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/Abstract: Inorganic solid-state electrolytes (SSEs) play a vital role in high-energy all-solid-state batteries (ASSBs).\

However, the current method of SSE preparation usually involves high-energy mechanical ball milling and/or a high-
temperature annealing process, which is not suitable for practical application. Here, a facile strategy is developed to
realize the scalable synthesis of cost-effective aluminum-based oxyhalide SSEs, which involves a self-propagating method
by the exothermic reaction of the raw materials. This strategy enables the synthesis of various aluminum-based oxyhalide
SSEs with tunable components and high ionic conductivities (over 10 Secm™" at 25°C) for different cations (Li*, Na™,
Ag"). It is elucidated that the amorphous matrix, which mainly consists of various oxidized chloroaluminate species that
provide numerous sites for smooth ion migration, is actually the key factor for the achieved high conductivities. Benefit
from their easy synthesis, low cost, and low weight, the aluminum-based oxyhalide SSEs synthesized by our approach

\could further promote practical application of high-energy-density ASSBs. )

Introduction

The achievement of solid-state electrolytes (SSEs) with
superionic conductivity (up to 107> Scm™")™ surpasses liquid
electrolytes trailblazing for all-solid-state batteries (ASSBs)
with high safety and high-energy densities. Great efforts
have been devoted to discovering various types of SSEs and
evaluation in terms of conductive property and chemical
stability. The promising high ionic conductivities and better
compatibility with high-voltage cathode materials of halide-
based SSEs compared with classical sulfide-, polymer-based
SSEs, has led to a gain in research attention of the former.”!
For example, the research team in Panasonic reported the
Li;YCl¢/Li;YBrg SSEs with room-temperature (RT) ionic
conductivity over 107> Scm™ in 20187 and then further

developed oxychloride LiMOCI, (M=Nb, Ta) SSEs with
ultra-high ionic conductivities over 1072 Scm™ in 2023.1"
Despite the scientific importance, they still face a huge
challenge with the energy-consuming synthesis routes, such
as the mostly adopted high-energy mechanical ball-milling
or high-temperature annealing synthesis.’) The reaction
involved usually occurs in a confined space, for example, the
mill pots and the sealed quartz tubes, thus significantly
limiting the yield of the final product. Thus, simple,
economic, and large-scale synthesis design is the key
accelerator for the development and practical application of
SSEs.

To overcome these limitations, we go over the chemical
reactions involved in the halide SSEs production, which are
mostly in the general form: aLiX+MX,—Li,MX, ), or
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Li,0 + MX,—Li,MOX, (X=halogen elements).?** There-
fore, extra energy (mechanical energy or heat) is usually
consumed to promote the chemical reaction. However, if the
chemical reactions are exothermic with released energy,
they can proceed by themselves. Self-propagating high
temperature synthesis is one typical example, which involves
compressed reactant powder mixtures ignited to trigger the
exothermic reaction. Sometimes, the reaction can even self-
initiate at RT, which is highly cost-efficient.”) In this case,
the formation of a target product can be achieved by
designing reactions with extremely favorable by-products as
driving force.

Regarding this quest, here we report a facile self-
propagating route for the synthesis of highly conductive
aluminum oxyhalide-based SSEs. The reaction is sponta-
neous and can occur at low temperature by pressing the
hand-mixed raw materials (for example, Lil, AICl;, and
Sb,0;) and final aluminum oxyhalide-based SSEs can be
obtained after fully removing SbCl;. The synthesis route can
be further extended to other monovalent ion conductors
with conductivity over 10 Scm™, such as Na* and Ag™.
More importantly, we proved that it is the amorphous
matrix rather than the crystalline phases within the alumi-
num oxyhalide SSEs that contribute to the fast ion
migration. In the course of our research, a study by Hu et al.
on the viscoelastic inorganic glass has been published.””) We
acknowledge this work by introducing oxygen into LiAICl,
to make them with polymer-like viscoelasticity but hope to
demonstrate here that it is more efficient to obtain the target
SSEs by utilizing the energy released by the exothermic
reaction and thus the designed synthesis route is of a much
wider applicability.

Results and Discussion

The aluminum oxyhalide-based (AOC-xMX, M=Li, Na,
Ag, X=Cl, Br, I) SSEs were synthesized from a self-
propagating reaction followed by the removal of the by-
product and increase the crystallinity. The Density Func-
tional Theory (DFT) calculated reaction enthalpies (AH,,)
between different chemicals (such as LiCl, AlCl;) and Sb,0;
were compared in Figure la. Only the enthalpy of the
reaction between AICl; and Sb,0; is negative (possible
reactions see Equation 1,2).

2AICL + Sb,0; — AL,O; +2SbCly 1)

3AICL, + Sb,0; — 3A10CI + 2SbCl, ?)

The AH,,, calculated by DFT is —316.641 kJmol ' and
—107.821 kJmol™!, respectively, corresponding to the forma-
tion of AlL,O; and AIOCI, demonstrating the exothermic
characteristic that releases heat during the reaction. Similar
experiments with different molar ratios of AICl; and Sb,0;
in Figure S1-3 and Supplementary Video 1,2 also proved
the heat releasing phenomenon of these reactions. More
detailed information about the selection of AICl; and Sb,0;
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by screening reaction enthalpy of oxides and halides is
shown in Table S1.

It is supposed that the energy/heat released here can be
used to trigger the chemical reaction when involving various
salts into the system to obtain the final highly conductive
AOC-xMX SSEs (Figure 1b, c). The reaction was carried
out in an argon-filled glovebox and self-initiated once
pressed the hand-mixed reactants. Taking the synthesis of
AOC-2LiCl SSE as an example, once mixed the raw
materials (LiCl, AICl;, Sb,0;, molar ratio of 2:4.5:1, see
text in Supporting Information for further details of the
designed molar ratio, Table S2) in an agate mortar and then
pressed at ~300 MPa, the pellet will go through a self-
propagating reaction. An intense white smoke of volatilized
SbCl; (melting point of 73.4°C, boiling point of 222.6°C) by-
product is released during the exothermic reaction process.
The highest exothermic temperature of the reaction moni-
tored is around 140-165°C (Figure 1d, S4, Supplementary
Video 3,4). Light yellow residual along with colorless
solutions can be seen after the self-initiated reaction.

As mentioned above, the highest temperature during the
self-propagating reaction can reach up to 162°C, which is
higher than the co-melting point of 143°C for the LiAICl,
formation in the LiCl-AlCl; phase diagram.”! However, the
compositions are complicated with the existence of oxygen
in the reaction system. Previous studies on the oxidized
molten tetrachloroaluminate salts have demonstrated that
there’s no free O instead of the existence of multiple
oxidized chloroaluminate species.®! Several equilibriums
might be achieved in the molten system (Figure 2a). Thus,
different types of oxidized chloroaluminate species
([A1,0,,CL,]®72™_ Figure 2b) can be formed from the
combination of the above basic ions as presented in.
Similarly, it’s supposed that there should also be similar
[A1,0,,C1,]%*™™ species formed in the colorless solutions
during the self-propagating reaction in our case. The color-
less solutions of the intermediates were analyzed by Raman
spectra (Figure 2c). The Raman spectra of the colorless
solution formed after the self-propagating reaction are
different from that of LiAlCl, counterpart. The typical peaks
at 100-200 cm ™' should be assigned to mixed stretching and
bending. The peaks at 315-390 cm™* regions are caused by
the stretching of AICIl, groups, the bending of OAl,, and the
symmetric stretching of Al-Cl bonds.®™ The results con-
firmed the formation of [ALO,Cl,]* "™ intermediates
after the self-propagating reaction. The existence of SbCl;
residual can also be seen in the Raman spectra when
detected in different sites of the same sample. Therefore,
the products were further heated in specific temperatures to
remove SbCl; by-product totally (see details in Method).
Most of the Raman spectra disappear after the further
heating process (Figure S5) of the AOC-2LiCl sample.

The X-ray diffraction (XRD) patterns of the final AOC-
2LiCl sample are presented in Figure 2d. Weak XRD peaks
assigned to LiCl and LiAICl, can be seen (red line). X-ray
photoelectron spectroscopy (XPS) proves that almost full
removal of SbCl, residual (Figure S6). The XRD patterns of
other AOC-xLiCl samples synthesized from different molar
ratios (x: 4.5: 1 for LiCl, AICl;, and Sb,0;) were also
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Figure 1. (a) The calculation of reaction enthalpies between different chemicals and Sb,0;. Insert is the reaction enthalpies of the possible reaction
between AICl; and Sb,0s. See Supporting Information for further details. (b) The illustration of using the energy released by the exothermic
reaction between AlCl; and Sb,O; to trigger the chemical reaction when involving various salts to obtain the final aluminum oxychloride-based
(AOC-MX) SSEs. (c) The schematical illustration of the self-propagating reaction. (d) The self-propagating reaction process of the mixture of LiCl,

AlCl;, and Sb,0,.

compared in Figure 2d. When x=1, the XRD patterns can
be assigned to LiAlCl, and AIOCL. When x>3, obvious
peaks of LiCl can be detected, especially for the sample with
x=6. Corresponding Arrhenius plots of the AOC-xLiCl
samples with different molar ratios were displayed in
Figure 2e. The room-temperature (RT) ionic conductivities
are 2.69x107°, 1.24x1073, 2.75x107*, and 3.05x10~* Scm™! for
the AOC-xLiCl samples with x=1, 2, 3, 6, respectively.
Since the low ionic conductivities of the crystalline phase of
LiCl (<107 Scm™) and LiAICl, (2.1x107° Scm™),M it is
supposed that the high ionic conductivity of the AOC-xLiCl
samples should be attributed to the amorphous matrix with
high lithium ion mobility. The obtained activation energies
(Table S3) range from 0.487-0.636 eV, which are relatively
higher than traditional halide SSEs while comparable to
aluminum-based halides SSEs (such as LiAICl,, NaAICl,),
which might be the character of these aluminum-contained
SSEs. The influence of the thickness of the pellet and the
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applied pressure on the self-propagation reaction process
and the ionic conductivities of synthesized AOC-2LiCl SSE
is clarified in Figure S7. The high-resolution transmission
electron microscopy (HRTEM) and corresponding fast
Fourier transform (FFT) images (Figure S8) of typical
AOC-2LiCl sample confirmed the highly amorphous states,
with LiCl, LiAICl, nanocrystallines (around 10nm size)
distribute inside the amorphous matrix. The amorphous
contents determined by the Rietveld refinement Method!'!!
varied from 21-79.3 wt % with different x values (Table S2).

Nuclear magnetic resonance (NMR) analysis was further
conducted on the AOC-xLiCl samples to explore the local
structure. The Al MAS NMR spectrum (Figure 2f)
presents mainly three asymmetrically broadened peaks. The
peak around 100 ppm should be assigned to AICI,".['”) The
AOC-LiCl sample shows similar signal around 60-80 ppm
compared to the synthesized AIOCI reference. Thus the
intense NMR resonances at 75 ppm should be attributed to

© 2024 Wiley-VCH GmbH
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Figure 2. (a) Possible equilibriums might be achieved in the molten system during the self-propagating reaction. (b) Proposed models of oxidized
chloroaluminate clusters based on calculated equilibrium states, the Al, O, and Cl atoms are shown in light blue, red, and orange, respectively. (c)
Raman spectra of the self-propagating reaction from LiCl, AlCl;, and Sb,0O; (molar ratio of 2:4.5:1). Different signals were recorded at different
sites of the samples. Raman spectra of LiAICl,, AICl;, and SbCl, as references. (d) XRD patterns of the AOCLiCl (x=1, 2, 3, and 6) samples
synthesized from LiCl, AICl;, and Sb,0; (molar ratio of x: 4.5: 1). (e) Corresponding Arrhenius plots of the AOC-xLiCl samples. (f) Al MAS NMR
spectra of the AOCxLiCl (x=1, 2, 3, and 6) samples. (g) PDFs of the AOC-2LiCl SSE. The calculated PDFs of LiAICl,, AIOCI, Li,Al,Cl,,0,, and LiCl
as references. Note that the structure of Li,Al,Cl,,O, is obtained by ionic substitution of Ag,Al,Cl,,O,. (h) Al K-edge EXAFS spectroscopy of the
AOC-2LiCl. (i) Wavelet transforms (WT) for the k’-weighted Al K-edge EXAFS signals of the AOC-2LiCl.

the 4-coordinated Al species with different coordination
species of [AlO,Cl,,]*™~. The NMR resonances at 34 ppm
can be assigned to other oxidized chloroaluminate species
([A1,0,,CL,]®*72™™) that are presented in Figure 2b. When
x>2, the YAl MAS NMR spectra of AOC-xLiCl are almost
the same, indicating the similar local structural environ-
ments of aluminum species. Moreover, the NMR resonance
assigned to AICl,” is independent of the LiAICl, crystalline
reflected by XRD pattern, demonstrating that the AICl,~
species also exists in the amorphous matrix of the AOC-
xLiCl samples.

Pair distribution function (PDF) analysis was performed
to identify the unique local structures of AOC-2LiCl (Fig-
ure 2g). The PDF of AOC-2LiCl show peaks at 1.74 A and
2.13 A that could be attributed to Al-O and Al-CI pairs in
the first shell of the oxidized chloroaluminate species
([A1,0,,CL,]®*72™ ™), respectively. The interatomic distances
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of Al-O and AI-Cl pairs in the first shell are almost
identical in different [Al,0,,Cl,]®*™ ™ clusters (Figure S9),
giving the narrow peaks, while those of Al-Al and CI-Cl
vary with structures (Figure S10, 11), leading to a broaden
peaks between 3-5 A. But we still could identify the Al-Al
pairs around 3 A and the CI-Cl pairs around 3.5A of
multiple [Al,0,,Cl,]®* ™™ clusters.

Figure 2h presents the experimental extended X-ray
absorption fine structure (EXAFS) results of AOC-2LiCl,
demonstrating the nearest neighbor Al local environment.
The Feff modeling fitting™® in the k space for k*y(k) shows
good agreement with the experimental data (Figure S12).
The Fourier transform (FT) k’-weighted y(k) Al K-edge
EXAFS spectrum of AOCI-2LiCl in the R space (insert in
Figure 2h) shows the main peak at 1.7 A which should be
ascribed to the backscattering from O*" and Cl” coordina-
tion. This was further shown in the wavelet transformed

© 2024 Wiley-VCH GmbH
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(WT)-EXAFS spectrum of Al K-edge in Figure 2i, which
can not only give the distance information but also provide a
straightforward view of the signal contributions (Al-O,
Al-Cl, and Al-Al scatterings)."! The Al-O, Al-CI, and
Al—Al scatterings in the WT-EXAFS spectrum prove the
formation of [Al,0,,Cl,]®*>™™ clusters in the AOC-xLiCl
SSEs, consistent with the PDF analysis results.

When further replacing LiCl into LiBr or Lil, the XRD
patterns of the obtained samples with different molar ratios
of LiBr or Lil, AICL;, and Sb,O; (x:4.5:1, 1<x<3) were
shown in Figure 3a, b. When using LiBr as the lithium salt,
like in the case of LiCl (Figure 2d), XRD patterns assigned
to both LiAICl, and AIOCI can be seen when x=1
(Figure 3a). While only LiAlICl, crystalline phase can be
observed when x >2. This was also confirmed by the high-
resolution synchrotron-based XRD patterns (Figure S13).
Considering the high boiling point of SbBr; (280°C), SbBr;
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might not be fully removed during the heating process at
250°C. XPS analysis was further conducted to determine the
composition and proved that there’s only a small amount of
Br species (Br:Cl=1:55) in the final product, demonstrating
that LiBr almost fully reacted with Sb,O; (Figure S14).
When using Lil as the lithium salt, except from the sample
with low Lil salt content, almost all the XRD patterns can
be assigned to crystalline Sbl; phase (x>2, Figure 3b). The
existence of crystalline Sbl; should be due to its highest
boiling point (401.6°C). It should be noted that, no matter
what the crystalline phase is, high RT conductivities over
10 Scm™ can still be achieved for AOC-2LiBr and AOC-
2Lil SSEs when the molar ratio is 2:4.5:1 for lithium salt:
AICl;: Sb,0; (Figure 3c, d), even for the samples with high
contents (~40 wt %, Table S2) of Sbl; crystalline phase.
Combined with the conductivity behavior of AOC-xLiX
samples, it is proposed that the amorphous components in
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Figure 3. (a) XRD patterns of the AOC-xLiBr SSEs synthesized from LiBr, AICl;, and Sb,O; (molar ratio of x: 4.5: 1). (b) XRD patterns of the AOC-
xLil SSEs synthesized from Lil, AlCl;, and Sb,0; (molar ratio of x: 4.5: 1). (c) Corresponding Arrhenius plots of the AOC-xLiBr SSEs. (d)
Corresponding Arrhenius plots of the AOC-xLil SSEs. (e) 'Li NMR and (f) Al NMR of the AOC-xLiX SSEs. (g) The schematics of the amorphous
matrix in AOC-xLiCl SSEs. (h) RT ionic conductivities of the AOC-xLiX, AOC-xNaX, and AOC-xAgX SSEs.
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Figure 4. (a) Rate capability of NCM88 ASSB with AOC-2LiCl SSE. (b) Charge/discharge curves and (c) cycling stability of the NCM88 ASSB at 1 C
(1.1 mAcm™) rate at 25°C. (d) Cycling performance of the Li; 1,Nis,sMn,5,0, ASSB cycled between 2.5 and 4.8 V vs Li*/Li at 0.3 C. (e) Cycling
performance of the Nag g3[(Mng75Nig.s5)05Lio1]O; all-solid-state sodium battery at 0.1 C at 25°C.

these final products should play a key role in the super ionic
conductivity. Two broad peaks around 0.45ppm and
1.1 ppm were observed in the 'Li MAS NMR spectra
(Figure 3e) of all the AOC-xLiX SSEs, which are independ-
ent of the raw lithium salts, suggesting the same Li ions
environment. Such broad peaks should be attributed to the
newly formed amorphous matrix. Moreover, almost the
same aluminum species can also be found for the AOC-
xLiX SSEs as reflected by the Al MAS NMR spectra in
Figure 3f. Pair distribution function (PDF) analysis also
indicates that comparable local environments of the amor-
phous components are present in these AOC-based materi-
als. The PDF of AOC-2LiBr almost resembles that of AOC-
2LiCl; as to AOC-2Lil, apart from peaks assigned to
residual Sbl;, other peaks also are like AOC-2LiCl (Fig-
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ure S15). It is obvious that the high ionic conductivity of
these AOC-xLiX SSEs with different insulate nanocrystal-
lines of LiCl, LiAICl,, Sbl;, etc. should be due to the
introduction of a large fraction of highly amorphous matrix
(Figure 3g) that providing fast diffusion pathways for the Li
ions. Subsequent heating process at higher temperatures
leads to the destruction of the conductive amorphous matrix
and significantly decreased ionic conductivities (Figure S16).
To further clarify the role of the amorphous matrix, we
synthesized SSEs by replacing LiX into different salts, such
as NaX and AgX (Figure S17-20). All the SSEs possess high
RT ionic conductivities of 107*-10Scm™' (Figure 3e)
regardless of the different crystalline phases. The high ionic
conductivity might be due to the random configurations of
these AICI,", [AlO,Cl,,]* """, [ALOCI)*, [ALOCI], and

© 2024 Wiley-VCH GmbH
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[ALLO,Cl,]*~ species that creating numerous sites which
enable smooth Li* (or other cations) migration pathways
within the amorphous matrix.

The electrochemical stability window of the AOC-2LiCl
SSE was measured (Figure S21) by linear sweep voltamme-
try (LSV), which indicates the high oxidative stability and
compatibility with high-voltage cathode materials of the
AOC-2LiCl SSE. To demonstrate the application of the
material in ASSBs, commercial single-crystal
LiNi; 43C0y,00Mn;;0, (NCM88) was used as the cathode, a
dual-electrolyte construction was adopted, i.e., AOC-2LiCl
with high oxidation stability as the catholyte and commercial
LigPS;Cl as the anolyte that directly contact with Li—In
anode. The NCM88 ASSB exhibits good rate capability, as
shown in Figure4a. A high discharge capacity of
191.7 mAhg" is delivered at 0.1 C at 25°C, with the initial
Coulombic efficiency equal to 84.5%. When the current
density is increased to 1 C (200mAg™"), a high reversible
capacity of 105mAhg™ is still provided. Meanwhile,
excellent long-term cycling performance is shown in the
NCMS88 ASSB. Figure 4b compares the charge/discharge
voltage profiles of selected cycles of the NCM88 ASSB at
1 C (1.1 mAcm™) between 2.5 and 4.3 V vs. Li*/Li, showing
minor cell polarization. After 1600 cycles, a discharge
capacity of 103.9 mAhg™ (84.9% capacity retention), as
well as the Coulombic efficiency of 99.95 %, is still delivered
(Figure 4c), highlighting the superior stability of the AOC-
2LiCl SSE matching both the NCMS88 cathode and the
sulfide solid electrolyte. The NCM88 ASSB with the AOC-
3LiCl SSE also retained 80 % of its initial reversible capacity
after 2000 cycles at 1 C (1.16 mA.cm™?) (Figure S22). More
importantly, the ASSB with lithium-rich Li, ;,Nij,0Mn, 5,0,
cathode delivers a high capacity of 175.3 mAhg™' at 0.3 C
(0.312mAcm?) and maintains 80.7% capacity retention
over 300 cycles when cycled at 2.5-4.8V vs. Li'/Li (Fig-
ure 4d), demonstrating the high oxidation stability of the
AOC-2LiCl SSE. Additionally, the application of AOC-
2NaCl SSE in all-solid-state sodium batteries is also
demonstrated.  Naggs[(Mng75Nig2s)00Lig1]O, | AOC-2NaCl|
Na, ¢PS;,Cly, | Na—Sn cells show good cycle performance. As
shown in Figure 4e and Figure S23, exhibiting an initial
reversible capacity of 106.2 mAhg at 0.1 C, the cell stably
operated for over 60 cycles with a capacity retention of
83.5% (Figure 4e). The electrochemical performance pre-
sented here proves both the high oxidation limit and the
good compatibility with oxide cathodes of the aluminum-
based oxychloride SSEs, indicating their promising applica-
tion as catholytes in ASSBs.

Conclusion

In this study, we report a universal and facile self-
propagating route for the synthesis of cost-effective alumi-
num-based oxyhalide SSEs. This versatile self-propagating
approach allows for the synthesis of diverse aluminum-based
oxyhalide SSEs (AOC-xMX, M=Li, Na, Ag, X=Cl, Br, I),
leading to high ionic conductivities exceeding 10 Sem ™ at
25°C for different cations (Li*, Na*, Ag*). The crystalline
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and amorphous structures of AOC-xLiCl SSEs were
decoupled by different techniques. XRD, Raman spectra,
Al MAS NMR analysis, PDF, and EXAFS analysis reveal
the existence of LiCl and LiAICl, in the crystalline phase
while AICl,” and various oxidized chloroaluminate species
([A1,0,,C1,]®*~2mM) as the main species in the amorphous
matrix. In the series of AOC-xLiX (X=Cl, Br, I) SSEs, it is
proved that their similar fast Li* migration behavior is
independent of the crystalline phase, which is evidenced by
the AOC-xLil (x>2) samples which only show XRD peaks
that assigned to Sbl;. Further using the examples of AOC-
xNaX and AOC-xAgX SSEs, we demonstrate how the
oxidized chloroaluminates with different configurations
create various sites that enable fast and universal cations
migration. Their high conductivities, low cost, high abun-
dance, simple synthesis, and stability at high voltage make
them attractive and promising for highly-needed proper
catholyte in combination with high-voltage, high-energy-
density cathodes such as Li[Li,Ni;Mn,Co,; _,_,_,]O,.
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