigonal framework has emerged as a versatile and promising structural platform capable 

of accommodating a diverse range of metal cations including Yb, Tb, Dy, Ho, Y, and Er16, 20-

24. Thus, it has not only inspired continuous exploration of new variants but has also provided 

an expansive compositional landscape to systematically tune and optimize their properties25, 26. 

However, the practical deployment of this family remains constrained, as the accessible 

compositional space has been predominantly limited by scarce and costly rare-metal cations.

In this respect, Li2ZrCl6 has garnered considerable attention as the earth-abundant zirconium 

element provides a significant economic advantage, which can be even more favorable than 

that of state-of-the-art sulfide electrolytes considering the elemental cost27. Furthermore, 

Li2ZrCl6 features a unique combination of desirable properties for catholyte, including high 

oxidative stability, mechanical compatibility with electrode materials, and tolerance to ambient 

humidity28, 29. However, its common polymorphic trigonal Li2ZrCl6 exhibits intrinsically low 

ionic conductivity (~4 × 10−4 S cm−1 at 30°C), markedly inferior to those of other superionic 

conductors by more than an order of magnitude, presenting a critical bottleneck to practical 

implementation. To overcome this limitation, aliovalent substitution has been widely explored 

as the prevailing strategy to enhance the ionic conductivity of Li2ZrCl6. In particular, 

incorporating trivalent cations29-33 such as Y3+, Er3+, Dy3+, In3+, or Fe3+ was proven to be 

capable of forming stable solid-solution with significantly improved ionic conductivities 

reaching ~10−3 S cm−1. However, most of these substitution approaches were possible only 
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with the scarce elements which could form a similar trigonal framework, facing the 

fundamental limitations regarding economic viability30-33. Substituting with an earth-abundant 

element like Fe3+ often led to poor cycling performance due to the undesirable redox activity 

of Fe29. Moreover, despite extensive experimental efforts in cation substitution strategies, it 

remains elusive how a small amount of dopants could enhance the overall lithium diffusion 

kinetics in the structure, obscuring the choice of rational dopant strategies.

Herein, we investigate governing factors of lithium-ion transport in the trigonal Li2ZrCl6 and 

reveal general cation interactions that critically shape the energy landscape of diffusion paths 

in the structure24, 34. By systematically examining the pristine Li2ZrCl6 with a low-valent-

dopant substituted system, such as divalent Zn2+, we elucidate how the presence of dopants 

impacts overall and site-specific lithium-ion mobility. It is shown that the effective interaction 

between dopant and lithium yields two-fold effects in reshaping the lithium percolation 

landscape. The partial substitution of Zr4+ with a low-valent dopant unlocks face-sharing 

pathways that were previously inaccessible due to the strong electrostatic repulsion from Zr4+. 

Moreover, this additional accessibility culminates in local lithium accumulation, which in turn 

triggers correlated migration behavior. Consequently, the additional accessible pathways and 

cooperative motion establish a robust and interconnected percolation network for superior ionic 

transport. Building on this insight, we synthesize low-valent-dopant substituted systems, and 

verify that a significant enhancement in the ionic conductivity is possible not only for the Zn-

doped case (Li2+2xZnxZr1−xCl6 (0<x≤0.25)) but also for vacancy-mediated substitution with 

even greater extent in the improvement (Li2+4xZr1−xCl6, (0<x≤0.25)). Finally, we demonstrate 

the superior electrochemical performance of all-solid-state batteries employing vacancy-doped 

Li2.3Zr0.925Cl6 paired with LiNi0.83Co0.11Mn0.06O2 cathodes. At 0.5C, the cell delivers a high 

specific capacity of 155 mAh g−1, significantly surpassing that of the pristine Li2ZrCl6 cell (120 

Page 6 of 26EES Batteries

E
E

S
B

at
te

ri
es

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 4
:5

5:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6EB00070C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6eb00070c


mAh g−1). Furthermore, the enhanced capacity was complemented by long-term stability, 

maintaining 75% retention after 300 cycles at 0.5C.

Results and Discussion

Aliovalent substitution in trigonal halide superionic conductor

Li2ZrCl6 exhibits a layered-type structure characterized by a hexagonal close-packed (hcp) 

anion framework within the 𝑃3𝑚1 space group, as depicted in Figure 1a. Zr ions occupy either 

1a or 2d Wyckoff position octahedral sites, exhibiting a partially disordered arrangement in 

neighboring ab-planes. Lithium ions occupy octahedral sites that share their edges with Zr ions 

along the ab-plane, resulting in a distinctive inverse honeycomb arrangement (ZrLi6) similar 

to LiMn6 in Li2MnO3
35, as shown in the lower panel of Figure 1a. In this hcp anion framework, 

lithium migration within the ab-plane should proceed via intermediate tetrahedral sites that 

share a face with the Zr4+ octahedron, while interlayer migration along the c-axis should occur 

through direct hopping to neighboring octahedral sites that edge-share with the Zr4+ octahedron. 

It indicates that all primary diffusion pathways are intimately linked to the occupancy and 

distribution of Zr4+ octahedra and their strong electrostatic repulsion24, 36, 37. In comparison to 

the structurally analogous halide solid electrolytes such as Li3YCl6 and Li3InCl6 with trivalent 

ions, the migration barrier for lithium ions for both intra- and interplane diffusion would be 

more significantly affected by the presence of the tetravalent Zr4+ ion. In this context, we 

performed a detailed lithium diffusion analysis on the intrinsic Li2ZrCl6 structure along with 

those doped with low-valent cations comparatively. We selected Zn2+ as a model low-valent 

cation due to its similar ionic radius (0.74 Å) to Zr4+ (0.72 Å) for the structural integrity38. 

Furthermore, we examined the hypothetical system with the lowest-valent cation, i.e., zero-
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valent vacancy, by locally removing the Zr4+ cation (See Supplementary Note 1 for discussion 

about thermodynamic stability of vacancy-substituted structures).

The lithium diffusion behaviors of these three systems were first probed by conducting ab 

initio molecular dynamics (AIMD) simulations (See computational details in Experimental 

method and Figures S2a–c and S3 for details). Figure 1b illustrates the overall ionic 

conductivities estimated at 300 K along with the ab-plane (blue) and c-axis (red) components 

for respective cases. It reveals that the ionic conduction of the pristine Li2ZrCl6 is highly 

anisotropic, with the fast c-axis conduction and negligible ab-plane diffusion. This indicates 

that despite the layered hcp framework, the sluggish ab-plane diffusion acts as the primary 

bottleneck, rendering the macroscopic conduction effectively one-dimensional24. On the other 

hand, the results show that low-valent cation doping leads to a significant enhancement of the 

ab-plane lithium conduction kinetics, yielding a more than two-fold increase in the overall 

ionic conductivity. The ionic conductivity within the ab-plane increases by over four-fold, 

while that of the c-axis does by only a factor of ~1.5, suggesting that the dominant increase in 

the ab-plane conduction resulted in the enhancement in the total ionic conductivity. It also 

indicates that the low-valent cation doping is specifically beneficial in expediting ab-plane 

diffusion, hinting at a unique path-dependent role of the dopant cation in the trigonal Li2ZrCl6 

structure. 

To visualize the local change in diffusion behaviors upon cation substitution, we analyzed the 

lithium probability density for pristine Li2ZrCl6, Zn-doped Li2.17Zn0.08Zr0.92Cl6, and vacancy-

doped Li2.33Zr0.92Cl6, as depicted in Figures 1c–e, respectively. The yellow regions depict the 

connectivity of lithium probability density, i.e., diffusion pathway, while dashed boxes in each 

figure highlight the most distinct change observed in the pathways upon dopant substitution. 

Whereas the pathways near unsubstituted Zr4+ sites remain largely unchanged for both doped 
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cases, those in the vicinity of the substituted sites broaden progressively, which appear to be 

greater with the zero-valent vacancy dopant. To elucidate this phenomenon, we meticulously 

analyzed the hopping rates for each ab-plane and c-axis from the AIMD simulations, which 

are provided in Figure S439. The results indicated that the hopping rates of both the substituted 

and neighboring layers increased significantly, consistent with the conductivity enhancement 

trend. On the other hand, non-substituted layers showed minimal changes in hopping rates in 

any direction. For the substituted layer, the ab-plane hopping rates increased from 8.8 × 109 s−1 

in Li2ZrCl6 to 1.70 × 1010 s−1 in Li2.17Zn0.08Zr0.92Cl6 and further to 2.18 × 1010 s−1 in 

Li2.33Zr0.92Cl6, corresponding to an overall increase of approximately 2.5 times. Similarly, the 

hopping rate in the neighboring layer increased to more than twice its initial value across the 

same series. In contrast, the c-axis hopping rates displayed a relatively modest rise, from 3.20 × 

1010 s−1 in Li2ZrCl6 to 4.66 × 1010 s−1 in Li2.33Zr0.92Cl6. These results suggest that the 

enhancement is related to specific local geometry associated with low-valent dopants in the 

migration pathway, requiring a more detailed, path-by-path analysis to fully elucidate the 

governing mechanism.

Localized change in lithium diffusion kinetics induced by aliovalent substitution

We carefully examined local diffusion pathways, which proceed particularly through sites 

sharing an edge or face with the dopant site (brown octahedron) as illustrated in Figure 2a. The 

lithium diffusion pathways with this specific local environment could be identified as Path A 

and Paths B/C, along c-axis and ab-plane directions, respectively. In Path A, a lithium ion 

migrates through an intermediate octahedral site that shares an edge with the dopant site. Path 

B represents the in-plane migration on the intralayer involving tetrahedral intermediate sites 

face-sharing with the dopant site, while Path C is that involving the octahedral intermediate 
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sites face-sharing with the dopant in the neighboring layer. We found that the broadened 

diffusion pathway in the vicinity of the dopant sites in Figures 1d and 1e is attributed to 

enhanced accessibility through Paths B and C. As shown in Figures 2b and S5, the 

substitutions activate entirely new channels that are inaccessible in pristine Li2ZrCl6 especially 

for Paths B and C. While the strong repulsion from the Zr4+ ion renders the face-sharing 

intermediate sites in Paths B and C inaccessible in pristine Li2ZrCl6
24, the lower-valence 

substituents such as Zn2+ and vacancy could mitigate the electrostatic repulsion, which in turn 

lower the activation barriers. Notably, the opening of new diffusion pathways could aid in 

forming percolated diffusion network within the ab-plane by connecting the isolated diffusion 

clusters, indicated by a red hexagonal ring in Figure S5a24. 

Hopping rates estimated from AIMD simulations quantitatively supported the observed 

broadening and opening of the diffusion pathways for all relevant diffusion paths (Paths A, B, 

and C), as presented in the left panel of Figure 2c39. A systematic increase in hopping rate was 

observed as the valence of the substituted metal cations decreased from Zr4+ to Zn2+ and further 

to vacancies, most notably for Path B. Vacancy substitution led to an increase of nearly two 

orders of magnitude in the hopping rate compared to pristine Li2ZrCl6 in Path B (from 0.147 

to 5.42 and 13.8 × 1010 s−1 for Li2ZrCl6, Li2.2Zn0.1Zr0.9Cl6, and Li2.33Zr0.92Cl6, respectively). The 

enhanced kinetics could be further confirmed by nudged elastic band (NEB) calculations to 

determine the activation barrier associated with each diffusion path, in the right panel of Figure 

2c and Figure S6. For interlayer transport along the c-axis (Path A), a moderate, stepwise 

reduction in the barrier is observed, from 254 meV for pristine Li2ZrCl6 to 197 meV for Zn2+ 

substitution and 171 meV for vacancy substitution. A far more dramatic effect is observed for 

the ab-plane face-sharing pathways (Paths B and C). These routes, initially prohibited in the 

pristine Li2ZrCl6 with high activation barrier (> 500 meV), become accessible upon 
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substitution. Compared to the pristine framework, vacancy substitution yields the most 

dramatic drop in activation barriers for Paths B and C (to approximately 145 and 264 meV, 

respectively), surpassing even the reductions achieved by Zn2+ substitution (212 and 273 meV, 

respectively). The fact that the magnitude of kinetic enhancement exhibits a strong dependence 

on the valence state of dopant provides compelling evidence that the local electrostatic 

environment is the dominant governing factor. Given the shorter distance and stronger 

electrostatic repulsion between the metal cation and lithium ion at face-sharing sites, the ab-

plane pathways exhibit heightened sensitivity to the electrostatic environment governed by the 

cation valence (See Supplementary Note 2 for discussion about steric effect on diffusion 

kinetics). 

Another important consequence of low-valent substitution is the occurrence of the extra 

lithium content to compensate for the charge balance and its spatial redistribution in the 

structure. According to the analysis of the lithium occupancy of each ab-plane in Figure S4 

and the lithium probability density in Figures 1c–e, we could detect that the extra lithium ions 

predominantly redistribute into the substituted plane and its adjacent layers, with a strong 

tendency to aggregate near the low-valent dopant sites. Given that the collective motion of 

lithium ions inherently dictates the macroscopic diffusion within the Li2ZrCl6 framework40, 41, 

we elucidate that this localized aggregation of extra lithium ions effectively establishes lithium-

rich channels conducive to rapid lithium conduction42 near substituted planes, amplifying the 

probability of concerted migration and thereby lowering the overall activation barriers43, 44. 

Crucially, van Hove correlation analysis for our materials, a mathematical tool used to describe 

how the positions of ions are correlated in both space and time, validates this physical picture, 

confirming that the collective transport mechanism remains dominant and becomes 

strengthened in our doped system (Figure S8). Taken together, low-valent substitution not only 

reduces the activation barrier for lithium diffusion by modulating metal cation-lithium 
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interactions but also provides highly favorable conditions for concerted migration by 

establishing lithium-rich channels, thereby improving lithium hopping kinetics. 

Synthesis and evaluation of the doped-Li2ZrCl6 

Inspired by our theoretical guidance, we synthesized the Zn2+ and vacancy-substituted series, 

Li2+2xZnxZr1−xCl6 and Li2+4xZr1−xCl6 (0<x≤0.25), via a mechano-chemical route using 

stoichiometric mixtures of metal chlorides. Figures 3a and 3b present the X-ray diffraction data 

for the structural analysis of Li2+2xZnxZr1−xCl6 and Li2+4xZr1−xCl6, respectively, which indicate 

that both series retain the characteristic trigonal symmetry of Li2ZrCl6. The pristine framework 

remains largely intact at low dopant concentrations up to x = 0.1, confirming the successful 

incorporation of the dopants into the host lattice without significant structural distortion. 

Rietveld refinement results for X-ray diffraction (Figures S9 and S10) further substantiate the 

structural integrity of the trigonal host across the substitution series. However, the slight 

transition becomes apparent at a higher substitution level of x = 0.25, with additional reflections 

alongside the parent peaks, which correspond to those typically seen in disordered cubic close-

packed (ccp) halide structures (e.g., LiCl, Li3InCl6
45, and Li3ScCl6

46). This tendency of partial 

transition aligns with established principles that the ccp structure is preferred over hcp 

framework with higher ionic potentials of lithium and metal in layered lithium halides47 (See 

Supplementary Note 3 for details). We further scrutinized the detailed structures of 

representative samples, Li2ZrCl6, Li2.2Zn0.1Zr0.9Cl6, and Li2.3Zr0.925Cl6, by performing high-

resolution neutron diffraction, as presented in Figures 3c–e. The Rietveld refinements 

confirmed the trigonal hcp lattice as a dominant phase with the successful incorporation of the 

dopants into the host particularly within the doping range of x ≤ 0.1 (See Tables S1–3 for 

details). Additionally, we conducted X-ray absorption spectroscopy (XAS) analysis on the 
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doped samples, which did not reveal any significant structural deviations except for the slight 

atomic rearrangement expected for dopant substitution (Figures S11, S12, and Table S4). 

The ionic transport properties of these samples were comparatively analyzed and summarized 

with respect to measured ionic conductivity and activation barrier in Figures 3f, 3g, and S13. 

The vacancy-substituted series exhibits a marked enhancement, reaching a peak conductivity 

of 8 × 10−4 S cm−1 at 30°C for Li2.3Zr0.925Cl6 (x = 0.075), which is more than twice that of 

pristine Li2ZrCl6 (3.6 × 10−4 S cm−1 at 30°C). The Zn2+-substituted series also shows an 

increase in conductivity with maximum value of 6.4 × 10−4 S cm−1 for Li2.2Zn0.1Zr0.9Cl6  (x = 

0.1) at 30°C. A clear performance hierarchy emerges as the effective charge of the cation 

sublattice is systematically reduced, whereby the ionic conductivity exhibits a commensurate 

increase as the valency decreases from Zr4+ to Zn2+, and ultimately to zero-valent vacancies. 

We further note that the relative densities of the cold-pressed pellets are comparable across all 

three compositions (75.8%, 77.8%, and 76.8%, for Li2ZrCl6, Li2.2Zn0.1Zr0.9Cl6, and 

Li2.3Zr0.925Cl6, respectively), confirming that the observed enhancements are intrinsic to the 

doping effect rather than densification degree (Figure S14). Both Li2.3Zr0.925Cl6 and 

Li2.2Zn0.1Zr0.9Cl6 displayed lower activation energies (0.351 eV and 0.355 eV, respectively) in 

comparison to Li2ZrCl6 (0.370 eV), strongly suggesting that a weakened electrostatic 

environment reshapes the energy landscape for lithium-ion migration. Notably, the ionic 

conductivity of both series follows a volcano-shaped dependence on the substitution level, 

where the conductivity decline beyond the optimal doping level is attributed to the partial phase 

transition to the disordered ccp phase with intrinsically lower mobility48-51 (See Supplementary 

Notes 3 for details). Nevertheless, the realization of significant conductivity enhancement with 

only small amount of substitution, even with such structural constraints, strongly validates the 

efficacy of our theoretical design. 
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Beyond the improved ionic transport, it is crucial to verify whether these doping strategies 

compromise the intrinsic electrochemical stability of the host framework. To further assess 

this, cyclic voltammetry was performed on the pristine Li2ZrCl6 alongside the optimal 

compositions of each doping strategy, Li2.2Zn0.1Zr0.9Cl6 and Li2.3Zr0.925Cl6 (Figures S15 and 

S16). The electrochemical stability window is largely preserved upon doping, with no 

significant shift in either the oxidative or reductive onset potentials (~4.0 V and ~1.8 V vs. 

Li/Li+, respectively). In particular, the oxidative current is predominantly confined to the first 

cycle and diminishes markedly in subsequent sweeps, indicative of stable passivation layer 

formation at high voltages.

Electrochemical performance of the doped-Li2ZrCl6 in solid-state batteries

The electrochemical properties of the solid electrolytes were tested for samples with the 

highest ionic conductivities, i.e., Li2.2Zn0.1Zr0.9Cl6 and Li2.3Zr0.925Cl6, in a solid-state battery 

setup using a commercial-level single crystal high-nickel cathode (LiNi0.83Co0.11Mn0.06O2) as 

the active material. Figure 4a presents the first cycle profile of these cells at 0.1C (where 1C = 

200 mA g−1) within a voltage range of 3.0–4.3 V (vs. Li/Li+). At 0.1C, the solid-state cells 

employing doped electrolytes exhibited electrochemical profiles comparable to the pristine 

Li2ZrCl6. They delivered comparably high initial discharge capacities of 194.5 and 196 mAh 

g−1 with initial coulombic efficiencies of 86.6% and 88%, respectively, mirroring the robust 

performance of the pristine counterpart (197 mAh g−1, 86%). This confirms that the 

electrochemical reversibility inherent to the halide framework is well-preserved even after 

doping. On the other hand, the rate capability of the cells shows a strong correlation with the 

ionic conductivity of solid electrolyte, with performance disparities becoming more 

pronounced at higher current densities, as shown in Figure 4b. Notably, at a practical rate of 
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0.5C, the cell utilizing Li2.3Zr0.925Cl6 outperformed its counterparts, delivering a discharge 

capacity of 155 mAh g−1 which corresponds to a retention of 78.9% relative to the specific 

capacity at 0.1C. This stands in clear distinction to the Li2.2Zn0.1Zr0.9Cl6 and pristine Li2ZrCl6 

cells, which yielded lower capacities of 137 mAh g−1 and 120 mAh g−1 with corresponding 

retentions of 70.7% and 60.8%, respectively. The mechanistic origin of this kinetic hierarchy 

was further elucidated by galvanostatic intermittent titration technique and electrochemical 

impedance spectroscopy analyses (Figures S17 and S18). The progressive substitution from 

Zr4+ to Zn2+ and to zero-valent vacancies systematically reduces both the bulk electrolyte 

resistance and the interfacial charge transfer resistance, indicating that the enhanced ionic 

conductivity facilitates Li+ transport at both the bulk and interfacial levels within the composite 

cathode. Beyond its superior rate capability, the cell incorporating Li2.3Zr0.925Cl6 demonstrated 

robust long-term durability. It successfully delivered a higher discharge capacity at 0.5C 

without compromising the cyclability inherent to the pristine framework, as shown in Figure 

4c. After 300 cycles, the cell retained approximately 75% of its initial capacity, a value 

comparable to those of the pristine counterparts. This confirms that significant kinetic 

enhancement was achieved without sacrificing electrochemical stability. The versatility of the 

optimized electrolyte was further corroborated in LiCoO2 cells, as illustrated in Figures S19 

and S20. Specifically, as highlighted in Figure S20, the cell utilizing Li2.3Zr0.925Cl6 could also 

retain the high-nickel cathode performance, demonstrating outstanding rate capability and 

durability. At 1C, it delivered a high specific capacity of 118 mAh g−1 with 84% retention 

relative to 0.1C, outperforming the Li2.2Zn0.1Zr0.9Cl6 (113 mAh g−1, 81%) and pristine Li2ZrCl6 

(106 mAh g−1, 75%). Furthermore, superior long-term stability was achieved, maintaining 75% 

of its capacity after 500 cycles compared to 71% for the pristine cell under identical conditions. 

To verify the chemical stability of the halide solid electrolyte and its compatibility with the 

oxide cathode, time-of-flight secondary ion mass spectrometry (ToF-SIMS) was employed to 
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probe the elemental distribution within cycled composite electrodes consisting of 

LiNi0.83Co0.11Mn0.06O2 and pristine Li2ZrCl6, Zn-, or vacancy-substituted Li2ZrCl6. As 

illustrated in Figure 4d, the distribution of characteristic secondary ion fragments 

corresponding to the oxide cathode lattice (i.e., Ni-O, Co-O, and Mn-O) remained largely 

consistent after cycling across all evaluated compositions, indicating that the chemical integrity 

of the active material is preserved without significant degradation at interface. Simultaneously, 

we monitored for the emergence of Cl-O and Zr-O signals, which are typical diagnostic 

indicators of interfacial side reactions or electrolyte decomposition52. The insignificant 

accumulation of these species confirms the superior electrochemical stability of our system, 

suggesting that no substantial parasitic reactions occur during operation. Furthermore, this 

chemical robustness was consistently observed in LiCoO2-based cells. As shown in Figures 

S21 and S22, both XPS and ToF-SIMS analyses revealed minor signal deviations even after 

extensive cycling, confirming the absence of substantial interfacial degradation and the 

electrochemical stability of our system. 

Summary

This work provides a comprehensive, atomistic-level understanding of the mechanism by 

which aliovalent substitution enhances lithium-ion transport in the trigonal Li2ZrCl6 framework, 

establishing a principle for the rational design of cost-effective halide electrolytes. Our 

theoretical investigation revealed that reducing the electrostatic repulsive force exerted by the 

metal cation is a critical factor in enhancing lithium diffusion kinetics of aliovalent substitution 

in Li2ZrCl6 structure. Substituting Zr4+ with a less repulsive ion not only promotes lithium 

diffusion near substituted site with lithium aggregation, facilitating concerted diffusion 

behavior, but also opens up new diffusion pathways, which have been prohibited due to strong 
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electrostatic repulsion from Zr4+ in pristine Li2ZrCl6. As a proof-of-concept for our theoretical 

findings, we synthesized both Zn2+- and vacancy-substituted series (Li2+2xZnxZr1−xCl6 and 

Li2+4xZr1−xCl6, where x = 0–0.25). The vacancy-doped Li2.3Zr0.925Cl6 exhibited the highest ionic 

conductivity of 0.8 mS cm−1, surpassing that of the pristine Li2ZrCl6 and best-performing Zn2+-

substituted compound, thereby corroborating computational predictions regarding the 

performance hierarchy. Furthermore, the optimized composition, Li2.3Zr0.925Cl6, demonstrated 

superior rate capability and robust electrochemical stability, with ex situ analysis confirming 

negligible interfacial degradation. By introducing ‘zero-cost’ metal vacancies as dopants into 

the cost-effective Li2ZrCl6 framework, our strategy offers an economically viable route to high-

voltage halide superionic conductors, bypassing the reliance on expensive rare-earth metals 

(e.g., Y, In, or Sc). 
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Figure 1. Effect of aliovalent substitution on lithium diffusion properties of trigonal Li2

ZrCl6. (a) Structural representation of Li2ZrCl6 with Zr ion exhibiting partial occupancy at the 

Wyckoff 1a and 2d sites. The upper panel delineates the overall connectivity and arrangements 

of Zr 1a and Zr 2d sites. The lower panel depicts the configurations of individual planes, namely 

Layer 1 and 2. (b) Extrapolated ionic conductivity at 300 K for each component (overall, c-

axis, and ab-plane) of Li2ZrCl6, Li2.17Zn0.08Zr0.92Cl6, and Li2.33Zr0.92Cl6, obtained from AIMD 

simulations conducted between 500 K to 700 K. The overall conductivity is represented in 

black, the ab-plane in blue, and the c-axis in red. (c-e) Iso-surface (yellow) of lithium 

probability density 𝑷 = 𝑷𝒎𝒂𝒙/𝟏𝟎𝟐𝟒 at 500 K of three model structures: (c) pristine Li2ZrCl6, 

(d) Zn2+-substituted Li2.17Zn0.08Zr0.92Cl6, and (e) vacancy-substituted Li2.33Zr0.92Cl6, where the 

vacancy site is denoted as VZr. The lower panels illustrate enlarged views of the diffusion 

pathways near the substituent site, with dashed boxes highlighting the expanded diffusion 

network induced by the substitution.
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Figure 2. Pathway-resolved analysis of local lithium diffusion kinetics as a function of 

aliovalent substitution. (a) Schematic of the three primary local diffusion pathways around a 

substituent site. Path A represents c-axis diffusion via an edge-sharing octahedron. Paths B 

and C represent ab-plane diffusion through face-sharing tetrahedral and octahedral sites, 

respectively. (b) lithium probability density isosurfaces for each pathway in the pristine, Zn2+-

substituted, and vacancy-substituted models. The orange and yellow surfaces represent 𝑷 =

𝑷𝒎𝒂𝒙/𝟒 and 𝑷 = 𝑷𝒎𝒂𝒙/𝟐𝟓𝟔, respectively (at 500 K). (c) Calculated hopping rates (left) and 

activation barrier (right) for each specific pathway (Paths A, B, and C) in the three different 

models: pristine Li2ZrCl6 (red), Li2.17Zn0.08Zr0.92Cl6 (blue), and Li2.33Zr0.92Cl6 (green).
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Figure 3. Structural characterization and ionic transport properties of Li2+2xZnxZr1−xCl6 

and Li2+4xZr1−xCl6 (x = 0–0.25). (a, b) X-ray diffraction patterns for (a) the Li2+2xZnxZr1−xCl6 

series and (b) the Li2+4xZr1−xCl6 series (x = 0–0.25). Reference patterns for pristine Li2ZrCl6 

(hcp) and LiCl (ccp) are provided for structural comparison. (c–e) Rietveld refinement profiles 

of neutron diffraction data for (c) Li2ZrCl6, (d) Li2.2Zn0.1Zr0.9Cl6, and (e) Li2.3Zr0.925Cl6. (f, g) 

Arrhenius plots showing the ionic conductivities (left axis, blue) and corresponding activation 

energies (right axis, orange) for (f) the Zn2+-substituted series and (g) the vacancy-substituted 

series. 
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Figure 4. Electrochemical performance and interfacial stability of all-solid-state batteries 

employing pristine and substituted Li2ZrCl6 solid electrolytes. (a) Initial charge/discharge 

voltage profiles at 0.1C for all-solid-state cells employing pristine Li2ZrCl6, Zn-doped 

Li2.2Zn0.1Zr0.9Cl6, and vacancy-doped Li2.3Zr0.925Cl6 as the solid electrolyte with a single-

crystal LiNi0.83Co0.11Mn0.06O2 cathode. (b) Rate capability comparison of the corresponding 

cells at current densities ranging from 0.1C to 1C. (c) Cycling performance of the 

corresponding cells after a formation cycle at a rate of 0.5C over 300 cycles. Filled and open 

circles represent specific capacity (left axis) and Coulombic efficiency (right axis), respectively. 

(d) Time-of-Flight Secondary Ion Mass Spectrometry results for the composite cathode before 

and after 300 cycles. The upper panels display signals corresponding to cathode-derived 

fragments (NiO−
, MnO− and CoO−), while the lower panels show electrolyte-derived fragments 

(ClO−, ZrO− and ZrO2
−).
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