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ABSTRACT: Although high-voltage-stable halide solid electrolytes
(SEs) have emerged, only a few Na+ halide SEs have been developed
thus far. Moreover, the use of expensive elements reduces the
suitability of all-solid-state Na-ion batteries (ASNBs). Herein, the
new mechanochemically prepared orthorhombic NaAlCl4 is demon-
strated to exhibit a 10-fold enhancement in Na+ conductivity (3.9 ×
10−6 S cm−1 at 30 °C) compared to annealed samples. The feasibility
of NaAlCl4 for ASNBs is also validated for the first time. X-ray
Rietveld refinement with bond valence energy landscape calculations
reveals 1D-preferable 2D Na+ conduction pathways. High-voltage
stability up to ∼4.0 V (vs Na/Na+) is confirmed by electrochemical
measurements and theoretical calculations. Furthermore, the out-
standing electrochemical performance of NaCrO2/Na3Sn ASNBs at 30 and 60 °C is demonstrated (e.g., 82.9% capacity
retention at the 500th cycle at 60 °C and 1C), shedding light on the potential of the cost-effective and safe energy storage
systems.

Li-ion batteries (LIBs) have expanded into application
areas such as large-scale energy storage systems (ESSs)
that could stabilize the power grid.1,2 However, the

price of Li rose more than 10-fold over the past decade (from
6.06 USD kg−1 in 2012 to 75 USD kg−1 in 2022 for Li2CO3).

3

In addition, the uneven distribution of Li mines has caused
political and economic issues.4−7 Moreover, there are safety
concerns about LIBs, as seen from frequent fire accidents
associated with the use of flammable organic liquid electro-
lytes.8−10 These factors have impeded the widespread use of
LIBs for ESSs.8,9,11 Solidifying electrolytes with nonflammable
inorganic Na+ superionic conductors could improve safety and
reduce cost, making all-solid-state Na-ion or Na batteries
(ASNBs) promising for use as ESSs.4,12−26

Sulfide SEs have been extensively investigated due to their
high ionic conductivity and mechanical deformability which
allows for the cold-pressing-based fabrication of all-solid-state
batteries.12−19,24,27−32 The first sulfide Na+ superionic
conductor, cubic Na3PS4, had a Na+ conductivity of 0.2 mS
cm−1.13 Since then, various aliovalent and/or isovalent
substitutions for Na3PS4 have been investigated, which
produced compounds with improved Na+ conductiv-
ity,15−19,24,30,33 including Na3SbS4 (1 mS cm−1), Na1−2xCaxPS4
(1 mS cm−1), Na3−xPS4−xClx (1 mS cm−1), and

Na3‑xSb1−xWxS4 (maximum ∼40 mS cm−1). However, the
electrochemical oxidation stability of sulfide SEs is as low as
∼2 V (vs Na/Na+).25,28

Recently, halide SEs have emerged as a game changer
because they are mechanically sinterable, similarly to sulfide
SEs, and exhibit excellent electrochemical oxidation stability
and interfacial compatibility with LiMOx (M = Ni, Co, Mn,
and Al mixture) cathode active materials (CAMs).31,34,35 Since
the seminal report on Li3YCl6 (0.5 mS cm−1) that
demonstrated stable cycling of LiCoO2 with a high initial
Coulombic efficiency (ICE) of 94.8%, several new Li+ halide
SEs have been developed, including Li3YCl6,

35 Li3InCl6,
36

LixScCl3+x,
37,38 Li2ZrCl6,

39,40 Li3−xM1−xZrxCl6 (M = Y, Er),41

Li3−xYb1−xMxCl6 (M = Zr, Hf),42,43 etc.44−46 However, only
three Na+ analogues have been identified experimentally thus
far: Na2ZrCl6,

25 Na3−xEr1−xZrxCl6,
23 and Na3−xY1−xZrxCl6.
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criticism for the practical applications of halide SEs is the use
of rare and expensive central metals such as Y, In, and Sc.34

This is even more critical for Na+ halide SEs because the use of
costly elements severely offsets the cost-effectiveness of Na
chemistry. This motivated us to explore compositions using
cheap and earth-abundant elements, such as Al (Figure S1).
A NaCl−AlCl3 binary system has long been the key for

diverse research fields, including rechargeable Na batteries.48,49

NaAlCl4 melts at ∼160 °C and can consequently be used as a
molten salt electrolyte for high-temperature-operating Na−
NiCl2

2,22,50,51 and Na−Al52−55 batteries for ESSs. In addition,
NaAlCl4−nSO2 is a nonflammable inorganic liquid electrolyte
at room temperature (RT).56,57 As such, the properties of
NaAlCl4 and the corresponding battery performance have been
investigated in the molten state at elevated temperatures or in
an inorganic liquid state (NaAlCl4−nSO2), thus far without
any reports on solid-state Na+ conduction for ASNBs.
In this study, we demonstrate the suitability of NaAlCl4 for

ASNBs operating at RT. Mechanochemically prepared
orthorhombic NaAlCl4 (space group of P212121) exhibited
an Na+ conductivity of 3.9 × 10−6 S cm−1 at 30 °C, which was
1 order of magnitude higher than that of its highly crystalline
counterpart obtained by annealing at elevated temperatures. X-
ray Rietveld refinement and bond valence energy landscape
(BVEL) analyses revealed two prismatic Na+ sites, among
which one-dimensional (1D)-preferable 2D Na+ migration
pathways were formed. First-principles calculations, cyclic
voltammetry (CV), and stepwise high-voltage tests showed the
high oxidation stability limit of NaAlCl4 at a minimum of ∼4.0
V (vs Na/Na+). NaCrO2/Na3Sn ASNBs employing BM-
NaAlCl4 demonstrated excellent cycling performance at 30 and
60 °C despite relatively low Na+ conductivity. Cycling
performances of 82.0% and 82.9% capacity retention were
achieved at 30 °C (0.2C, 300 cycles) and 60 °C (1C, 500
cycles), respectively.

Three NaAlCl4 samples were prepared by mechanochemical
milling of an equimolar NaCl−AlCl3 mixture without or with
subsequent heat treatment (HT) at 100 or 200 °C, and are
referred to as BM-, HT100-, and HT200-NaAlCl4, respectively.
The Na+ conductivities of the resulting cold-pressed pellets
were measured by the AC impedance method using Na+-
blocking Ti/SE/Ti symmetrical cells. Arrhenius plots of Na+
conductivity are shown in Figure 1a. Nyquist plots of BM-
NaAlCl4 are shown in Figure S2. BM-NaAlCl4 exhibited a Na+
conductivity of 3.9 × 10−6 S cm−1 at 30 °C with an activation
energy of 0.42 eV. The electronic conductivity of BM-NaAlCl4,
measured by chronoamperometry, was 1.2 × 10−10 S cm−1

(Figure S3), which translates into a transference number of
close to unity. Moreover, this value is much lower than that of
sulfide SEs (∼10−9 S cm−1), which is highly advantageous for
suppressing side reactions.58,59 The excellent deformability of
BM-NaAlCl4 was also confirmed by the flattened surface of
cold-pressed pellets prepared under 370 MPa (Figure S4). As
the annealing temperature for BM-NaAlCl4 was increased to
100 and 200 °C, the Na+ conductivity gradually decreased to
2.4 × 10−6 and 3.3 × 10−7 S cm−1, respectively. The latter is
10-fold lower compared to that without annealing.60 The
significant enhancement in Na+ conductivity for BM-NaAlCl4
compared to annealed samples is comparable to that of various
halide SEs, such as LiAlCl4,

61 Li3YCl6,
35 and Li2ZrCl6,

39 which
is explained by ionic conduction channels and energy
landscapes rendered by cationic disorders44,62,63 and/or
stacking faults.46

The powder X-ray diffraction (XRD) patterns of all three
samples shown in Figure 1b matched the Bragg peaks of
orthorhombic NaAlCl4 with a space group of P212121.

64

Although the XRD crystallinities for BM- and HT100-NaAlCl4
were similar, HT200-NaAlCl4 presented a notable increase in
XRD crystallinity. Considering the low melting temperature of
∼160 °C for NaAlCl4, the high crystallinity of HT200-NaAlCl4
originates from the recrystallization of NaAlCl4 melts. The

Figure 1. Characterization of BM-, HT100-, and HT200-NaAlCl4. (a) Arrhenius plots of Na+ conductivity and (b) powder XRD patterns. (c)
Crystal structure of BM-NaAlCl4 with the unit cell outlined. Corresponding crystal structures built up by (d) AlCl4− and (e) NaCl65−.
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BM- and HT100-NaAlCl4 samples were powdery, whereas the
HT200-NaAlCl4 sample existed as a solid mass (Figure S5).
The low melting point of 152 °C for NaAlCl4 was confirmed
by a differential scanning calorimetry result (Figure S6).
The powder XRD Rietveld refinement profiles of BM-

NaAlCl4 and HT200-NaAlCl4 are shown in Figure S7, and the
corresponding results are summarized in Tables S1 and S2.
The fitted results of BM-NaAlCl4 showed a density of 2.02 g
cm−3 (a = 6.17302 Å, b = 9.88428 Å, c = 10.33293 Å, V =
630.5 Å3). Notably, this value is significantly lower than those
of other Na+ halide SEs (Na2ZrCl6, 2.43 g cm−3;
Na2.8Er0.8Zr0.2Cl6, 2.84 g cm−3) and is slightly lower than
that of the sulfide SE Na3PS4 (2.19 g cm−3),13 indicating an
advantage in the specific energy density of ASNBs with
NaAlCl4. The crystal structure of NaAlCl4 is shown in Figure
1c−e. Al3+ is located at the tetrahedral site to form AlCl4−

tetrahedra that are isolated from one another (Figure 1d). In
Li3MCl6 (M = Y, Er, In, Sc, Zr), MCl63− octahedra form the
structural framework.34−36,39,44,65 The occurrence of the
AlCl4− tetrahedra in NaAlCl4 is due to the smaller ionic
radius of Al3+ (crystal ionic radius of 53 pm) compared to
others for Li3MCl6 (86−103 pm).66 Na+ is positioned in two
different prismatic sites denoted as “Na1” and “Na2” sites in
BM-NaAlCl4, which were previously reported and newly
identified in this study, respectively (Figure 1e). On the
other hand, for HT200-NaAlCl4, the best refinement result at a
reliable level (χ = 6.95) was obtained for a model without the
Na2 site. When the Na2 site was added, the χ value increased
to 7−8, indicating that the structure model without the Na2
site occupation is more appropriate for the highly crystalline
HT200-NaAlCl4. The dispersed Na+ occupation in BM-
NaAlCl4 is similar to that in other mechanochemically
prepared halide SEs, such as Na2ZrCl6, Li2ZrCl6, Li3YCl6,
and Li3ErCl6.

25,34,39,44 First-principles calculations revealed
that the structure which has all Na+ in the Na1 site is
energetically more favorable than those for which Na+ is
distributed in both Na1 and Na2 sites. However, their energy
differences are only 5−53 meV/atom (Tables S3 and S4),
supporting Na+ occupation in the Na2 site for the
mechanochemically prepared sample BM-NaAlCl4. A more
detailed description is provided later.
Further structural information was acquired by Raman

spectroscopy (Figure S8). The precursor AlCl3 showed a peak
at 310 cm−1, corresponding to three-way intersectional AlCl63−

octahedra sharing three edges with their neighbors (Figure
S9).65 BM- and HT-NaAlCl4 exhibited peaks at 350 cm−1

without any signals of AlCl3. The characteristic peaks at 350
cm−1 correspond to the vibration of the AlCl4− tetrahedra (A1
mode).23,67,68,69 23Na magic angle spinning nuclear magnetic
resonance (MAS NMR) spectra for BM-NaAlCl4 at various
temperatures are shown in Figure S10.
A BVEL analysis was performed to assess the Na+ migration

pathways in BM-NaAlCl4 (Figure 2). Despite its inaccuracy,
soft BV provides a suitable approximation of the relative height
of the barriers and ion migration pathways.70 Three different
Na+ migration mechanisms between the Na1 and Na2 sites
were identified: (i) through a shared rectangular face between
face-sharing prisms (transition I, Figure 2a), (ii) through
rectangular faces between corner-sharing prisms (transition II,
Figure 2b), and (iii) through a triangular face of the Na1 site
and a rectangular face of the Na2 site between the corner-
sharing prisms (transition III, Figure 2c). The BV isosurface
mapping and BVEL calculation results indicate that the

transition modes are more favorable in the descending order
transition I > transition II ≫ transition III, which could be
understood by considering the much smaller transitional
triangular area (6.7 Å2) for transition III than the rectangular
transitional area (14.7 Å2). These three types of transition
mechanisms were combined to form 2D Na+ migration
pathways in the ac plane (Figure 2d). Figure 2e,f displays
the bond valence isosurface maps viewed in the [010] direction
with isosurface values of 0.3 and 0.6 eV, respectively. For the
map with 0.3 eV, a zigzag-shaped 1D pathway along the [001]
direction is formed via transitions I and II (red dashed lines,
Figure 2e). For the map with 0.6 eV, the aforementioned 1D
pathways are interconnected by transitions I−III (dark blue
dashed lines), forming an extended 2D network pathway
(Figure 2f). In sharp contrast, a BV isosurface map in the ab
plane displays disconnection along the [010] direction (Figure
S11), confirming the 1D-preferable 2D Na+ migration
pathways of BM-NaAlCl4. The Na2 site was newly identified
in the mechanochemically prepared NaAlCl4, and occupation
of the Na2 site would enhance the connectivity of the Na+
pathways. This could indicate that the occurrence of Na+
occupation in the Na2 site in the mechanochemically prepared
NaAlCl4 may be the key to the remarkably enhanced Na+

Figure 2. BVEL calculation results of BM-NaAlCl4. (a−c) Three
different Na+ migration mechanisms (transitions I−III) showing
colored pathways and a transitional area. (d) Na+ diffusion
pathways viewed in the [010] direction confirmed by the bond
valence isosurface mapping. Isosurface maps (e) for 0.3 eV with a
1D diffusion Na+ pathway and (f) for 0.6 eV with a 2D Na+
diffusion pathway.
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conductivity compared to the highly crystalline annealed
sample.25,40,61

The electrochemical stability of BM-NaAlCl4 was assessed
by cyclic voltammetry (CV) measurements of an SE-C mixture
electrode (7:3 wt ratio) at 30 °C. Figure 3a shows the first
positive-scan curves of BM-NaAlCl4 and Na3PS4. The second
and third scan profiles are also shown in Figure S12. The onset
potential for severe oxidation of BM-NaAlCl4 was ∼4.1 V (vs
Na3Sn ≈ 4.0 V vs Na/Na+), which is in sharp contrast to ∼2.6
V (vs Na3Sn ≈ 2.5 V vs Na/Na+) for Na3PS4. Moreover, the
integrated oxidation current up to 4.0 V (vs Na/Na+) for BM-
NaAlCl4 was considerably lower (0.83 mA V g−1) than that for
Na3PS4 (4.72 mA V g−1), exhibiting the exceptional superiority
in oxidation stability of the halide SE NaAlCl4 compared to a
sulfide variant. Like other halide SEs,34,35 BM-NaAlCl4
exhibited a poor reduction stability with the onset reduction
current at approximately 2.1 V (vs Na3Sn ≈ 2.0 V vs Na/Na+,
Figure S12). First-principles calculations were also carried out
to reveal the intrinsic electrochemical stability and decom-
position products of NaAlCl4. The calculated electrochemical
window and phase equilibrium of NaAlCl4 are presented in
Figure 3b. NaAlCl4 shows a wide electrochemical window from
1.494 to 4.242 V (vs Na/Na+), and the decomposition
products at the anodic limit are predicted to be NaCl3 and
AlCl3 phases. Because NaCl3 and NaCl7 are known to be
formed at high pressure,71 the electrochemical stability
excluding those phases is also presented in Table S5. The

onset voltage of the anodic (oxidation) reaction is consistent
with the CV results in Figure 3a. This high oxidative stability
verified by both experiments and calculations results manifests
NaAlCl4 as a promising SE for high-voltage ASNBs.
To assess the practical electrochemical stability of NaAlCl4

for using NaMO2 CAMs, Na0 .67Ni0 . 1Co0 .1Mn0 .8O2
(NaNCM118) was selected as a model CAM because of its
reversibility up to ∼4.5 V (vs Na/Na+) or higher,72,73 which is
consistent with the cell test result of NaNCM118 cathodes
using conventional liquid electrolytes (Figure S13). The crystal
structure of NaNCM118 is shown in Figure S14 and Table S6.
NaNCM118/Na3Sn all-solid-state cells using BM-NaAlCl4 as
the catholyte were cycled with the higher cutoff voltages
increasing stepwise by 0.15 V from 3.50 to 4.10 V (vs. Na/
Na+), while the lower cutoff voltage was fixed at 2.0 V (vs Na/
Na+). The discharge capacity and Coulombic efficiency as a
function of the number of cycles are shown in Figure 3c.
NaNCM118 with BM-NaAlCl4 retained a stable cycling and a
Coulombic efficiency (CE) of close to 100% until the cutoff
voltage reached 3.95 V (vs Na/Na+). However, as soon as
charging started with a cutoff voltage of 4.10 V (vs Na/Na+)
(18th cycle), the charge capacity increased ∼6 times (440 vs
70 mA h g−1) and the CE dropped to 15.9% from 99.7%,
indicating severe side reactions of NaAlCl4. The corresponding
charge−discharge voltage profiles in Figure 3d also show a
large overpotential, especially during the first discharge, with a
cutoff voltage of 4.10 V (vs Na/Na+). The capacity at the

Figure 3. Electrochemical stability of BM-NaAlCl4. (a) Cyclic voltammograms of Na3PS4 and BM-NaAlCl4 at 0.1 mV s−1 and 30 °C. (b)
Phase equilibria of NaAlCl4 as a function of Na/Na+ potential based on first-principles calculations. (c) Discharge capacity and Coulombic
efficiency as a function of cycle at 30 °C and 0.1C for Na0.67Ni0.1Co0.1Mn0.8O2 (NaNCM118)/Na3Sn all-solid-state cells employing BM-
NaAlCl4 as the catholyte with a stepwise-increasing upper cutoff voltage from 3.40 to 4.00 V (vs Na3Sn). (d) Charge−discharge voltage
profiles corresponding to those at the cycles indicated by the arrows in (c).
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subsequent cycle abruptly decreased. These results indicate
that the practical cutoff voltage limit of NaAlCl4 is ∼3.95 V (vs
Na/Na+), which agrees well with the CV and first-principles
calculations result (Figure 3a,b).
Finally, the feasibility of BM-NaAlCl4 as the catholyte for 3

V class NaCrO2/Na3Sn ASNBs was assessed and compared
with that of Na3PS4 (Figure 4). Na3PS4, with a Na+
conductivity of 1.0 × 10−4 S cm−1, was used as the separating
SE layer. Figure 4a shows the cycling performance between 2.0
and 3.5 V at 30 °C and 0.2C in the constant current−constant
voltage (CCCV) charging mode (limiting current density of
0.02 C). The corresponding charge−discharge voltage profiles
of NaCrO2 with BM-NaAlCl4 are shown in Figure S15.
NaCrO2 with Na3PS4 showed a low ICE of 35.2% and low
discharge capacity of 41 mA h g−1. Its initial capacity decreased
substantially in the subsequent cycles. The poorer performance
compared to that in previous studies originates from the harsh
CCCV charging mode and the presence of conducting carbon
additives, where side reactions are accelerated.25,74,75 In
contrast, NaCrO2 electrodes using BM-NaAlCl4 exhibited a
high first discharge capacity of 114 mA h g−1 and a high ICE of
95.2%, with an excellent capacity retention of as high as 82.0%
after 300 cycles. The resistance components in the ASNB cells
at different cycles were analyzed by electrochemical impedance
spectroscopy (EIS) (Figure 4b and Figure S16). Nyquist plots
show an incomplete high-frequency semicircle and a full
midfrequency semicircle, which are attributed to the

resistances of the separating SE layer and the interfaces of
the cathodes, respectively.25,31,39 The equivalent circuit model
and fitted results are provided in Figure S17 and Table S7,
respectively. The comparable amplitudes of R1 + R2 for ASNB
cells with BM-NaAlCl4 and Na3PS4 (approximately 700−800
Ω) were because they employed the same Na3PS4 separating
SE layers. In contrast, the interfacial resistances when BM-
NaAlCl4 was used were far lower than those when Na3PS4 was
used (e.g., 116 vs 2405 Ω at the first cycle). Moreover, the
amplitude of Na3PS4 exceeded that of the SE layer and
increased substantially upon cycling (to 6334 Ω at the fifth
cycle). The result of the much smaller interfacial resistances in
using BM-NaAlCl4 compared to using Na3PS4 is surprising
considering the lower Na+ conductivity of BM-NaAlCl4 (3.9 ×
10−6 S cm−1) compared to Na3PS4 (1.0 × 10−4 S cm−1).
The underlying interfacial evolution was probed by X-ray

photoelectron spectroscopy (XPS) measurements of the
NaCrO2 electrodes employing BM-NaAlCl4 and Na3PS4 before
and after 20 cycles at 30 °C (Figure 4c and Figure S18). For
the electrodes using Na3PS4, both S 2p and P 2p XPS spectra
revealed the evolution of the oxidized species SO4

2−, PO4
3−,

bridging sulfur (P-[S]n-P), and P2S5 (Figure S18).25 In
contrast, for the electrodes using BM-NaAlCl4, marginal
changes in both Cl 2p and Al 2p spectra were observed after
20 cycles (Figure 4c), verifying that NaAlCl4 remained intact.
Thus, the governing factor for the performance of ASNB cells
is the electrochemical and interfacial stability rather than the

Figure 4. Electrochemical performance of NaCrO2/Na3Sn all-solid-state Na-ion batteries (ASNBs) employing a BM-NaAlCl4 catholyte. (a)
Cycling performance at 30 °C and 0.2C for NaCrO2 electrodes employing BM-NaAlCl4 or Na3PS4. (b) Corresponding Nyquist plots at the
first cycle. (c) Ex situ XPS signals of NaCrO2 electrodes using BM-NaAlCl4 before and after 20 cycles at 30 °C. (d) Cycling performance for
NaCrO2 electrodes employing BM-NaAlCl4 at 60 °C and 1C.
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ionic conductivity. The kinetic overpotential due to the low
electronic conductivity of BM-NaAlCl4 (1.2 × 10−10 S cm−1)
would also contribute to the excellent stability.59 However,
when the electrode mass loading was doubled from 11.3 to
22.6 mg cm−2, a substantial increase in the overpotential was
observed, which calls for the need to enhance the Na+
conductivity of the catholyte (Figure S19). The voltage
profiles, Nyquist plots, and cycling performance of NaCrO2
cathodes using Na3PS4 in the CC or CCCV mode are also
provided in Figure S20.
The rate capability results for BM-NaAlCl4 at 30 and 60 °C

are shown in Figure S21. The discharge capacity at 0.5C was
≤70 mA h g−1 at 30 °C, which was attributed to the low Na+
conductivity of the BM-NaAlCl4 catholyte. By elevating the
temperature to 60 °C, where Na+ conductivity is boosted to
1.7 × 10−5 S cm−1, the discharge capacity increases, reaching
∼100 mA h g−1 at 1C. Based on this result, NaCrO2/Na3Sn
ASNBs employing the BM-NaAlCl4 catholyte were cycled at
60 °C and 1C (Figure 4d and Figure S22). The ICE was
94.0%, and the average CE in the subsequent cycles was as
high as 99.93%. The ASNBs also showed an exceptionally high
long-term cycling retention of 82.0% after 500 cycles, with an
initial discharge capacity of 112 mA h g−1. In comparison with
previous results for ASNBs with NaCrO2, our results
demonstrate outstanding performance (Table S8).
In summary, the suitability of orthorhombic NaAlCl4 for

RT-operated ASNBs was demonstrated for the first time. The
mechanochemically prepared NaAlCl4 exhibited a Na+
conductivity of 3.9 × 10−6 S cm−1 at 30 °C, which was more
than 1 order of magnitude higher than that of annealed
NaAlCl4 with a low electronic conductivity of 1.2 × 10−10 S
cm−1. The BVEL calculation results revealed 1D-preferable 2D
Na+ migration in the ac plane through the newly found Na+
interstitial site. The high electrochemical oxidation voltage
limit of NaAlCl4 was as much as ∼4 V (vs Na/Na+) and was
revealed complementarily by first-principles calculations, CV,
and stepwise-increasing voltage tests using NaNCM118
cathodes. NaCrO2/Na3Sn ASNBs with BM-NaAlCl4 showed
much better performance compared to those with Na3PS4,
emphasizing the decisive role of electrochemical and interfacial
stability. Finally, the outstanding cycling stability of NaCrO2/
Na3Sn ASNBs using the BM-NaAlCl4 catholyte was high-
lighted at 30 and 60 °C: capacity retentions of 82.0% and
82.9% after 300 cycles at 30 °C and after 500 cycles at 60 °C,
respectively. Excellent electrochemical performance was
demonstrated using cost-effective elements of Al with Na,
highlighting the promising prospect for ESS applications.
However, the low Na+ conductivity of BM-NaAlCl6 should be
enhanced to improve its rate capability at RT with higher-
areal-capacity electrodes. There may be plentiful opportunities
for further enhancement of Na+ conductivity, as are the cases
for Na+ sulfide and Li+ halide analogues of Na3PS4 and
Li3YCl6, respectively.
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