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Solid-state batteries offer an alternative promising power source for

electric vehicles. However, the interfacial mechanical stability of inorganic
electrolytesisinferior to that of organic electrolytes. A high stack pressure
(several to hundreds of megapascals) is often required to maintain
intimate contact with electrodes. Here we report a class of viscoelastic
inorganic glass (VIGLAS) to serve as solid electrolytes by simply replacing
chlorine of tetrachloroaluminates with oxygen. The VIGLAS possesses
highionic conductivity (-1 mS cm™at 30 °C) for both Li* and Na*, superior
chemo-mechanical compatibility with 4.3 V cathodes and the ability to
enable pressure-less Li-and Na-based solid-state batteries (<0.1 MPa). The
low melting temperature (<160 °C) allows the electrolytes to efficiently
infiltrate electrode materials, akin to a liquid battery. Additionally, the
deformability of the electrolytes facilitates the feasibility of scale-up
through the production of thin films viaa rolling process.

Solid-state batteries (SSBs) have attracted intensive researchinterest,
mainly owing to the expected higher energy density and higher safety
than conventional liquid batteries'. However, it has been challenging
to maintainachemo-mechanically stable interface between solid elec-
trolytes and electrode materials in the development of SSBs®. Regard-
ing the anodes of SSBs, both lithium metal and sodium metal anodes
are extensively studied owing to their high energy density. Plenty of
work has been reported to effectively suppress the chemo-mechanical
degradation of theinterface on the anode side, such as dendrite growth
and side reactions”°. On the cathode side of SSBs, however, there has
still been a trade-off between the chemical stability (oxidative resist-
ance) and mechanical compatibility (intimate interfacial contact) with
high-voltage cathode materials’.

For instance, organic polymer electrolytes, such as polyethylene
oxide (PEO), have shown mechanical compatibility with electrodes
without high additional stack pressure, but they are chemically
unstable with high-voltage cathodes®. Among currentinorganic solid

electrolytes, garnets exhibit high chemical stability but cannot accom-
modate the volume change of electrodes owing to the high modulus
and brittleness’. The promising sulfide-based and chloride-based
SSBs both require high external stack pressure (several to hundreds
of megapascals) to maintainintimate contact with electrode materials
during operation'®". However, the additional components used to
apply pressure would decrease the energy density, and battery packs
impose serious upper limits on cell stack pressure, whichis one of the
most critical constraints for the successful design of SSB cells (the
ideal pressure being below 0.1 MPa)’. Therefore, it would be of great
importance if inorganic solid electrolytes could also be equipped
with polymer-like mechanical properties so as to enable pressure-less
inorganic SSBs.

In this Article, we report a class of viscoelastic inorganic glass
(VIGLAS) serving as solid electrolytes with high ionic conductivities
(-1mS cm™) for both Li* and Na*, which can simultaneously achieve
both chemical stability and mechanical compatibility with high-voltage

'Key Laboratory for Renewable Energy, Beijing Key Laboratory for New Energy Materials and Devices, Beijing National Laboratory for Condensed Matter
Physics, Institute of Physics, Chinese Academy of Sciences, Beijing, China. *College of Materials Science and Optoelectronic Technology, University of
Chinese Academy of Sciences, Beijing, China. *Huairou Division, Institute of Physics, Chinese Academy of Sciences, Beijing, China. “Yangtze River Delta
Physics Research Center Co. Ltd., Liyang, China. ®Institute of Process Engineering, Chinese Academy of Sciences, Beijing, China.

e-mail: yxlu@iphy.ac.cn; jmzhao@ipe.ac.cn; yshu@iphy.ac.cn

Nature Energy


http://www.nature.com/natureenergy
https://doi.org/10.1038/s41560-023-01356-y
http://orcid.org/0000-0002-3111-3724
http://orcid.org/0000-0001-5202-175X
http://orcid.org/0000-0001-7882-5959
http://orcid.org/0000-0002-9786-4424
http://orcid.org/0000-0001-6809-5032
http://orcid.org/0000-0002-7546-3371
http://orcid.org/0000-0002-9155-2462
http://orcid.org/0000-0002-8430-6474
http://crossmark.crossref.org/dialog/?doi=10.1038/s41560-023-01356-y&domain=pdf
mailto:yxlu@iphy.ac.cn
mailto:jmzhao@ipe.ac.cn
mailto:yshu@iphy.ac.cn

Article

https://doi.org/10.1038/s41560-023-01356-y

Modulus (MPa)

-

2.0
1.8
1.6
1.4
1.2
1.0

0.8

0.6

0.4
0.2

e Tand

e Storage modulus
® Loss modulus

-100-80 -60 -40 -20 O 20 40 6
Temperature (°C)

I
0 80 100

—=— LIAICL,-X%O
L —e— NaAlCl,-x%O0

0.5

0.4

Q Ue1 “JO)OB) SSOT

a b
LIALCL,-75%0
Z
s
c
i
NaAlCl,-75%0 £
Pure LiALCL,
L | . LIAICL,-75%0
Li, AICL, ~75%0
L L L L L L
20 30 40 50 60 70 80
26 (°)
d e Temperature (°C)
120 90 60 30 0 -30 -60
200 -1.0 T T T T T T T
& 160 - LIAICL,-75%0 77.8% -1.5 —=— LiAlCL,-81%0
S 120 ' -2.0 —e— LIAICL,-75%0
@ 1 -2.5 —a— LiAlCL,-67%0
o 80 ' ¢
2 ' ~ 30 —v— LiAICL,-60%0
= 40 ! b )
» 1 £ -85 ---- LiAlCL,
0 L A S _aol
10 20 30 40 50 60 70 80 90 100 «» ™ NG
) s -45F
Strain (%) ) AN
S 50 .
< 030 — o .| \\
< 0.25[ LAICL,-75%0 4x10"%s 9 -
£ 020 6.0
2 015 -6.5 -
2 o010 -10 -
0 0.05 “15 1, | | | |
© o : ‘ ‘ : 2.5 3.0 35 4.0 45
0 60 120 180 240

Holding time (min)

lonic conductivity (0) at 30 °C (mS cm™)

1
81% 75% 67% 60%

1,000/T (1K™

O content (O/Al, mol%)

Fig.1| Polymer-like characteristics of MACO. a, Winding membranes of
LiAICI,~75%0 (LiAICl, ;0,,5, O/Al ratio of 75%, LACO75) and NaAICl,-75%0
(NaAICl,50, s, O/Al ratio of 75%, NACO75) obtained by the rolling process. b, X-ray
diffraction spectra of LiAlCI,, LACO75 and Li, sAICI,0, 5. ¢, Dynamic moduliand
loss tangent of LACO75 in DMA tests at various temperatures. The loss tangent §
isthe ratio of storage modulus to loss modulus. d, Stress-strain curve of LACO75
under quasi-static loading by compression with astrain rate of 10*s™ at 30 °C

and creeping curve of LACO75 under an applied load of 0.1 MPa at 60 °C. The
end of the stress-strain curve is due to reaching the maximum range of the
compressiondevice and does not represent fracture failure. e, The temperature-
dependent conductivity (0) of LACO with different oxygen contents. The ionic
conductivity data of LiAICI, are obtained from ref. 15. f, The ionic conductivity of
LACO and NACO with different oxygen contents at 30 °C. y represents different
oxygen contents, from 60% to 81%.

cathode materials, enabling pressure-less (<0.1 MPa) inorganic Li-and
Na-based SSBs. These VIGLAS electrolytes of MAICI,_,, 0, (MACO, M = Li,
Na, 0.5 <x<1)aresynthesized by adding a high content of oxygeninto
tetrachloroaluminates to replace chlorine (Supplementary Note 1).
Along with the increase of the oxygen content, the oxygen-containing
tetrachloroaluminates would transform from brittle molten salts to
ductile glasses (brittle to ductile transition) at room temperature
(RT). The polymer-like viscoelasticity endows them with the ability to
endure deformation under pressure-less operating conditions. Mean-
while, these VIGLAS electrolytes also have adequate chemical stability
to resist the high-voltage decomposition (4.3 V for both LiAICI,_,, 0,
(LACO) and NaAlICl,_,,0, (NACO)). Moreover, the melting temperature
of MACO is below 160 °C, allowing complete infiltration into elec-
trode materials resembling liquid electrolytes to obtain excellentionic
percolation and scalability.

Discovery of MACO with viscoelasticity

Tetrachloroaluminates (MAICI,, M =Li, Na) are typical molten salts
with quite low melting points (146 °Cand 157 °Cfor LiAICl, and NaAICl,,
respectively)”™* and rigid ionic bonds. They appear as liquids with
low viscosities when melted at high temperature, and once cooled
down, the liquids solidify to crystals with high hardness and fragility
(Supplementary Video 1). Conversely, as oxygen is added to MAICI,
meltstoreplace chlorine, their viscosity increases dramatically at high
temperature (Supplementary Video 2) and the solidified products pos-
sessareduced hardness and enhanced deformability at RT. For example,

when the oxygen content reaches 75% (O/Al ratio of 75%), LiAlCl,—75%0
(LiAICl, 0,5, LACO75) and NaAICl,~75%0 (NaAICl, ;0, 5, NACO75) turn
out to be easily rolled into thin films and cut into certain shapes like
PEO polymers (Supplementary Video 3 and Fig. 1a). Additionally, the
LACO75film canendurerepetitive bending (Supplementary Video 4),
demonstrating polymer-like deformability. It should be noted that
the hardness of LACO will increase slightly after being stored for a
period of time after synthesis, but it still retains viscoelastic properties
(Supplementary Note 2).

To understand this phenomenon, X-ray powder diffraction tests
were firstly carried out to probe the structural changes due to the
oxygen substitution. Asshownin Supplementary Fig.1a,b, the MAICI,
patterns gradually fade away with increasing oxygen contents while
very faintsignals of LiCland NaCl are present for MACO, indicating that
the main phase of MACO is amorphous. However, the corresponding
mechanical and electrochemical performance of the main phase is not
affected by the presence of smallamounts of LiCland NaCl. Forexample,
the LiCl in LACO75 was further eliminated when the Li/Al ratio was
reduced to 0.5and the Li, ;AICI,0, ;s becomesacompletely amorphous
phase (Fig. 1b). A detailed comparison of LACO75 and Li, sAIC1,0 55 is
shown in Supplementary Fig. 2 and Note 3.

To determine the origin of MACO’s viscoelasticity, dynamic
mechanical analysis (DMA) tests were performed on LACO75 and
NACO75 at various temperatures. In Fig. 1cand Supplementary Fig. 3d,
asthetemperaturerises, the storage moduli (elastic moduli, £,;= 1.5 GPa
and Ey, =3.2 GPa at 30 °C) begin to decrease and the loss moduli
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(measuring the energy dissipation) start to rise and peak at —16.8 °C
and -25.5 °C, respectively, indicating that the glass transition processes
(Ty1i=-16.8 °Cand Ty, =-25.5°C, signified by the peak of the loss
modulus) occur below RT. The oxygen content has no noticeable effect
on the 7, values of LACO, which are all lower than RT (Supplementary
Fig.4).lItisnoteworthy that viscoelasticity is not exclusive to polymers:
any glassesinaglassy state canachieve viscoelasticity by transforming
from ‘frozen liquids’ into ‘supercooled liquids’ with superplasticity
(viscous flow under stress, without crystal-like defects of dislocation
climbandglide), aslongas the temperaturerisesabove T,. Therefore,
itis the 7, below RT that endows MACO75 glasses with viscoelasticity.
Since the T, of LACO75 is below RT, LACO75 exhibits strong deform-
ability (>77.8% strain) under quasi-static loading by compression and
shows aviscoelastic creep rate of 4 x 10% s (Fig. 1d). The viscoelastic
creep behaviour is so important because it endows MACO with the
ability to repeatedly deform without defects and structure failure,
given the cyclic stress imposed by the volume change of electrode
material particles.

Then, differential scanning calorimetry (DSC) was also adopted
to conduct thermal analysis on MACO in the high temperature range
(Supplementary Fig. 3a,b). Distinct endothermic peaks of MAICI, at
around 150 °C corresponding to the melting processes are clearly
observed. With increasing oxygen contents, the endothermic peaks
of MACO shift to lower temperatures (128 °C for LACO and 154 °C for
NACO) and finally disappear (for LACO, see Supplementary Fig. 3c).
Note that the endothermic peaks do not represent the melting pro-
cesses of the main phase of MACO glasses but rather the melting pro-
cesses of unreacted M,AICl,,, phase, which serves as a ‘plasticizer’ in
MACO glasses. This can be verified by the weak signals of M, AICl,,,
phases in the XRD patterns for low oxygen contents (Supplementary
Fig.1a,b). When the oxygen contents are further increased (>67% for
LACO and >75% for NACO), exothermic peaks appear in the high tem-
perature region, signifying that the crystallization processes appearin
the hightemperature region (7.), demonstrating that the crystallization
process of MACO had been hindered during cooling after synthesis.
Notably, the endothermic peaks disappeared at high oxygen content
(86% and 81% O for LACO and NACO, respectively), indicating that there
arenoliquid phases during the heating processes and that these oxygen
contents are close to the maximum solubilities of oxygen.

It is worth noting that the ionic conductivities of LiAICl, and
NaAICl, have been reported by Weppner et al. as 1.2 x 10 S cm™ and
3.5x107Scm™, respectively”. However, we found that, after adding
oxygeninto MAICI, toreplace chlorine, the ionic conductivities of these
classical solid electrolytes are boosted by three orders of magnitude,
first increasing and then reaching the highest ionic conductivities at
75% oxygen content (1.52 x 103 S cm™ for LACO75and1.33 x 102 S cm™
for NACO75at 30 °C) (Fig. 1e,f and Supplementary Fig. 5a). The activa-
tion energies of LACO75 and NACO75 can be found in Supplementary
Fig. 5b. The S-shaped curves of LACO indicate the rapid increase of
the ionic conductivity between —30 °C and 30 °C, verifying the glass
transition process.

Mechanisms of glass formation and ionic conduction

To determine the glass formation and ionic conduction mechanisms of
as-prepared MACO75, LACO75 is taken as an example to be simulated
by abinitio molecular dynamics (AIMD) and the simulation results are
further validated by neutron pair distribution function (PDF) analysis
in Supplementary Fig. 6. Due to the non-directional and unsaturated
nature of the ionic bonding between Li* and AICI,, ions of the LiAICI,
melts are easily rearranged into crystals (Supplementary Fig. 7a) dur-
ing condensation. The extended structure of LiAICI, is composed of
distorted LiCl; octahedra and AICI, tetrahedra, where two LiCl, octa-
hedra link viaa common edge to form Li,Cl,, dimers, existing in the
‘pseudo-layers’ between the isolated AICI, tetrahedra (Supplemen-
tary Fig. 7b)'°. However, the structure of LACO75 obtained by AIMD is

completely disordered, the oxygen in LACO75 acts as a bridge to link
theisolated Al atoms together, forming Al-O-Al segments or networks
(Supplementary Fig. 7c,d). The strong Al-O bonds are difficult to break
in molten LACO75, and the rearrangement of atoms is restricted by
Al-O-Al networks during condensation, thus forming LACO75 glass.
The origin of the above features lies in the fact that oxygen is divalent
while chlorideis monovalent. Hence, the bridging oxygen (BO) serves as
the weaver of AI-O-Al networks, but the chloride prefers to coordinate
with single Al atom as a network breaker (just like Na,O in Na,0-SiO,
glass). Inthis sense, the appropriateratio of O to Clcanensure a proper
size of the AI-O-Al network and the remaining [AICI,]**anion groups
that are not connected by oxygen also act as a plasticizer, which both
help tolower the 7,0f LACO. Supplementary Note 4 also delvesinto the
effects of the lithium and oxygen contents on the structure of LACO.
To further investigate the bonding between aluminium and oxygen,
Fourier transform-infrared (FTIR) spectroscopy and Raman spectros-
copy were utilized (Supplementary Fig. 8). Inthe FTIR spectra, a peak
at approximately 492 cm™ corresponding to AICI, noticeably dimin-
ishes with the addition of oxygen, while a new peak at around 693 cm™
corresponding to the Al-O bond gradually emerges". In the case of
Raman spectra, obtaining a clear signal becomes challenging when
oxygen is introduced owing to strong fluorescence effects. However,
anew peak associated with the Al-O bond (-262 cm™) is still observed
inthe Raman spectra of LACO75'®. Simultaneously, the peak of AICI, " is
notably weakened compared with the Raman spectra of LiAICl,. Both
the FTIRand Raman spectra demonstrate a structural transformation
from AICI,” to AlO,CI,>*>*, further validating the structure obtained
by AIMD.

Tounderstand the Li* transport mechanismin LACO75, the atom
position distribution of all elements in LiAICl, and LACO75 are pre-
sented in Fig. 2a,b and Supplementary Fig. 11. The movements of Li
and Cl are substantially enhanced while the Al and O slightly move in
LACO75, whichis verified by the mean square displacement (MSD) of
eachtypeofionsinFig.2c. Although the movement of Clis greatly pro-
moted, itisjust rotating around the Al centre with no migration events
observed (not AI**, CI” or 0% conductors, as shown in Supplementary
Fig.12). The two closest distances for Li* hopping in LiAICl, are within
the Li,Cl,, dimers: 4.22 A and 4.88 A (Fig. 2d). However, the segment of
LACO75 shown in Fig. 2e demonstrates that the Li-Li distance (2.55 A
and 3.08 A) is pulled much closer by O, which is also confirmed in the
radial distribution function (RDF) of Li-Liin LiAlCl, and LACO75 (Fig. 2f).
In addition, the Al-Al distance and corresponding RDF of LiAICI, and
LACO75 are also compared in Supplementary Fig. 13. It is shown that
BOs considerably narrow the distance of Al-Al (2.55 A versus 4.63 A,
less than twice the distance of AI-O bonds), proving the existence of
Al-0O-Al chains or networks.

Based on the favourable structural factors involving the closer
Li* hopping distance and the existence of Al-O-Al chains, two
different transport mechanisms for Li* were observed. As shown in
Fig.2g,h, threelithiumions all rotate around the same oxygen and one
of them hops and coordinates with another adjacent O on the same
Al-0O-Alsegment, representing the direct Li" hopping process thanks
to the closer hopping distance. Meanwhile, as presented in Fig. 2i,j,
the Al-O-Al chain swings by itself and drives the surrounding Li* and
Cl ions to migrate together. According to the free volume model”, the
free volumeintheglassincreases drastically above T, so that segment
motionisactivated. Owing tothe completely disordered structure, the
positive and negative charge centres of localized Al-O-Al segments
may not overlap (dipole moment), so the movement or rotation of
the segments would be triggered under the electric field. Upon that,
the Li* transference number of LACO75 was measured to be 0.69 at
30 °C (Supplementary Fig. 14a,b). The Na* transference number was
measured to be 0.91 and the electronic conductivity of LACO75 and
NACO75are4.7 x108Scm™and 4.3 x108S cm™, respectively, at 30 °C,
asillustrated in Supplementary Fig. 14c-f. Even though anon-unityion
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Fig.2|Li" transport mechanismin LACO75 simulated by AIMD at 300 K.
a,b, The atom position distribution of Li in LiAICl, (a) and LACO75 (b). The

box size used for the simulation of LiAICI, and LACO75is 1.4 x 1.4 x 1.3 nm>.
Green, blue, yellow and red spheres represent Li, Al, Cland O, respectively. The
LACO75 structure is generated by substituting 37.5% of Cl with O in the LiAICI,
structure, running AIMD at 600 K for 30 ps and then cooling down to 300 K.
The bright-yellow points signify the movement trajectories of Li* in LiAICI,
and LACO75 during 100 ps. ¢, The MSD of Li, Al, Cland O in LiAICl,and LACO75
during 100 ps. The At refers to the time interval during the AIMD simulation.
d, e, Microstructural fragments with the shortest Li* transition distances of LiAICI,
(d) and LACO75 (e). f, The RDF of Li-Liin LiAICl,and LACO75. The r represents
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the distance between different Liions. g, h, Movement trajectories of Li, Al, Cl
and O elements in a hopping event (g) and the corresponding schematic diagram
of Li* migration (h). The schematic diagram shows that three Li* revolve around
oxygen and one of them (red) hops to and coordinates with another adjacent
oxygen on the same Al-O-Al chain segment. i, j, Movement trajectories of Li,

Al, Cland O elements on a swinging Al-O-Al segment (i) and the corresponding
schematic diagram denoting the movement directions of all the elements (j). The
movement trajectories are obtained by recording the true position of each atom
every 0.01 ps during theion hopping events and then overlaying the movement-
by-movement positions of these moving atoms on the initial structure. The
arrows inh andj signify the moving directions of elements.

transference number would decrease the rate performance of SSBs, the
single Li* conductivity of LACO75 under steady-state polarization still
remains relatively high at 1.05 mS cm™ at 30 °C. Besides, as shown in
Supplementary Fig.15and Note 5, the activation energy in the high tem-
peraturerange (30-105 °C) calculated by molecular dynamics simula-
tions was found to be 0.30 eV, which closely matches the experimental
results (0.33 eV). This close agreement further confirms the plausibility
ofthe ionic conduction mechanism observed in the AIMD simulations.
We believe that this segment-motion-promotingLi* transport mecha-
nism in inorganic LACO75 probably exists in other inorganic glasses
above T,, which would help inorganic glasses to obtain an additional
promoter of ionic conduction, apart fromthe Li* hoppingin the glassy

state. For example, Li* may be brought by the segment motionto a
more favourable position with closer hopping distance and then hop.

Chemo-mechanical stability with high-voltage cathodes

The compatibility of as-prepared MACO with electrodes was then
measured to evaluate their feasibility as solid electrolytes. As shown
in Supplementary Fig. 16a,b, the oxidation potentials of LACO75 and
NACO75are3.85Vand 3.9V, respectively. However, when cyclic voltam-
metry (CV) tests were performedin therange of 3-5.5 V (Supplementary
Fig.16c), it is clearly demonstrated that the oxidation currents of
LACO75 and NACO?75 both reduce rapidly after the first cycle, imply-
ingthata passivation layeris generated at the high oxidation potential
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Fig.3|Electrochemical performance of MACO in SSBs. a-c, Charge and discharge profiles (a), cycling performance (b) and Coulombic inefficiency (c) of the
Li/LLZTO/LACO75-NCM622 cell cycled at 1ICand charged to 4.3 V at 60 °C. d-f, Voltage curves (d), capacity retention (e) and Coulombic inefficiency (f) of the

Na/NASICON/NACO75-NVOPF cell cycled at 1C between 3.0 Vand 4.3 V at 60 °C.

to prevent further decomposition. The composition of this passivation
layer was probed by X-ray photoelectron spectroscopy (XPS) analysis
and density functional theory (DFT) calculations. As seenin Supplemen-
tary Fig. 16d, comparing the XPS spectra of the pristine and charged
LACO75-LiNi, ¢Co,,Mn,,0, (NCM622) composite cathodes, the O 1s
peakintensity of LACO75is weakened and asmallamount of Al,O;in the
Al2pspectraisgenerated after being chargedto4.3 V (ref.20). Accord-
ing to the Cl 2p spectra (Supplementary Fig. 17b) and compared with
the experimental LiAICI, spectra, it is confirmed that LiAICl, also exists.
The DFT calculationresults further suggest that LACO75 decomposes
into Al,O; and LiAICl, when oxidized (Supplementary Fig. 17a). Both
LiAICI, and AL,O, have been proven to be highly oxidation resistant™*,
whichis why LACO75is compatible with high-voltage cathode materi-
als. To further evaluate the oxidation resistance of MACO in SSBs, we
chose the Li/Na-metal-stable electrolyte Lig ,La;Zr, ,Ta, O,, (LLZTO)
and Na,Zr,Si,PO,, (NASICON) to minimize the influence from the anode
sideand fabricated Li/LLZTO/LACO75-NCM622 cells and Na/NASICON/
NACO75-Na,(VOPO,),F (NVOPF) cells without any coatings on the
NCM622 and NVOPF particles (Supplementary Fig. 20a,b). In addition,
allthe cellmeasurements were conducted without additional pressure
applied. As shown in Fig. 3, the cells were charged to 4.3 Vat 1C and
cycled for 600 times at 60 °C. The Li cell delivers an initial discharge
capacity of 173 mAh g™ and retains 125 mAh g after cycling, while the
Na cell shows aninitial discharge capacity of 127 mAh g™ and capacity
retention of 83.5%. The Coulombic efficiencies rise rapidly to 99.9%
intheinitial cycles, demonstrating compatibility with 4.3 V cathodes.
Then, the cells were cycled at 0.1C for 100 times at 30 °C with capacity
retention of 96.0% and 93.1%, respectively (Supplementary Fig. 18). Fur-
thermore, cells with commercially thick cathodes were also tested. The
Li/LLZTO/LACO75-NCM622 celland Na/NASICON/NACO75-NVOPF cell
with active mass loadings 0f22.2 mg cm2and 23.9 mg cm2were cycled
to4.3Vfor100 cyclesat 0.1Cand 60 °C (SupplementaryFig.19a,b,d,e).

After theinitial three cycles for stabilization, the cells exhibited specific
capacities of 178 mAh g'and 124.7 mAh g™ and eventually have capacity
retention of 86.1% and 90.6%, respectively, after cycling.

Features for scalability

Onthebasis of the analysis above, it has been demonstrated that MACO
arevery promisingelectrolytes to enable pressure-less Li- or Na-based
SSBs. Regarding processability for practical applications, the low melt-
ingtemperatures 0of128 °C and 154 °C can facilitate the liquid MACO to
completelyinfiltrate the tortuous porous structures of electrodes and
provide intimate ionic contacts and favourable ionic percolation for
thick cathodes (mass loading >20 mg cm™) (Fig. 4a)>. Cross-sections of
thick NCM622 and NVOPF cathodes fabricated by the melt infiltration
process are shown in Supplementary Fig. 19¢,f, in which the cathode
particles are closely embedded in the cathode matrix.

In addition, melt infiltration is also of utmost importance for
the adhesion force between electrolyte and cathode particles, con-
sidering the fact that the actual microscopic contact area between
electrode materials and solid electrolytes is too small for most of the
currentinorganicsolid electrolytes®. The limited actual microscopic
contact area not only restricts the ion transport path but also greatly
reduces the adhesion force between solid electrolytes and electrode
materials, because the adhesion force is directly related to the
microscopic contact area. When the adhesive force is not strong
enough, the battery can only rely on additional pressure to maintain
intimate contact betweenthe solid electrolytes and electrode particles
(sulfide SSBs).

In this sense, very similarly to PEO electrolytes, MACO'’s ‘super-
plasticity’ (7, <RT) and large actual microscopic contact area due to
meltinfiltration both contribute to the pressure-less feature of MACO
batteries. The homemade cell case is shownin Supplementary Fig. 21b,
where aspringisonly used to maintain the electrical contact (<0.1 MPa).
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Moreover, MACO membranes can also be produced by arolling process
owing to the outstanding deformability (Supplementary Video 3).

Another important aspect that must be considered is the
cost-effectiveness, which is one of the major obstacles to the com-
mercialization of current inorganic solid electrolytes (garnets, sulfides
and chlorides) owing to the complex manufacturing processes, low
abundance of elements or high materials cost. However, MACO elec-
trolytes possess advantages regarding all these issues. Firstly, the
synthesis of MACO electrolytes is quite simple, only involving mix-
ing and heating processes (Supplementary Note 6). Besides, Fig. 4b
presents the abundance and price of central metal elementsin garnet
and chloride electrolytes. As the third most abundant element in the
crust, Al also has the lowest price among all elements. Last but not
least, the materials cost of MACO75 (US $6.85 kg™ for LACO75 and US
$1.95 kg™ for NACO75; Supplementary Tables 1 and 2) is much lower
than that of Li,PS;CI (US $319 kg™)*. As an electrolyte derived from
tetrachloroaluminate, the reaction product of MACO with moisture
(HCI) is less toxic compared with H,S, which would also help to lower
production costs. In summary, the spider plot comparing the perfor-
mance of garnet, PEO, sulfide and MACO-based electrolytes (Fig. 4c)
shows that MACO-based electrolytes exhibit all-round advantages for
application onthe cathode side of SSBs.

Conclusions

We demonstrated that VIGLAS can serve as a promising solid electrolyte
to enable pressure-less Li- and Na-based SSBs. These electrolytes are
achieved by breaking the crystal structure of MAICI, with the assistance
of bridging oxygen to generate MACO with AI-O-Al networks. Owing
to the movement/rotation of segments and the close ion hopping dis-
tance, theionic conductivity is greatly boosted to above 1 mS cm™. The
as-prepared LACO75and NACO75 glasses have low T, values of -16.8 °C
and-25.5°C, equipping them with viscoelasticity to behave like organic
polymers and achieve excellent interfacial mechanical compatibility
without additional stack pressure. MACO also demonstrates good
chemicalinterfacial stability by maintaining stable cycling of SSBs with

4.3V, high-voltage cathodes. Moreover, the outstanding mechanical
property (deformability) and unique low-melting-temperature feature
of MACOinherited from tetrachloroaluminates make themsuitable for
therollingand meltinfiltration assembly processes. We also found that,
in addition to oxygen, sulfur can also promote the ionic conductivity
of LiAICI, (Supplementary Note 7). We strongly believe that there is
avast design space that the community could dedicate to vitrifying
inorganic (non-)ionic conductors and screening for low-T, VIGLAS
to obtain polymer-like mechanical properties, which can contribute
to fully tackling the issue of the mechanical instability of inorganic
electrolytes and enable practical applications of pressure-less SSBs.

Methods

Preparation of electrolytes

Tetrachloroaluminates (LiAlCl, and NaAICl,) were prepared by mix-
ing (grinding in a mortar) and heating anhydrous LiCI/NaCl (99.99%;
Aladdin Co., Ltd) and anhydrous AICl; (99.99%; Aladdin Co., Ltd)
togetherinaluminaor quartz crucibles at 200 °C. Initially, the freshly
produced molten chloroaluminates were brown in colour owing to
the presence of impurities. After adding small quantities of Al debris
(10 mg, 99.99%; Aladdin Co., Ltd) to the molten NaAICl, (10 g) for 5h,
the mixture became colourless. Oxygenwas introduced into the chlo-
roaluminates by adding Sb,0,. Under the protection of aninert atmos-
phere, stoichiometric amounts of Sb,0; (99.99%; Aladdin Co., Ltd)
and chloroaluminates were mixed and heated at 250 °C for more than
1h to remove the volatilized gas (Supplementary Note 6). Li, AlS,Cl,
electrolytes were synthesized by mixing and heating stoichiometric
Li,S (99.99%; Aladdin Co., Ltd) and AICl; together at 200 °C.

Preparation of electrodes

NCM622 cathodes were fabricated according to the following process.
First, NCM622 particles without any coating, LACO75, carbon nano-
tubes (CNTs) and polytetrafluoroethylene (PTFE) binder were mixed
in a mass ratio of 70:20:5:5 (NCM622:LACO75:CNTs:PTFE). Then, the
mixture was rolled to a film. Finally, the film was pressurized at 5 MPa
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to remove voids and heated to 200 °C for complete infiltration of
cathode materials. NVOPF cathodes were prepared by using the same
process, except that the NVOPF:NACO75:CNT:PTFE ratio was adjusted
t070:20:10:5. Thisis due to the relatively poor electronic conductivity
of NVOPF, so the proportion of CNTs (the electronic conductive addi-
tive) was increased from 5% to 10%. The current densities and mass
loadings of the NCM622 cathode and the NVOPF cathode for 1Ccycling
are 0.64 mA cm™?(4 mg cm2)and 0.396 mA cm™ (3.3 mg cm™), respec-
tively. The current densities and mass loadings of the NCM622 cathode
and the NVOPF cathode for 0.1C cycling at 30 °C are 0.053 mA cm™
(3.3 mgcm™?)and 0.058 mA cm™ (4.8 mg cm2), respectively. The cur-
rent densities of the NCM622 cathode and the NVOPF commercially
thick cathodes for 0.1C cycling are 0.4 mA cm™2and 0.3 mA cm™ The
working electrodes used for LSV and CV tests were prepared from
mixtures of MACO75, CNTs and PTFE with mass ratio of 90:10:5.

Assembly of SSBs

Schematic diagrams (notto scale) of the Li/LLZTO/LACO75-NCM622
and Na/NASICON/NACO75-NVOPF cells are shown in Supplementary
Fig.21a. The modification layer of the Li/LLZTO interface is produced
by the energetic chemical reaction between Zn(NO,), and Li metal*®.
The Na/NASICON interface is modified by Na-Sn alloy (with a weight
ratio of Na to Sn of 5:1)”. Firstly, the anodes were prepared and the
interfaces of Li/LLZTO and Na/NASICON were modified. Then the
cathodes were heated at200 °Cand the LLZTO/NASICON pellets (1mm
thick, bought from MTl.incand Canrd. inc, respectively) were pressed
onto the surface of the cathodes. After cooling down, all-solid-state
cells were fabricated.

Computational details

The DFT calculations were performed employing the Vienna Ab Initio
Simulation Package® by using the generalized gradient approxima-
tion and the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
function”. In order to obtain the LACO structures, the method used
involves directly replacing two Cl in LiAICI, with O, resulting in the
hypothesized LACO structures. Subsequently, these hypothesized
structuresarerun atatemperature of 600 K for 30 ps with atime step of
1fs, causing them to fully melt. At this point, the predefined structures
arelost, and theamorphous LACO structures are obtained when cooled
down to 300 K. After obtaining the amorphous structures, AIMD was
then performed with constant number-volume-temperature (NVT) at
300 Kwith110 psand 160 ps for LiAICl, and LiAICI, ;O ;5, respectively,
to study ion transport properties and structural changes. To explain
the changes of ionic conductivities at different temperatures, we per-
formed molecular dynamics from 213 to 393 K in steps of 15K using
the many-body potential and interatomic forces trained by the Deep
Potential MD method™ for 3.5 ns with LAMMPS>.. We also calculated
results for Liy sAICI,0y 55, Li; sAICI;0, 5 and LiAlICI; sO, ,s for comparison.
Thesimulation steps for the above three compositions are shown as fol-
lowing. First, we used AIMD to melt the structures at 600 K to generate
disorderedstructures. Then, we used DFT torelax the cell parameters
tofind thelattice constant with the lowest total energy. Next, we cooled
the structures at a rate of 100 K ps™ from 600 K to 300 K with a time
step of 1fs. Finally, we simulated their dynamical properties at 300 K
for 50 ps with a time step of 1fs. The MSD, atom distribution and the
diffusion process were extracted as in our previous work?2, All structure
figures are presented by using VESTA software™®.

Characterization

DMA was implemented by using a TA Q800 dynamic mechanical ana-
lyser. All measurements were conducted in the three-point bending
mode. The dynamic temperature ramp test was performed with a
heating rate of 2 °C min™at1Hz. The creep curves were also obtained by
usingaTA Q800 inthe three-point bending mode under anapplied load
of 0.1MPaat 60 °C. The stress-strain curves of LACO75 were obtained

by compression under quasi-static loading with astrain rate of 10™*s™

at30 °Cusingan Instron 3400 mechanical tester. The X-ray diffraction
patterns were collected by using a D8 Bruker X-ray diffractometer with
CuKa radiation (1 =1.5405 A). A Hitachi S-4800 was used for scanning
electronmicroscopy (SEM) analysis. The DSC tests were conducted on
adifferential scanning calorimeter (Mettler-Toledo, DSC1) in Ar atmos-
phereatascanning rate of 10 °C minfrom 0 °C t0 250 °C. XPS spectra
were probed by using an ESCALAB 250 Xi (ThermoFisher). The ionic
conductivities of the MACO were measured by a.c.impedance withan
amplitude of 50 mV in the frequency range from 1 MHz to 1 Hz (IMé6e,
Zahner). The sample was sandwiched between two tungsten foil block-
ingelectrodes. All Nyquist plots for ionic conductivity measurements
can be found in Supplementary Fig. 22. On the basis of the Nyquist
plots of the full cell, Supplementary Fig. 25 and Supplementary Table
4 also present the electrochemical impedance spectroscopy analy-
sis and fitting for the Li|LLZTO|LACO75-NCM622 cell. Galvanostatic
charge-discharge performance tests were performed with a Land
CT2001A battery test system. The neutron total scattering data were
collected at the Multi-Physics Instrument in the Qrange of 0.45-50 A™
at China Spallation Neutron Source (CSNS). Samples were sealed into
thin-walled Zr-Ti cans with diameter of 9 mm in a helium-filled glove
box before acquisition. The NPD patterns were refined using GSAS-II
software**. Neutron PDF results were analysed using PDFgui software™.

Data availability
The datathat support the findings of this study are available within this
article and its Supplementary Information.
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