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Li substitution and its impact on the structures and ion transport
of Naz_,LixInClg polymorphs, synthesized via ball-milling and
further annealing, were investigated. Despite a solubility limit of x
= 0.6, Li incorporation seems to form a connected Li* network to
enhance the ionic conductivity of the resulting materials.

All-solid-state batteries (ASSBs) have attracted considerable
interest in recent years thanks to their enhanced energy
density, improved safety, and extended lifetime. The develop-
ment of ASSBs has stimulated the discovery of new inorganic
materials possessing high ionic conductivity, even at ambient
temperature." Depending on the nature of the anion, inorganic
solid-state electrolytes (SSEs) are usually classified into oxides,
sulphides, or halides, with the latter being well recognized
thanks to their high oxidation stability and excellent mechani-
cal flexibility required for material processing and cell
assembly.”™ The development of halide SSEs has advanced
rapidly since the pioneering work of Asano et al., reporting
LizYCls and LizYBre that possess room-temperature Li* con-
ductivities of up to 0.5 and 1.7 mS cm ™", respectively.” Since
then, different families of halide-based Li* SSEs have been
thoroughly investigated, including aliovalent substitution solid
solutions, such as Li;_,In,_,Zr,Cls, which exhibits a high ionic
conductivity of up to 1.25 mS cm™* for x = 0.4.°

Besides halide-based Li" SSEs, the number of studies on
Na' counterparts has surged in the last few years. The most
commonly investigated halide-based Na® SSEs are NazMX,
where M = Sc, Y, In, and Sm-Lu and X = Cl, Br, or I; nonethe-
less, most of them exhibit relatively low ionic conductivity at
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ambient temperature.”'° Different strategies, including com-
positional and structural modifications, have been carried
out to improve their conducting properties. One of the most
widely adopted approaches is aliovalent substitution at the
transition metal site, which can enhance Na" conductivity by
about three or four orders of magnitude compared
with undoped compositions. For instance, Na,ZrCly exhibits
an Na* conductivity of 6.9 x 107> mS em™", compared to 6.6 x
1072 and 3.5 x 1072 mS em™' of Na,,5Zry-5Y0.5Cls and
Na, 471, Er 4Clg, respectively.’’* The other strategy involves
anionic mixing to modify bond strength between the alkali
and halogen atoms, thereby facilitating ion conduction.'*"
This approach was reported for halide-based Na* SSEs, includ-
ing NazGdBr,s_,'® and NasInCle_,Br,,'® though little
improvement in the ionic conductivity was observed.

The structures of halide-based Li*/Na® SSEs, A,MX,, have
several similarities. Indeed, they can be described as a close
packed lattice of X~ anions, while the cations, Li*/Na* and
M™", occupy the available interstitial sites. Both hexagonal and
cubic close packed anion lattices have been observed; nonethe-
less, subtle structural distortions can occur depending on the
amount of alkali vacancies and the charge and ionic radii of
alkali, metal, and halide ions, leading to a structural diversity
of the resulting compound. The difference in the energy of
hexagonal and cubic lattices is subtle and thermal treatment
can lead to a structural conversion between the two forms. It
was suggested that cubic packing offers more favorable inter-
stitial connectivity and diffusion pathways than hexagonal
packing, potentially resulting in higher ionic conductivity."”
Alkali vacancies and aliovalent and isovalent substitution on
the metal/anion site are the three degrees of freedom that are
commonly used to monitor the structure and ionic conduc-
tivity of halide-based Li*/Na® SSEs. Isovalent substitution on
the alkali site also represents a degree of freedom that can
directly affect the structure and conduction properties but is
rarely reported in the literature.

In the present work, the impact of isovalent alkali substi-
tution on the structure and ion transport properties of halide-
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based SSEs will be investigated using Naz_,Li,InCls. The par-
ental compound LizInCls adopts a trigonal structure with a
hexagonal packing lattice of CI~ while Li* and In** occupy octa-
hedral sites.®'® On the other hand, NasInCls can adopt either
the same trigonal structure or a monoclinic one, which is a
distorted cubic packing lattice of CI~ with part of the Na* occu-
pying the prismatic site.'®'® The existence of two different
polymorphs for NazInCls allows an insightful study on the
solubility limit and impacts of Li" substitution in each struc-
ture. Several Naz_,Li,InCls compounds with different Li con-
tents are synthesized using mechanochemistry, which might
favor the formation of metastable phases, followed by a sub-
sequent thermal treatment to obtain thermodynamically
stable products. A combination of powder X-ray diffraction
(PXRD), neutron diffraction (ND), and electrochemical impe-
dance spectroscopy (EIS) is employed to investigate the solubi-
lity limit, structural modifications and conduction properties
of the resulting compounds.

A series of Na;_,Li,InCls (0 < x < 1.5) compositions was
prepared using mechanochemistry. Up to x = 0.6, the PXRD
patterns of the as-obtained samples can be indexed using the
monoclinic structure (P2,/n space group), in which the CI~
lattice forms a distorted cubic close packing structure while
In** occupies octahedral sites; Na* and Li* are distributed over
octahedral and prismatic sites (Fig. 1a and c). The Na/LiClg tri-
gonal prisms and octahedra are inter-connected via corner-
and edge-sharing linkages, creating a tri-dimensional
diffusion pathway for alkali ions. The cell parameters obtained
from Rietveld refinement (Fig. 2a and c) show that the vari-
ation in lattice parameters upon Li" substitution is subtle;
nonetheless, a linear contraction of the unit cell is observed
up to x = 0.6, suggesting a lithium incorporation process.
From x = 0.9 up to x = 1.5, Bragg peaks of the desired phase
become progressively broader and less intense (Fig. S27), indi-
cating a decrease in crystallinity. Furthermore, new peaks
corresponding to impurities are observed, suggesting that a
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Fig. 1 PXRD patterns and crystal structures of the Nas_,Li,InClg (0 < x
< 0.9) series synthesized by mechanochemistry (a and c) followed by
annealing at 200 °C (b and d). The low-intensity peaks, marked with * in
one representative pattern, may indicate the presence of impurities,
although they cannot be attributed to any specific compound.
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Fig. 2 Evolution of cell parameters and cell volume for the
Naz_,LixInClg (0 < x < 0.9) series determined by Rietveld refinement of
the PXRD patterns. Samples were synthesized by ball-milling (a and c)
followed by thermal treatment at 200 °C (b and d).

solid solution might not have been formed in this compo-
sitional range.

As thermal treatment can induce a significant impact on
the structures and transport properties of mechanochemically
prepared chloride SSEs,'®'® an annealing process at 200 °C
under vacuum was carried out on the as-obtained ball-milled
Naz_,Li,InCls samples (0 < x < 1.5). The PXRD patterns of the
annealed samples show an evident phase transformation with
an enhanced crystallinity (Fig. 1b). Most diffraction peaks can
be indexed using the trigonal polymorph (P31c space group) of
Na;InCle. This observation agrees with previous studies,
showing that monoclinic Naz;InCls would convert to a trigonal
polymorph upon thermal treatment.'®'® Unlike the monocli-
nic P2,/n space group, all metal sites in the trigonal P31c
phase group are octahedrally coordinated by chloride ions.
The structure consists of two distinct alternating layers stacked
along the c-axis: one contains only edge-sharing Na/Li¥Cl,
octahedra and the other contains Na/Li**Cl, and In*’Cl, octa-
hedra alternately linked by edge-sharing to form honeycomb
layers (Fig. 1d). The Na/LiCls octahedra between the two layers
are connected via corner-sharing, creating here also a tri-
dimensional diffusion pathway for alkali ions.

Rietveld refinements of PXRD data from thermally treated
Na;_,Li, InCls compositions show an expansion along the
c-axis and a contraction in the (ab) plane upon Li" substi-
tution. A linear evolution in the cell parameters consistent
with Vegard’s law is observed only until the composition x =
0.6. In this low Li" incorporation range, the mixed-alkali
Na;_,Li,InCls is thermodynamically stable as no impurity
phase emerges upon heating. These results indicate the for-
mation of solid solutions up to 20% (x = 0.6) in both monocli-
nic and trigonal Na;_,Li,InCls polymorphs, despite the differ-
ence in the ionic radius of Li* and Na* (0.76 vs. 1.02 A).>°

This journal is © The Royal Society of Chemistry 2025
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In order to understand the impact of Li" substitution on
the structure and ion conducting properties, insightful infor-
mation on Li" and Na' site occupation is essential. The high
crystallinity of trigonal Na;_,Li,InCls compositions enables
the use of the diffraction technique for Na/Li distribution ana-
lysis. Since “Li possesses a negative coherent scattering length,
in contrast to the positive values for Na, Cl, and In,>" ND is
suitable for probing the Li position and investigating site pre-
ference for both alkali ions between two crystallographic sites
(2a and 4f). An indirect approach, including ND pattern simu-
lations for different scenarios of alkali ion distribution and
comparison with experimental patterns, is used. Simulated
patterns for Na;_,Li,InClg (x = 0.15, 0.3, and 0.6) are generated
according to three scenarios: (1) all lithium at the 2a site, (2)
all lithium at the 4f site, and (3) lithium evenly distributed
between both sites.

For each composition, most diffraction peaks overlap sig-
nificantly (Fig. S5T), except in the low-Q region where the (002)
and (100) reflections exhibit notable intensity differences
(Fig. 3). These differences become more pronounced as the Li*
content increases. Comparison with the experimental ND data
indicates that the extreme case, where Li" occupies only one
site exclusively, can qualitatively be ruled out (Fig. 3 and S57).
Due to significant peak overlap in the simulated patterns and
weak intensities in the region of interest, refining exact site
occupation factors was challenging. However, the indirect
simulation comparison approach was sufficiently reliable to
suggest that both alkali ions likely occupy both sites, though
their proportions remain undetermined.

The occupation of Li* in both 2a and 4f sites may help
explain the limited solubility of Li" in an NasInCly trigonal
structure. At a low degree of substitution (x < 0.6), the replace-
ment of Na' by Li" would lead to a contraction of cell para-
meters; however, the interstitial site would be big enough to
accommodate both Na' and Li'. For more Li-rich compo-
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Fig. 3 Simulated (a) and experimental (b) ND patterns for the three
compositions of Naz_,In,Clg in the low-Q region. For each composition,
three simulated ND patterns correspond to different lithium distributions
between the 2a and 4f sites.
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sitions, the contraction of the cell parameters and the size of
the interstitial sites would be so great that Na" could not be fit
in the structure.

To further understand the dual-site occupation of Li" and
its effect on the conduction properties within the solid solu-
tion Naz_,Li,InClg (x < 0.6), EIS was used. As electronic con-
ductivity is considerably lower than ionic conductivity (Fig. S7,
Tables S7 and S87), only ionic contributions are considered in
impedance analysis. The impedance spectra of all the samples
show a suppressed semicircle, corresponding to the ionic con-
duction, followed by the capacitive blocking behavior of the
stainless-steel electrodes (Fig. 4a, b and S67). In this case, bulk
and grain boundary contributions to the impedance cannot be
deconvoluted; therefore, the values of reported conductivities
herein represent the total ionic conductivities (Table S77). All
ball-milled and annealed phases at each composition exhibit
Arrhenius behavior from 30 °C to 70 °C, though a deviation is
observed at 80 °C. The ionic conductivity values of both
Na;InCls polymorphs at 30 °C are of the same order of magni-
tude as those reported in other studies, both around 1.4 x 107>
mS em ™, indicating that Na;InCls is an ionic insulator. Upon
Li" substitution, the ionic conductivity gradually increases. For
instance, a 10% Li" substitution (x = 0.3) results in small
improvements, with ionic conductivities of 8.6 x 107 and 4.9
x 10 mS em™" at 30 °C for the monoclinic and trigonal
phases, respectively. At Na'-rich compositions (x < 0.3), the
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Fig. 4 Representative Nyquist plots at 50 °C (a and b) and Arrhenius
plots from the temperature-dependent impedance (c and d), corres-
ponding to the ball-milled and annealed samples in the Nasz_,LiInClg
series. Comparison of ionic conductivities at 30 °C (e) and activation
energies for ionic conduction (f) of these samples.
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ionic conductivities of both polymorphs are of similar magni-
tude across the whole temperature range (30-80 °C), indicating
that the packing sequence of CI~ has little impact on the ionic
conductivity (Fig. 4c and d).

Remarkably, higher lithium substitution of 20% (x = 0.6)
leads to a conductivity enhancement by one order of magni-
tude, reaching 5.1 x 10™* and 6.0 x 10™* mS cm™" at 30 °C for
the monoclinic and trigonal phases, respectively. This signifi-
cant gain in ionic conductivity could be contributed by the
enhanced motion of both Na* and Li" ions; nonetheless, the
contribution from Li" is expected to be more significant than
that from Na'. As illustrated in Fig. 4e, the ionic conductivity
of Nas_,Li,InCls (x < 0.6) does not increase linearly with the
amount of Li' present in the structure, but its evolution
follows an exponential trend. This behaviour suggests that Na*
in Na;_,Li,InCls participates negligibly in ion conduction, but
the ionic conductivity predominantly arises from Li" motion.
At a low substitution amount, each Li" site is surrounded by
In*" or Na*, and thus little improvement in the ionic conduc-
tivity is observed. As the substitution degree increases, due to
the occupation of Li" at both sites, Li"* might form a 3D
network, creating a diffusion pathway for Li" and leading to a
significant conductivity enhancement. Additionally, both
phases of Na, 4Lij ¢InClg possess the lowest activation energy,
indicating that this composition might contain sufficient Li"
to create a connected Li" network to facilitate Li* diffusion.
The ionic conductivity of the annealed sample is slightly
higher than the one obtained from ball-milling, implying that
the hexagonal packing of CI™ might facilitate the diffusion in
this case. This is an interesting example showing that Na' in
these mixed-alkali compositions would be immobile, but Li*
would be mobile if the threshold amount of Li* was reached.
Li/Na mixed compositions are also observed in some layered
oxides,” and the resulting compounds can be used as elec-
trode materials for Li- or Na-ion batteries. The flexibility in the
structural properties of A3;InCls and layered oxides could be
due to the similar stacking sequence of the InCl¢/MOg struc-
tural units, and the size of the interstitial sites can vary to
accommodate the guest ions.

Conclusions

Several mixed-alkali solid solutions of Na; ,Li,InCls were pre-
pared via ball-milling and subsequent annealing, showing a
phase transition from monoclinic to trigonal upon annealing.
Lattice parameters evolve linearly up to a Li* solubility limit at x
= 0.6, beyond which interstitial contraction and ion size mis-
match hinder further incorporation. ND revealed that the newly
introduced lithium occupies both alkali sites. EIS analysis shows
an exponential increase of ionic conductivity with higher Li"
content, suggesting that the smaller lithium ions become pro-
gressively more connected and mobile, thus dominating the
transport behaviour. These findings demonstrate the potential
of alkali substitution to tailor the structure and ionic transport
properties of halide-based solid-state electrolytes.
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