
 

Graphical Abstract

Ionic  conduction  mechanism  and  design  of  amorphous
Li2O–TaCl5 solid electrolytes

Jiajing Chen1, Jun Yang1, Yaoshu Xie1, Lu Jiang2 ✉, and Tingzheng Hou1 ✉

1  Institute of Materials Research (iMR), Tsinghua Shenzhen International Graduate School, Tsinghua University, Shenzhen 518055, China
2  Department of Materials Science and Engineering, City University of Hong Kong (Dongguan), Dongguan 523808, China

O-bridged polyhedra Weak Li–Cl interaction

x in xLi2O–TaCl5

Io
ni

c 
co

nd
uc

tiv
ity Li

Cl

Percolated
Li+ pathways

Bridging O

 

Atomistic  simulations  were  employed  to  elucidate  the  microscopic
mechanisms  of  Li+ transport  in  amorphous  xLi2O–TaCl5 oxyhalide
solid  electrolytes.  Fast  ion  transport  is  governed  by  two  synergistic
structural  factors:  an  interconnected  oxygen-bridged  Ta  polyhedral
framework, which enables continuous diffusion pathways, and reduced
Li–Cl  coordination,  which  alleviates  local  confinement  and  promotes
correlated  Li+ migration.  Guided  by  this  mechanism,  an  F-doped
composition is rationally designed to modulate the local coordination
environment  and  further  enhance  the  ionic  conductivity,  achieving  a
high calculated room-temperature value of 7.22 mS cm−1.

✉Address correspondence to
Lu Jiang, lu.jiang@cityu-dg.edu.cn;
Tingzheng Hou,
tingzhenghou@sz.tsinghua.edu.cn

 

Received: April 21, 2026
Revised: May 11, 2026
Accepted: May 15, 2026

Read Online

 
 

Citation: Chen J., Yang J., Xie Y., et al. Ionic conduction mechanism and design of amorphous Li2O–TaCl5 solid elec-
trolytes. Energy Mater. Devices, 2026, 4(2), 9370097. https://doi.org/10.26599/EMD.2026.9370097

 

 

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License (CC BY 4.0), which permits reusers to
distribute, remix, adapt, and build upon the material in any medium or format, so long as attribution is given to the original author(s) and the

source, a link to the license is provided, and any changes made are indicated. See https://creativecommons.org/licenses/by/4.0/

© The author(s) 2026. Published by Tsinghua University Press.
 

  

Open Access
Research Article

 

mailto:lu.jiang@cityu-dg.edu.cn
mailto:lu.jiang@cityu-dg.edu.cn
mailto:tingzhenghou@sz.tsinghua.edu.cn
https://doi.org/10.26599/EMD.2026.9370097
https://doi.org/10.26599/EMD.2026.9370097
mailto:lu.jiang@cityu-dg.edu.cn
mailto:lu.jiang@cityu-dg.edu.cn
mailto:tingzhenghou@sz.tsinghua.edu.cn
https://doi.org/10.26599/EMD.2026.9370097
https://doi.org/10.26599/EMD.2026.9370097
https://doi.org/10.26599/EMD.2026.9370097
https://creativecommons.org/licenses/by/4.0/


 

Ionic  conduction  mechanism  and  design  of  amorphous
Li2O–TaCl5 solid electrolytes

Jiajing Chen1, Jun Yang1, Yaoshu Xie1, Lu Jiang2 ✉, and Tingzheng Hou1 ✉

1  Institute of Materials Research (iMR), Tsinghua Shenzhen International Graduate School, Tsinghua University, Shenzhen 518055, China
2  Department of Materials Science and Engineering, City University of Hong Kong (Dongguan), Dongguan 523808, China

  Cite this article: Energy Mater. Devices 2026, 4(2): 9370097.    https://doi.org/10.26599/EMD.2026.9370097

ABSTRACT
Amorphous oxyhalides have emerged as promising solid-state electrolytes (SSEs) owing to their structural flexibility and
high  ionic  conductivity.  However,  the  origins  of  fast  Li+ transport  in  these  disordered  structures  remain  unclear.  Here,
atomistic simulations reveal the microscopic mechanisms governing Li+ diffusion in amorphous xLi2O–TaCl5 electrolytes.
We identified two synergistic structural factors that control ion transport: (i) a stable, interconnected oxygen-bridged frame-
work  of  Ta  polyhedra,  which  forms continuous  diffusion  pathways;  and  (ii)  reduced  Li–Cl  coordination,  which  alleviates
local confinement. Together, these features enhance the connectivity of the Li+ diffusion pathways and promote correlated
Li+ migration. To validate and further amplify these effects, F is substituted into the amorphous oxyhalide. The optimized
composition (LTOC-8%F) exhibits enhanced structural characteristics consistent with this mechanism, and a correspond-
ing  elevated  theoretical  room-temperature  ionic  conductivity  of  7.22  mS cm−1.  This  study  reveals  the  origins  of  fast  ion
transport in amorphous oxyhalide SSEs and establishes a mechanism-informed design strategy.
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 1    Introduction
All-solid-state batteries based on inorganic solid-state elec-
trolytes  (SSEs)  are  regarded  as  a  compelling  platform  for
meeting  the  increasing  demand  for  efficient  and  safe
energy  storage[1−4].  Among  the  widely  studied  crystalline
SSEs,  including  oxides,  halides,  and  sulfides,  the  ionic
conductivity of certain candidates is comparable to that of
liquid electrolytes, and many of these systems exhibit site-
occupancy  disorder[5].  As  a  representative  example,  crys-
talline  Li3Ta3O4Cl10 achieves  an  experimentally  reported
room-temperature  ionic  conductivity  of  13.7  mS  cm−1,
enabled  by  its  continuous  tetrahedron-to-tetrahedron  Li-
ion  migration  pathways[6].  Accordingly,  a  range  of
approaches has been developed for investigating ion trans-
port in crystalline SSEs, including geometric and topologi-
cal  analysis[7−10],  bond  valence–Ewald  methods[11,12],  Monte
Carlo simulations[13,14], effective medium modeling[15−17], and
machine  learning[18−20].  These  methods  provide  integrated
insights  into  ion  diffusion  from  the  structural,  energetic,
and  kinetic  perspectives[21].  For  example,  by  combining
kinetic Monte Carlo simulations with percolation analysis,
Shi et al.[13] proposed a method for calculating the effective
mobile  ion  concentration  and  revealed  its  quantitative
relationship  with  the  ionic  conductivity.  Nevertheless,
identifying  SSEs  that  simultaneously  combine  high  ionic

conductivity  with  chemical  and  thermal  stability,  favor-
able  chemical  compatibility,  and  good  processability
remains challenging.

In contrast to crystalline SSEs, amorphous systems lack
long-range  structural  order,  enabling  more  isotropic  ion
transport  and  providing  a  broader  distribution  of  migra-
tion  pathways,  which  can  help  reduce  migration  barriers
and  facilitate  ion  transport[22−24].  The  absence  of  grain
boundaries  further  suppresses  stress  accumulation during
repeated ion insertion and extraction and mitigates  inter-
facial  resistance,  contributing  to  improved  cycling
stability[4,23].  From a practical  standpoint,  amorphous SSEs
often  exhibit  favorable  chemo-mechanical  compatibility
and  processability,  enabling  intimate  contact  with  elec-
trode  materials  and,  in  some cases,  liquid-like  infiltration
behavior,  which  can  enhance  interfacial  stability[4,22,25].
Building on these considerations, Li–M–O–Cl (M = metal)
systems[26−28] with  mixed-anion  oxyhalide  frameworks
exhibit  outstanding  performance  when  carefully  synthe-
sized.  For  example,  Li–Al–O–Cl  SSEs  synthesized  via  a
hydrate-assisted  route  exhibit  a  high  Li+ conductivity  of
1.04 mS cm−1,  attributed to the relatively weak Li+ binding
affinity  of  Cl−,  facilitated  by  the  [AlaObClc](2b+c−3a)− polyan-
ions.  This  design  strategy  was  further  extended  to
Li–Al–Ta–O–Cl  SSEs,  achieving  an  ionic  conductivity  of
up to 5.03 mS cm−1[29]. However, the microscopic ion-diffu-
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sion mechanism, particularly how mixed anions synergis-
tically  regulate  the  local  coordination  environment  of  Li+

and  its  transport  behavior,  remains  poorly  understood,
hindering the effective rational design of amorphous SSEs.

Among  the  reported  systems,  xLi2O–TaCl5 amorphous
SSEs (where x represents the molar amount of Li2O in the
xLi2O–TaCl5 SSEs relative to one unit of TaCl5) are consid-
ered representative,  exhibiting  a  complex  structure–prop-
erty  relationship.  Experimental  studies  show a  nonmono-
tonic dependence of  the ionic conductivity on x,  with the
conductivity  first  increasing  and  then  decreasing  as x
increases,  reaching  a  maximum  of  approximately
6.6  mS  cm−1 at x =  1.6[30].  Elucidating  the  degree  of  local
structural disorder and the corresponding evolution of the
coordination  environments  with  varying x is,  therefore,
essential  for  revealing  the  origins  of  the  nonmonotonic
composition-dependent transport behavior.

Herein,  we  employ  atomistic  modeling  techniques  to
reveal  the  Li+ diffusion  pathways  and  underlying  mecha-
nisms governing ion transport in amorphous xLi2O–TaCl5
SSEs. The simulations reveal that, at the optimal composi-
tion, the primary structural framework is governed by the
formation  and  interconnection  of  oxygen-bridged  Ta
polyhedra, giving rise to continuous diffusion networks. In
parallel,  reduced  Li–Cl  coordination  and  rapid  coordina-
tion  exchange  of  Li–Cl  pairs  alleviate  local  confinement
and enhance  the  mobility  of  Li+.  Guided by  these  mecha-
nistic  insights,  a  F-doped  composition  (LTOC-8%F)  is
rationally  designed  to  further  enhance  the  diffusion
connectivity  and  transport  kinetics.  Thus  LTOC-8%F
achieves  a  theoretical  room-temperature  ionic  conductiv-
ity  of  7.22  mS  cm−1.  Overall,  this  study  provides  atomic-
level  insights  into  Li+ transport  in  amorphous  oxyhalide
SSEs  and  establishes  a  mechanism-guided,  closed-loop
design framework for high-performance SSEs.

 2    Methods
Theoretical  calculations  and  multiscale  modeling,  as
important  complements  to  experimental  studies,  have

been  widely  used  to  understand  ion-transport  mecha-
nisms and structure–property relationships in SSEs. Using
these  approaches,  atomistic  transport  processes  across
different  spatial  and  temporal  scales  can  be  elucidated,
providing  key  insights  into  microscopic  mechanisms  that
are  difficult  to  access  experimentally[31–33].  In  this  study,  a
computational  framework  combining  density  functional
theory (DFT), ab initio molecular dynamics (AIMD), and
machine-learning interatomic potential  (MLIP) is  used to
investigate  Li+ transport  in  amorphous systems.  Although
amorphous structures  are intrinsically  aperiodic,  they can
be effectively described within DFT using finite-size super-
cells  under  periodic  boundary  conditions,  because  their
short-range order governs their local structural and trans-
port properties[34–36].

 2.1    Workflow for amorphous modeling
Scheme  1 illustrates  the  computational  workflow  used  to
model  amorphous  xLi2O–TaCl5 systems.  Four  composi-
tions (x = 1.0, 1.2, 1.6, and 1.9) were selected, and for each,
500  random  Li–Ta–O–Cl  atomic  configurations  were
generated  using  Packmol[37].  In  each  composition,  the
number of Ta and Cl atoms was fixed at 10 and 50, respec-
tively,  leading  to  respective  total  atom  counts  of  90,  96,
108,  and  117  for  the  four  systems.  The  energies  of  all
candidate  structures  were  then  evaluated  using  the  MLIP
SevenNet[38],  and  the  lowest-energy  configuration  was
selected as the initial structure for amorphization to ensure
robust  convergence,  given  that  excessively  high-energy
starting  configurations  can  hinder  the  amorphization
process.  To  generate  an  amorphous  configuration,  the
selected structure was subsequently subjected to an AIMD
melt–quench process[22], which involved melting at 2000 K
for 20 ps and then rapidly quenching to 300 K over 20 ps.
The resulting amorphous structure was further optimized
using  DFT  to  ensure  structural  stability.  Finally,  AIMD
simulations were conducted at temperatures of 500–900 K
for  200  ps  to  probe  the  Li+-transport  behavior  and  diffu-
sion characteristics.
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Scheme 1    Schematic of computational workflow used for amorphous modeling and Li+-transport analysis in xLi2O–TaCl5 SSEs.
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 2.2    Density functional theory calculations
All DFT calculations were performed using the Vienna Ab
initio  Simulation  Package  (VASP,  version  6.5.0)[39].  The
projector-augmented  wave  (PAW)[40] method  was
employed,  together  with  the  Perdew–Burke–Ernzerhof
exchange–correlation  functional,  within  the  generalized
gradient  approximation  (GGA)[41].  A  plane-wave  cutoff
energy of 520 eV was used. A 2 × 2 × 2 Monkhorst–Pack[42]

k-point  mesh  was  employed  for  Brillouin  zone  sampling.
Structural  optimizations  were  fully  relaxed  by  allowing
changes in the ion positions,  cell  shape,  and volume until
the  total  energy  and  atomic  forces  converged  to  within
10−5 eV  and  0.02  eV  Å−1,  respectively.  The  relaxed  struc-
tures were visualized using VESTA (version 3.90.0a)[43].

 2.3    Ab Initio molecular dynamics simulations
AIMD simulations based on DFT were conducted using a
Γ-centered 1 × 1 × 1 k-point mesh. A time-step of 2 fs was
used. For the amorphization process and estimation of the
Li+ diffusion,  simulations  were  performed  in  the  NVT
ensemble,  regulated  by  the  Nosé–Hoover  thermostat[44].
Periodic  boundary  conditions  were  applied  in  all  three
spatial directions. The ionic diffusivity and corresponding
ionic  conductivity  were  computed  using  the  pymatgen-
analysis-diffusion package[45,46].

 3    Results and discussion
Figure  1 presents  the  structural  characteristics  and  Li+-
transport  properties  derived  from  AIMD  simulations  of
the amorphous xLi2O–TaCl5 systems. Figure 1a illustrates
representative  disordered  networks  comprising  multi-
coordinated Ta-centered polyhedra constituting O and Cl,
including  isolated  units  as  well  as  dimers  or  trimers
connected through corner- or edge-sharing oxygen atoms.
Li+ ions  are  distributed  around  these  polyhedral  units,
forming  the  local  coordination  environment.  The  simu-
lated  X-ray  diffraction  (XRD)  patterns  of  the  obtained
structures  exhibit  broad  features  centered  at  15°–30°
rather  than  sharp  diffraction  peaks,  indicating  the  amor-
phous  nature  of  the  models.  Notably,  owing  to  the  finite
size  of  the  computational  model,  deviations  from  the
experimental XRD patterns are expected[47,48]. Nevertheless,
the  simulated  diffraction  features  clearly  deviate  from
those  of  crystalline  structures. Figure  1c presents  the
Arrhenius  plots  of  the  AIMD-derived  diffusivities,  from
which the extrapolated ionic conductivities and activation
energies at 300 K are obtained (Fig. 1d and Table S1 in the
Electronic  Supplementary  Materials  [ESM]).  The  calcu-
lated ionic  conductivity  exhibits  a  volcano-shaped depen-
dence  on  the  composition,  reaching  a  maximum  at
1.6Li2O–TaCl5,  consistent  with  the  experimental  trends.
This agreement further validates the reliability of the simu-
lations.  At  the  structural  level,  the  coordination  numbers
(CNs) and bond lengths of Ta–O and Ta–Cl in the present
simulations  closely  reproduce  the  experimental  data
(Tables  S2  and  S3  in  the  ESM),  further  validating  the
simulated structures. To assess the robustness of the diffu-
sion  analysis,  the  mean-square  displacement  (MSD)
profiles  derived  from  AIMD  simulations  are  shown  in
Fig. S1 in the ESM. The MSD increases linearly with time
for  all  compositions,  indicating  well-sampled  diffusive

regimes and sufficient simulation timescales for capturing
intrinsic  Li+ transport.  As  the  temperature  increases,  the
MSD  curves  shift  upward,  reflecting  thermally  activated
enhancement  of  the  ionic  mobility.  Moreover,  the  MSD
profiles  of  1.6Li2O–TaCl5 are  nearly  identical  along  the
three  lattice  directions  (Fig.  S2  in  the  ESM),  confirming
the isotropic diffusion characteristic of amorphous materi-
als, and supporting the formation of three-dimensional Li+-
transport pathways[49].

To  gain  microscopic  insight  into  Li+ migration,  the
insets  in Fig.  1d display  the  probability  density  distribu-
tions of Li (blue isosurfaces). The 1.6Li2O–TaCl5 composi-
tion  exhibits  the  most  continuous  and  highly  intercon-
nected diffusion network, which directly correlates with its
highest  ionic  conductivity  and  lowest  activation  energy.
This  indicates  a  lower  migration  barrier  and  greater
connectivity  of  the  diffusion  pathways,  facilitating  long-
range Li+ migration[2]. The 1.2Li2O–TaCl5 system possesses
qualitatively similar but less continuous pathways, whereas
the  fragmented  and  spatially  confined  diffusion  channels
in  the  1.0  and  1.9  compositions  hinder  long-range  Li+

diffusion.  This  evolution  of  the  network  connectivity  is
consistent  with  the  observed  composition-dependent  ion
transport.  Further  quantitative  insights  into  the  evolution
of  microscopic  diffusion  are  provided  by  the  van  Hove
correlation  functions[50] (Fig.  1e and  Fig.  S3  in  the  ESM),
including both the self and distinct parts, for the 1.0Li2O–
TaCl5 (lowest  ionic  conductivity)  and  1.6Li2O–TaCl5
systems over the first 50 ps of the trajectory. Here, the self-
part  describes the probability distribution of  the displace-
ment of individual Li+ ions over time, reflecting single-ion
mobility. In contrast, the distinct part captures the relative
positions  of  different  Li+ ions,  providing  insight  into  the
correlated  ion  motion  and  collective  transport  behavior,
which are closely related to the formation of efficient diffu-
sion pathways[34,45,50].  More detailed definitions and mathe-
matical  formulations  are  provided  in  the  Computational
Details  section  in  the  ESM.  The  white  arrows  mark  the
onset of the correlated motion. As shown in Fig. S3a in the
ESM,  Li+ self-diffusion  in  1.0Li2O–TaCl5 is  weak,  with
displacements  largely  confined  within  ~4  Å,  indicating
that  ion  transport  is  dominated  by  localized  hopping.
Consistently,  the  distinct  part  (Fig.  S3b  in  the  ESM)
exhibits  weak  and  discontinuous  signals,  confirming  the
absence  of  sustained  collective  motion.  In  contrast,
1.6Li2O–TaCl5 displays  pronounced  and  persistent  corre-
lated  diffusion,  which  emerges  at  the  early  stage  of  the
trajectory,  indicating  continuous  Li+ migration  (Fig.  1e).
Correlated migration can induce the simultaneous motion
of multiple ions, effectively lowering the migration barrier
and enhancing the connectivity of the diffusion pathways,
thereby  further  improving  the  overall  diffusion
efficiency[13,51,52].  Extended-time  van  Hove  analyses  of
1.6Li2O–TaCl5 at  500  K  and  600  K  (Fig.  S4  in  the  ESM)
further  show  that  cooperative  diffusion  persists  over  the
entire 200 ps timescale, where the self and distinct contri-
butions  both  become  stronger  as  the  temperature
increases.  Collectively,  these  results  demonstrate  that
1.6Li2O–TaCl5 provides  the  most  favorable  environment
for  Li+ migration,  consistent  with  its  superior  transport
performance.

The  above  AIMD  simulations  provide  reliable  descrip-
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tions  of  the  local  structures  and  diffusion  behavior.  To
further  elucidate  the  microscopic  structural  factors
governing Li+ transport and capture the statistical variabil-
ity,  additional  MD  simulations  were  performed  using
SevenNet  MLIP  to  efficiently  sample  a  broader  ensemble
of  amorphous  configurations[53,54].  For  each  composition,

five  independent  amorphous  structures  were  generated
following the same workflow and parameters described in
Scheme  1. Figure  2 illustrates  the  role  of  the  Ta–O–Ta
bridging  framework  in  governing  Li+ transport  in  amor-
phous  xLi2O–TaCl5 SSEs.  As  shown in Fig.  2a,  increasing
the Li2O content markedly alters the connectivity between
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Figure 1    Structural models and Li+ transport properties derived from AIMD simulations of amorphous xLi2O–TaCl5 SSEs. (a) Atomic
configurations of amorphous SSEs. (b) Simulated XRD patterns for four compositions, confirming accurate reproduction of the amor-
phous  features.  (c)  Arrhenius  plots  of  diffusivity,  derived  from  MSD  data.  (d)  Ionic  conductivity  and  activation  energy  at  300  K,
obtained from Arrhenius fitting. (e) Distinct part of van Hove correlation function over the first 50 ps for amorphous 1.6Li2O–TaCl5 SSE
at 500 K; white arrow indicates the onset of correlated diffusion.
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the  Ta-centered  polyhedra.  Specifically,  the  bridging
species  evolve  from  predominantly  Cl-mediated  linkages
to  O-mediated  connections,  progressively  forming  a
network of Ta–O–Ta polyhedra. The statistical analysis in
Fig. 2b confirms this trend, where the fraction of bridging
O atoms reaches a maximum at x = 1.6, corresponding to
the most developed Ta–O–Ta polyhedral framework.

This structural evolution substantially modifies the local
coordination  environment  of  Li+.  As  shown  in Fig.  2c,  as

more  oxygen  atoms  participate  in  Ta–O–Ta  bridging,
fewer O atoms directly coordinate with Li, thereby reduc-
ing  the  strong  Li–O  coordination  and  alleviating  local
confinement.  Consistently,  the  Li–O  radial  distribution
functions  (RDFs)  in Fig.  2d reveal  that  both  the  first  and
second  coordination  shells  shift  to  larger  distances  in
1.6Li2O–TaCl5,  accompanied by larger full-widths-at-half-
maximum  (FWHMs)  (Fig.  S5  and  Table  S4  in  the  ESM).
These  features  indicate  a  more  spatially  dispersed  oxygen
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Figure 2    Role of Ta–O–Ta bridging framework in regulating Li+ migration pathways in amorphous xLi2O–TaCl5 SSEs. (a) Representa-
tive local structures obtained from MLIP-MD simulations, illustrating connectivity of Ta polyhedra. (b) Fraction of bridging O and Cl
atoms  between  Ta  polyhedra.  (c)  Distribution  of  Li–O CNs,  with  horizontal  lines  indicating  the  mean  values.  (d)  Radial  distribution
functions of Li–O pairs at 500 K. (e) Migration barrier and percolation radius.
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distribution  around  Li+,  reflecting  a  more  relaxed  local
environment  and  weaker  Li–O  interactions[55].  Conse-
quently,  the  formation  of  the  Ta–O–Ta  bridging  frame-
work  facilitates  Li+ transport,  as  further  supported  by  the
reduced  migration  barrier  and  increased  percolation
radius[56] shown  in Fig.  2e.  As  the  Ta–O–Ta  bridging
framework  develops,  the  Li+ migration  barrier  decreases
markedly,  as  estimated  using  the  soft  bond  valence
method[57,58],  indicating  more  favorable  conditions  for  ion
transport.  Meanwhile,  the  percolation  radius  reaches  a
maximum at x =  1.6,  corresponding  to  the  largest  bottle-
neck  size  accessible  to  Li+ within  the  three-dimensional
network.  This  observation  also  indicates  that  the x =  1.6
composition  is  the  most  favorable  for  forming  migration
channels.  Together,  these  results  demonstrate  that  the
Ta–O–Ta  bridging  framework  reduces  the  migration
barrier  and  broadens  the  accessible  diffusion  channels,
thereby facilitating long-range Li+ diffusion.

Building on the Ta–O–Ta framework established by O,

Fig.  3 shows  the  role  of  Cl  and  Li–Cl  coordination  in
governing  Li+ transport  in  xLi2O–TaCl5. Figure  3a
schematically  illustrates  how  Li–Cl  interactions  influence
the mobility of Li+. As the Li–Cl distance increases and the
CN  decreases,  Li+ becomes  less  constrained  by  the  Cl-
dominated  local  environment  and  migrates  more  readily.
Figure  3b presents  the  Li–Cl  RDFs  obtained  from  the
MLIP-MD  simulations  at  500  K.  In  1.6Li2O–TaCl5,  the
first  Li–Cl  peak  shifts  slightly  to  larger  distances,  with  a
larger FWHM (Table S5 and Fig. S6 in the ESM), indicat-
ing  a  more  spatially  dispersed  coordination  environment
and reduced Li–Cl coordination[59]. In contrast, for the 1.0
and 1.9 compositions, the peaks occur at shorter distances
with narrower distributions, reflecting stronger local bind-
ing  and  tighter  confinement  of  Li+.  The  CN  statistics  in
Fig.  3c further  support  this  trend,  where  Li+ in  the  1.6
composition  is  coordinated  by  the  fewest  neighboring  Cl
atoms,  confirming  a  less  constrained  Li–Cl  environment.
Analysis of the Li–Cl residence time (Fig. 3d), which char-
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acterizes  the temporal  stability  of  Li–Cl coordination,  i.e.,
the  characteristic  timescale  over  which  Li  and  Cl  remain
associated,  provides  additional  insight  into  the  dynamic
behavior[60,61].  The  residence  time  is  the  shortest  for
1.6Li2O–TaCl5,  indicating  more  frequent  association  and
dissociation of  the Li–Cl pairs  and reduced persistence of
local coordination. The same trend is reproduced in higher-
accuracy AIMD simulations (Fig. S7 in the ESM), confirm-
ing the frequent coordination exchange observed via MLIP-
MD. Together,  these results demonstrate that Li–Cl coor-
dination in 1.6Li2O–TaCl5 is spatially reduced and tempo-
rally less persistent,  enabling Li+ to escape local  coordina-
tion  environments  more  readily  and  access  extended
migration pathways.

Guided  by  the  identified  roles  of  the  Ta–O–Ta  frame-
work  and  Li–Cl  coordination,  to  systematically  modulate
the local structural and chemical environment, a series of F-
doped  amorphous  SSEs  with  different  doping  concentra-
tions  (6%,  8%,  and  10%)  was  constructed  by  partially
substituting Cl with F. The samples are denoted as LTOC-
6%,  LTOC-8%,  and  LTOC-10%,  respectively[62,63].  On  one
hand,  the  partial  substitution  of  Cl  reduces  its  involve-
ment in polyhedral bridging, favoring oxygen bridging and
the  formation  of  a  more  continuous  oxygen-bridged  Ta
polyhedra  framework.  On  the  other  hand,  this  structural
modulation weakens the Li–Cl interactions and promotes
Li+ migration.  Previous  studies  have  shown that  excessive
F  incorporation  (>10%)  strengthens  local  Li–F  interac-
tions  and  reduces  the  ionic  conductivity[64].  Therefore,
herein,  the  concentration  range  is  limited  to  a  moderate
regime.  As  shown  in Fig.  4a,  in  LTOC-8%F,  the  well-
connected  Ta–O–Ta network  composed  of  Ta  polyhedral
dimers  and  tetramers  linked  via  corner-sharing  oxygen
atoms  is  preserved.  The  incorporated  F  atoms  do  not
directly  participate  in  polyhedra  bridging  but  instead
suppress  competing  Cl  bridging.  Thus,  oxygen  bridging
becomes  dominant,  where  the  fraction  of  bridging  O
atoms increases  from 80% in pristine 1.6Li2O–TaCl5 (Fig.
S8  in  the  ESM)  to  100%  in  LTOC-8%F.  This  optimized
Ta–O–Ta  framework  promotes  the  formation  of  more
continuous Li+ migration pathways, as evidenced by the Li
probability  density  distribution  in Fig.  4b,  which  reveals
three-dimensionally  interconnected  diffusion  pathways
with  extended spatial  distribution around the  framework.
In  contrast,  as  shown  in  Fig.  S9  in  the  ESM,  LTOC-6%F
and  LTOC-10%F  still  retain  a  relatively  high  fraction  of
bridging Cl atoms, and their Li+ probability density distri-
butions  appear  less  continuous.  This  suggests  that  both
lower  and  higher  F  concentrations  limit  optimization  of
the continuous Ta–O–Ta framework, resulting in a subop-
timal  ion-transport  network.  Moreover,  as  shown  in
Fig.  4c and Fig.  S10a in the ESM, compared with pristine
1.6Li2O–TaCl5 and  other  F-doped  systems,  LTOC-8%F
has a lower migration barrier and larger percolation radius
than pristine 1.6Li2O–TaCl5, confirming that the enhanced
Ta–O–Ta  network  facilitates  Li+ transport.  Accordingly,
8% F doping provides the most favorable structural conti-
nuity and connectivity of the Li+ migration pathways. The
Li–Cl  coordination  was  further  analyzed,  as  shown  in
Fig. 4d. The CN of Li–Cl and the residence times decrease
after F substitution, indicating reduced Li–Cl interactions.
Meanwhile,  the  CN  of  Li–F  in  LTOC-8%F  (Fig.  S10b  in

the  ESM)  remains  close  to  zero,  whereas  that  in  LTOC-
10%F  increases  significantly,  indicating  that  excessive  F
incorporation  induces  stronger  Li–F  interactions  and
consequently hinders Li+ transport.

On  this  basis,  Li+ transport  in  all  F-doped  systems  was
evaluated  using  the  same  AIMD  simulation  protocol  as
applied to 1.6Li2O–TaCl5. As shown by the Arrhenius rela-
tionship  in Fig.  4e and Fig.  S10c  in  the  ESM,  LTOC-8%F
exhibits faster Li+ diffusion over a wide temperature range.
Extrapolation  to  room  temperature  yields  a  theoretical
ionic  conductivity  of  7.22  mS  cm−1,  with  a  corresponding
activation  energy  of  0.24  eV for  LTOC-8%F.  In  compari-
son,  the  extrapolated  ionic  conductivity  is  5.72  mS  cm−1

for  1.6Li2O–TaCl5,  whereas  lower  values  of  4.25  and
2.51  mS  cm−1 are  obtained  for  LTOC-6%F  and  LTOC-
10%F,  respectively.  Therefore,  LTOC-8%F  exhibits  the
highest AIMD-based ionic conductivity among the investi-
gated  systems.  Notably,  the  calculated  ionic  conductivity
of  LTOC-10%F  is  consistent  with  previously  reported
experimental  values  (~2.3  mS  cm−1)  for  structurally  simi-
lar  Li–Ta–O–Cl–F systems[64],  supporting  the  reliability  of
the  present  simulations.  Consistently,  analysis  of  the
distinct  part  of  the  van  Hove  correlation  function  (Fig.
S11)  reveals  more  pronounced  correlated  diffusion  in
LTOC-8%F, with a higher correlation intensity than in the
undoped  system  (Fig.  1e).  The  thermodynamic  electro-
chemical stability window of LTOC-8%F (Fig. 4f) was also
evaluated using Li grand potential phase diagrams in equi-
librium  with  a  Li  reservoir[65–72].  The  calculated  electro-
chemical  window  spans  2.19–4.14  V,  indicating  compati-
bility  with  high-voltage  cathode  materials  and  reduced
susceptibility to parasitic reactions under practical battery
operating  conditions.  For  comparison,  the  undoped
system exhibits an experimentally reported oxidation limit
of  approximately  4  V[30,64].  Overall,  the  framework  of
oxygen-bridged Ta polyhedra is  preserved in LTOC-8%F,
and  the  local  coordination  environment  is  modulated  to
further  reduce  the  Li–Cl  interactions,  thereby  enhancing
the  connectivity  of  the  diffusion  pathways,  as  well  as  the
kinetics of Li+ transport.

 4    Conclusion
In  summary,  atomic-scale  simulations  were  performed to
elucidate  the  mechanisms  of  Li+ transport  in  amorphous
xLi2O–TaCl5 SSEs.  Detailed structural  analysis  shows that
the  formation  of  extended  O-bridged  Ta  polyhedra
networks  generates  continuous  diffusion  pathways  with
enlarged  bottlenecks,  thereby  lowering  the  migration
barriers.  In  parallel,  the  reduced  Li–Cl  coordination  and
highly  dynamic  Li–Cl  environments  alleviate  local
confinement and facilitate Li+ transport. Building on these
mechanistic  insights,  targeted  F  incorporation  was
explored  as  a  modification  strategy.  Moderate  F  doping
(8%)  preserves  the  oxygen-bridged  Ta  polyhedral  frame-
work while reducing Li–Cl interactions without introduc-
ing  significant  Li–F  coordination.  This  enhances  the
connectivity  of  the  diffusion  pathways,  promotes  corre-
lated diffusion, and further improves Li+ transport relative
to  that  in  the  undoped  counterpart.  Overall,  this  study
establishes  a  mechanism-guided,  closed-loop  design
framework  for  amorphous  oxyhalide  SSEs.  Fast  and  effi-
cient  Li+ transport  is  enabled  by  constructing  intercon-
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nected  O–M  polyhedral  networks  and  reducing  Li–halo-
gen  coordination,  which  collectively  give  rise  to  a  corre-
lated  ion  diffusion  mechanism.  These  atomistic  insights
into  the  structure–transport  relationships  can  be  further
integrated into workflow-based and data-driven materials
design  frameworks[73],  enabling  high-throughput  explo-

ration and rational optimization of amorphous solid elec-
trolytes.
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phous  structure  of  LTOC-8%F,  highlighting  the  fully  oxygen-bridged  Ta–O  polyhedral  framework  formed  after  F  incorporation.  (b)
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