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a 3D Li-ion transport framework†

Yi-Xuan Li,‡ Li-Ping Cui,‡ Shu Zhang, ‡ Peng-Fei Sun, Cheng-Dong Fang,
Yu-Hang Zhang, Liu-Bin Feng and Jia-Jia Chen *

Rare earth metal-based halide solid electrolytes (HSEs) are among the most promising electrolyte candi-

dates for novel solid-state batteries. However, reducing the content of rare earth metals while still retain-

ing high Li-ion conductivity remains a great challenge. In this work, we report a class of Al-substituted

halide solid electrolytes, Li3AlxY1−xCl6, and explore the impact of Al substitution content on the halide

structure and lithium-ion transport. Interestingly, Li3Al0.7Y0.3Cl6 exhibits a high ionic conductivity of 1.05 ×

10−4 S cm−1 with a high Al substitution ratio of 70% even at 25 °C. Bond valence site energy (BVSE) ana-

lysis reveals that the disorderly substitution of a higher proportion of smaller atomic radius Al elements

into the structure potentially opens 3D migration pathways and reduces the energy barrier for lithium ion

migration, thereby enhancing Li ion conductivity. As a result, the as-prepared Li3AlxY1−xCl6 demonstrated

a stable operation of Li electrochemical stripping and plating at 100 μA cm−2 over 2500 h.

Broader context
Solid-state batteries, which utilize solid electrolytes instead of traditional liquid electrolytes, significantly enhance battery safety and stability. As a core com-
ponent of solid-state batteries, the properties of the solid electrolyte directly determine the overall performance of the battery. Rare earth metal-based halide
solid electrolytes (HSEs) are among the most promising electrolyte candidates for novel solid-state batteries. However, reducing the content of rare earth
metals while retaining high Li-ion conductivity and anode interface stability remains key to driving their widespread application. The preparation of substi-
tuted HSEs using aluminum, an element with high abundance, can significantly reduce production costs. Aluminum doping modifies the crystal structure of
the electrolyte, thereby influencing its electrochemical performance. Both theoretical calculations and experimental results indicate that the disorderly substi-
tution of smaller-radius aluminum atoms in higher proportions may open three-dimensional migration channels, reducing the energy barrier for lithium-ion
migration and thereby enhancing lithium-ion conductivity. This approach offers a new strategy for designing stable, low-cost halide solid electrolytes.

Introduction

All-solid-state batteries (ASSB) have the advantages of higher
safety and energy density, longer life and better design flexi-
bility compared with traditional lithium batteries with liquid
organic electrolytes.1 Solid-state electrolytes (SSEs) play a
crucial role in the overall performance of all-solid-state
batteries.2–4 Current research focuses on exploring various

solid electrolyte materials, including oxides (Li7La3Zr2O12,
Li1.5Al0.5Ge1.5(PO4)3, and La0.56Li0.33TiO3), sulfides
(Li10GeP2S12, Li6PS5Cl, and Li7SnP2S12), and organic polymers
(polyethylene oxide and polyvinylidene fluoride).5–11 Recently,
emerging halide solid electrolytes have garnered significant
research interest. Most of the halide solid electrolytes based
on rare earth elements exhibit high ionic conductivity, broad
electrochemical stability windows and notable flexibility.12,13

However, the high costs, along with the interfacial side reac-
tions occurring between these materials and lithium metal
anodes, have constrained the development of this category of
SSEs.14–18

Janek et al. first found that halides Li3InCl6 and Li3YCl6
further react with metallic Li, undergoing decomposition into
LiCl and the corresponding rare earth metals, ultimately
leading to the collapse of the SSE structure.19 Thus, several
strategies based on in situ/ex situ interfacial layer modifications
have been proposed to stabilize the operation of halide solid-
state batteries. For instance, Asano et al. first utilized a Li–In
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alloy as an anode to mitigate reactions with the halides.20 Sun
et al. designed a Li6PS5Cl transition layer between the halide
and lithium metal, creating a continuous lithium ion pathway
through the sulfide interfacial reaction, enabling the
assembled lithium symmetric cell to achieve a stable cycle life
of over 500 hours.21 In addition, Sun’s team designed and
developed a series of novel substituted mixed metal halides
and thoroughly investigated their structural evolution among
different types of halide solid state electrolytes.22 On the other
hand, to reduce the cost of solid electrolytes, Ma et al. have
developed a non-rare earth halide, Li2ZrCl6, which achieves an
ionic conductivity of 10−4 S cm−1 at room temperature. This
substitution strategy provides a viable design pathway for low-
ering the cost of halide electrolytes.23

However, it is still a challenge to directly modify the struc-
ture of halide solid electrolytes to tune the pathways for
lithium-ion transport, especially with the substitution of abun-
dant elements. In this work, we first report a chloride-based in-
organic solid electrolyte substituted with aluminium (Al),
Li3AlxY1−xCl6 (0 ≤ x ≤ 1), which exhibits an ionic conductivity
of 1.05 × 10−4 S cm−1 under ambient conditions with a high Al
substitution ratio of 70%. Theoretical calculations were
employed to elucidate the influence of structural changes on
the lithium-ion transport pathways. Moreover, the as-prepared
Li3AlxY1−xCl6 demonstrated a stable operation of Li electro-
chemical stripping and plating at 100 μA cm−2 for 2500 h.

Results and discussion
Structural characterization of the halide solid state electrolyte
Li3AlxY1−xCl6

Aluminum, a highly abundant metal element in the Earth’s
crust, is much cheaper than rare-earth halides (Fig. 1a). For
instance, the cost of AlCl3 is less than 20 USD per kg, which is
only 2.7% of that of YCl3 and 1.4% of that of InCl3. Thus, the
introduction of aluminum can significantly alleviate the cost
issues associated with halide solid electrolytes.24–26

Meanwhile, the use of aluminium helps to minimise reliance
on scarce and expensive rare earth elements, making this type
of solid-state electrolyte more viable for large-scale appli-
cations. To this end, halide solid electrolytes Li3AlxY1−xCl6
(LAYC) with different Al3+/Y3+ molar ratios are prepared using
high-speed ball milling (Fig. S1†). The molded LAYC pellets
are analyzed using scanning electron microscopy (SEM) and
energy-dispersive spectroscopy (EDS) elemental mapping
(Fig. 1b). The images showed that the LAYC surface was
smooth, with uniform particle size and a homogeneous distri-
bution of Y, Al, and Li elements.

To determine the crystal structure of the electrolytes, X-ray
diffraction (XRD) analysis was performed on Li3AlxY1−xCl6 elec-
trolytes with different Al3+/Y3+ contents (Fig. 2). The XRD diffr-
action patterns show that the characteristic peaks of
Li3AlxY1−xCl6 samples containing Al3+ substitutions are signifi-
cantly different from those of Li3YCl6 and LiAlCl4, indicating
that the introduction of Al induces a transformation of the

lattice structure. The structural tuning resulting from adjusting
the Al3+/Y3+ ratio in Li3AlxY1−xCl6 (0 < x < 1) is shown in
Fig. S2a.† Li3YCl6 exhibits a trigonal system with the space
group P3m1 and a densely packed hexagonal close-packed
(hcp) arrangement of anions.11,16 When substituted with Al,
the XRD patterns of LAYC transform into the monoclinic
system with the space group C2/m (the previously reported
Li3InCl6 standard pattern, ICSD no. 04-009-9027) and a cubic
close-packed (ccp) arrangement of anions (Fig. S2b†).27

Commonly, the crystallographic structure of metal halide
superionic conductors is characterized by the formula Li3MX6,
where M denotes a trivalent rare earth metal and X represents
a halogen. The doping of the M element within the lattice
leads to vacancy creation, and the resultant structure is influ-
enced by factors such as the ionic radii of cations and anions,
the polarity, and the modes of ionic packing. Accordingly,
based on the laws of ionic packing, the changes in the crystal
structure upon the introduction of Al atoms can be explained
by the ratio of the radii of cations to anions (Fig. 3a). The

Fig. 1 (a) The cost of solid electrolyte raw materials and the abundance
map of crustal metal elements. (b) SEM image and EDS elemental
mapping of Li3AlxY1−xCl6 for Y, Al, and Li.
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extrapolated results show that the doping of Al atoms adjusts
the occupation of cations in Li3YCl6, which in turn changes
the way the atoms stack in the structure. Even a high Al substi-
tution of Li3AlxY1−xCl6 does not exhibit a structural correlation
with LiAlCl4 in the P21/c space group. This lattice structure
transformation should be due to the influence of the ionic
radius on the structural transition, which can be analyzed by
using the “cation polarization factor” (Fig. 3b and
Table S1†).22 It is suggested that this crystal structure tran-
sition is regulated by the metal ionic radii (the average of the
ionic radii of multiple metals present). The difference in

atomic radii between the dopant and the atoms in the original
material induces changes in lattice parameters, leading to
lattice distortions and alterations in stacking density and
arrangement.28 Furthermore, variations in the electron cloud
density between the dopant and the original material atoms
affect the interatomic forces, lowering the kinetic barriers for
structural transformation, thereby facilitating the transition of
the crystal structure towards a thermodynamically stable
state.29 It has been shown that there is a complex correlation
between the composition and structure of a material and that
changes in this structure may also affect the electrochemical
properties of the material.

Al doping ratio regulates the Li+ migration barrier within
Li3AlxY1−xCl6

The ion conductivity and activation energy of LAYC solid elec-
trolytes are also significantly influenced by the Al substitution
content (Fig. 4 and S3†). Specifically, Li3Al0.7Y0.3Cl6 exhibited
the highest ion conductivity of 1.05 × 10−4 S cm−1 at 25 °C,
which is two orders of magnitude higher than that of
Li3Al0.1Y0.9Cl6 (Fig. 4a). The activation energy of LAYC calcu-
lated using Arrhenius plots is in the range of 0.277 – 0.363 e V
(Fig. 4b). Additionally, when Al3+/Y3+ = 0.7, the electrolyte
showed a relatively low activation energy of 0.303 eV. This is
competitive with those of most of the reported halide and
oxide solid electrolytes,30 indicating the emergence of a low Li
ion migration energy barrier. However, it is noteworthy that a
higher Al substitution of Li3Al0.9Y0.1Cl6 exhibited a decreased
ion conductivity compared to Li3Al0.7Y0.3Cl6. This is reason-
able, as a high Al content will brings the structure close to
LiAlCl4, which exhibits a low Li-ion conductivity of 1.2 × 10−6

at room temperature.31

Fig. 2 XRD pattern characterization of LAYC electrolytes.

Fig. 3 (a) Ionic radius rule of representative hcp-T and ccp-M type LiaMXb halides. (b) Cationic polarization factor of LAYC electrolytes.
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Based on structural analysis, there are two migration direc-
tions for Li ions in Li3AlxY1−xCl6: two-dimensional (2D) migration
along the a–b plane and three-dimensional (3D) migration
between a–b planes (Fig. 4c and d). The sites of Li, Al3+/Y3+, and
vacancies are in a ratio of 3 : 1 : 2 within this distorted rock-salt

structure (Fig. S4–7†). These inherent vacancies in principle con-
tribute to the ion conductivity of the solid electrolyte via 3D
migration between a–b planes.32,33 As illustrated in Fig. 4c and d,
BVSE calculations reveal that Li2–i1–Li1 and Li1–i1–Li1 (Paths 1
and 2) within the a–b plane are the most favourable 2D migration

Fig. 4 (a) Arrhenius plots of LAYC and (b) plots of ionic conductivity at 25 °C and activation energy of LAYC. BVSE theoretical calculation of lithium-
ion transport via two- and three-dimensional migration pathways and the related migration energy barrier in (c) Li3Al0.3Y0.7Cl6 and (d) Li3Al0.7Y0.3Cl6.
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pathways. Intermediate 1 (i1), located directly beneath the Y
atom, serves as a necessary intermediate site for Li ions
migrating between Li2 and Li1 sites. BVSE results indicate that
the migration energy barrier for Li ions along the a–b plane is
slightly higher in Li3Al0.3Y0.7Cl6 compared to that in
Li3Al0.7Y0.3Cl6. This is attributed to the larger atomic radius of Y,
which inhibits the transport of Li ions to the i1 site. Indeed, a
higher content of Y3+ will affect the migration of Li ions between
Li2 and Li1 sites.

The 3D migration of Li ions between the a–b planes
requires the intermediate 2 (i2) site, located directly beneath

the Al atom, forming an effective 3D network through i2–i2
chain migration (Path 3). To achieve this, Li ions in
Li3AlxY1−xCl6 must first reach the i2 site. In Li3Al0.3Y0.7Cl6, Li
ions directly migrate from the Li1 site to the i2 site (Path 3 in
Fig. 4c). In contrast, Li3Al0.7Y0.3Cl6 requires a slightly higher
energy barrier for migration from the Li1 site through the i1
site to the i2 site (Path 3 in Fig. 4d). This is attributed to a
higher Al content, which increases spatial hindrance for Li
ions migrating to the i2 site within the a–b plane. However,
this also increases the likelihood of vacancy formation around
the Al sites in the Al3+/Y3+ atomic layer, significantly reducing

Fig. 5 XPS spectra of (a) Li 1s, (b) Al 2p and (c) Y 3d in the interfacial reaction layer. (d) 2D diagram and 3D distribution of Li–Al alloy in the interfacial
reaction layer obtained by TOF-SIMS. (e) Scheme of the interfacial reaction mechanism of the Li|Li3Al0.7Y0.3Cl6|Li symmetric battery. (f ) The electro-
chemical Li stripping and plating investigations of the Li|Li3Al0.7Y0.3Cl6|Li symmetric cell with a current density of 0.1 mA cm−2 at 25 °C (the inset
shows stripping and plating curves from 998 to 1002 cycles).
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the 3D migration barrier to 1.53 eV (Path 3 in Fig. 4d), com-
pared to 2.28 eV for Li3Al0.3Y0.7Cl6 (Path 3 in Fig. 4c).
Moreover, it is noteworthy that excessively high aluminium
doping is not conducive to improving conductivity. In
Li3Al0.9Y0.1Cl6, a significant decline in conductivity was
observed, which can be attributed to the oversaturation of Al
doping, leading to the change of the chemical composition
and crystal orientation within the material. This results in the
presence of a large amount of excess LiCl phase. This obser-
vation aligns with the sharp increase in XRD peak intensity for
the Li3Al0.9Y0.1Cl6 material in Fig. 2. As a result, the substi-
tution of Al at an appropriate ratio could potentially open 3D
migration pathways for lithium ions, thereby enhancing ion
conductivity.

Interfacial stability assessment of Li|Li3Al0.7Y0.3Cl6|Li sym-
metric batteries

As we have known, halide electrolytes have poor compatibility
with metallic Li, because of their high chemical reactivity,
intense interfacial reactions, and poor electrolyte stability.34

The interface stability of Li3Al0.7Y0.3Cl6 with metallic Li during
electrochemical stripping and plating was further studied in
detail. X-ray photoelectron spectroscopy (XPS) characterization
of the interface after cycling was performed. The Li 1s spec-
trum shows prominent characteristic peaks of the Li–Al alloy
(55.4 eV) and Li+ in LAYC (Fig. 5a). The Al 2p spectrum also
exhibits significant characteristic peaks of the Li–Al alloy (72.8
eV), along with characteristic peaks attributed to Al3+ in LAYC
(Fig. 5b). Additionally, the Y 3d spectrum displays character-
istic peaks attributed to Y3+ in LAYC, while no characteristic
peak is detected at the position of the Y0 signal (156.0 eV),
indicating that Y3+ has not been reduced (Fig. 5c). In contrast,
when Li3YCl6 is used as the electrolyte, Y3+ is usually reduced
to Y0 upon interfacial reaction with lithium.20,35,36

Furthermore, combining the time-of-flight secondary ion mass
spectrometry (TOF-SIMS) analysis of the battery interfacial
reaction materials (Fig. 5d and Fig. S8†), a uniform distri-
bution of the Li–Al alloy in the interfacial reaction layer can be
clearly observed. This fact indicates that the Al substitution
strategy significantly influences interfacial reactions with the
formation of the Li–Al alloy from Al3+ in LAYC.

As illustrated in Fig. 5e and S9,† a portion of the Al in the
Li3Al0.7Y0.3Cl6 electrolyte participates in the formation of the
Li–Al alloy, and a small amount of mixed metal chloride MClx
is produced at the interface. It seems that this interface layer
effectively slows down reactions between rare-earth elements
and lithium metal. Long-term electrochemical cycling stability
between lithium metal and LAYC with different Al3+/Y3+ ratios
was also investigated. Both Li3YCl6 and Li3Al0.3Y0.7Cl6 show a
large and increasing Li electrochemical stripping and plating
overpotential even at a high operating temperature of 60 °C
and a low current density of 0.03 mA cm−2, while
Li3Al0.7Y0.3Cl6 shows a decreasing trend in overpotential
(Fig. S10†). Further in situ AC impedance testing confirmed
that stable interfacial stability can be achieved within 30 cycles
of the Li|Li3Al0.7Y0.3Cl6|Li symmetric cell (Fig. S11†), indicat-

ing the formation of a stable SEI layer at the interface. As a
result, the assembled Li|Li3Al0.7Y0.3Cl6|Li cell can achieve
stable cycling performance over 2500 hours at 25 °C under
0.1 mA cm−2, with a small overpotential of less than 50 mV in
long-term testing (Fig. 5f).

Conclusions

In summary, we have successfully designed a series of
Li3AlxY1−xCl6 halide solid electrolytes and found that alumi-
num substitution notably transforms the crystal structure of
the halides from an hcp to a ccp structure. This transition
alters the occupancy of the metal elements and vacancies, sig-
nificantly impacting the corresponding ionic conductivity and
electrochemical performance. According to BVSE calculations,
the lithium-ion transport pathways are also changed by the
substitution ratio of Al. An appropriate substitution ratio of Al
will lead to a lower lithium-ion migration barrier, thus enhan-
cing interfacial ion transport. At 25 °C, a symmetric lithium
cell incorporating Li3Al0.7Y0.3Cl6 demonstrated stable cycling
performance over 2500 h. Furthermore, with an Al content as
high as 0.7, the reduced rare-earth element content could
decrease the cost of the halide by more than 40%. This study
presents a structure- and mechanism-oriented approach for
designing stable, low-cost halide solid-state electrolytes with
high compatibility with metallic Li.
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