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Na-ion Batteries

A Dual Anion Chemistry-Based Superionic Glass Enabling Long-
Cycling All-Solid-State Sodium-Ion Batteries

Xiaoting Lin®, Yang Zhao", Changhong Wang", Jing Luo, Jiamin Fu, Biwei Xiao,
Yingjie Gao, Weihan Li, Shumin Zhang, Jiabin Xu, Feipeng Yang, Xiaoge Hao, Hui Duan,
Yipeng Sun, Jinghua Guo, Yining Huang, and Xueliang Sun*

( )

Abstract: Glassy Na-ion solid-state electrolytes (GNSSEs) are an important group of amorphous SSEs. However, the
insufficient ionic conductivity of state-of-the-art GNSSEs at room temperature lessens their promise in the development
of all-solid-state Na-ion batteries (ASSNIBs) with high energy density and improved safety. Here we report the
discovery of a new sodium superionic glass, 0.5Na,0,-TaCl; (NTOC), based on dual-anion sublattice of oxychlorides.
The unique local structures with abundant bridging and non-bridging oxygen atoms contributes to a highly disordered
Na-ion distribution as well as low Na® migration barrier within NTOC, enabling an ultrahigh ionic conductivity of
4.62mScm™" at 25°C (more than 20 times higher than those of previously reported GNSSEs). Moreover, the excellent
formability of glassy NTOC electrolyte and its high electrochemical oxidative stability ensure a favourable electrolyte-
electrode interface, contributing to superior cycling stability of ASSNIBs for over 500 cycles at room temperature. The
discovery of glassy NTOC electrolyte would reignite research enthusiasm in superionic glassy SSEs based on multi-anion

chemistry.
\J Y J

Introduction

Rechargeable Na-ion batteries have the potential to be a
cost-effective solution for grid-scale energy storage owing to
the abundance and low cost of sodium.! However, the
employment of flammable organic liquid electrolytes and
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their limited energy density pose serious safety concerns and
hinder their practical applications.”! All-solid-state Na-ion
batteries (ASSNIBs) have emerged as a promising solution
to overcome these challenges by utilizing a solid-state
electrolyte (SSE) for higher energy density and improved
safety.’!. To enable high-performance ASSNIBs, Na-ion
SSEs should possess high ionic conductivity, a wide electro-
chemical stability window, good device integration capabil-
ities, and superior interfacial compatibility with electrodes.

Over the past decades, various Na-ion SSEs have been
developed, such as oxides, sulfides, halides, and polymers.”!
These SSEs can be generally classified into two categories:
crystalline and amorphous. Crystalline SSEs have a well-
defined, long-range ordered atomic structure. The ions in
crystalline SSEs are held in fixed positions and can only
move through the well-defined channels or planes.”) Their
ion transport behavior is significantly affected by the
concentration of available adjacent positions or defects, the
size of the bottleneck of ion transport channels, and the
grain boundaries."** In contrast, amorphous SSEs lack the
long-range periodic ordering of their constituent atoms. The
Na™ ions in amorphous SSEs are randomly distributed and
are not restricted by fixed channels or planes.” Therefore,
amorphous SSEs generally show higher ionic conductivities
and softer mechanical properties than their crystalline
counterparts, making them more suitable for next-genera-
tion all-solid-state batteries.

As a subset of amorphous SSEs, ionic glass appears to
be particularly interesting as it has the disordered structure
of a liquid yet its physical properties resemble those of a
solid.”! Therefore, glass is customarily considered a “super-
cooled liquid”. Other distinct advantages of glassy SSEs

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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over their crystalline counterparts include isotropic ionic
conduction, the absence of grain boundaries, and the ease
of fabricating a thin film. As such, Na*-ion conducting
glass is a perspective class of SSEs that shows immense
technological promise in the development of ASSNIBs.!”
Thus far, many oxide- and sulfide-based glassy Na-ion
SSEs (GNSSEs) have been reported, such as Na,O-SiO,
(2.8x107°Scm ™, 100°C), 0.5Na,S-0.5SiS,
(1.2x107° Sem™, 25°C)," 0.8Na,S-0.2P,S; (1x107° Scm™,
25°C),"  Na;ALP;0,, (3.28x1077Scm™,  100°C),k*"
90Na,P,0¢-10Na,Te,O5 (2.4x10°°Scem ™, 150°C),13
Naj 5571, ;Siy 75P0 25010, (1.9x107° Sem™, 300°C),"  and
Na;PS, O, (2.7x107*Scm™, 60°C).®) Apparently, most
previously reported GNSSEs exhibit insufficient ion con-
ductivities, even at elevated temperatures (=100-300°C),
significantly downplaying their potential and slowing down
the progress of ASSNIB’s development. On the other
hand, it can be noted that most of these GNSSEs are based
on single anions, which may set limitations on local glass
networks and the resultant Na® ion mobility.’*"”) There-
fore, a breakthrough in the ionic conductivity of GNSSEs is
highly desired and requires the rational design of new
compositional spaces.

In contrast to conventional GNSSEs that are based on a
single anion sublattice, here we report a new superionic
glass electrolyte, 0.5Na,0,-TaCl; (NTOC; 450°C), based on
dual anions of oxychlorides. The glassy NTOC matrix is
mainly composed of TaCl; octahedrons, TaO,Cl, polyhe-
drons, and oligomeric Ta-centered polyhedrons connecting
via corner-shared oxygen, along with highly disordered Na*
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ion distribution. The unique local structures weaken inter-
actions of Na® with surroundings, smoothing the way for
their long-range migration and contributing to an impressive
ionic conductivity of 4.62 mScm™! at 25°C. Additionally, the
NTOC electrolyte show good compressibility without ob-
vious pores or voids after simply cold pressing, eliminating
the need for high temperature and high pressure required
for ASSNIB fabrication and operation. When paired with an
uncoated high-voltage layered oxide cathode
(NaygsMn,sNi, 4Fe,;0,), ASSNIBs demonstrate long cycling
stability of 500 cycles at 0.1 C at 25 °C. This research brings a
breakthrough in the advancement of high-performance
ASSNIBs based on superionic glass electrolytes.

Results and Discussion

The dual anion framework of oxychloride is selected for
sodium superionic glass because of the long ionic bond
length and high polarizability of both CI~ and O*" anions.!'’!
The xNa,0,-TaCls (x=0.3, 0.4, 0.5, 0.6, and 0.8) compounds
were prepared by a co-melting method under vacuum at
450°C. X-ray diffraction (XRD) patterns of the as-prepared
samples are shown in Figure 1a. Optimization of the reagent
stoichiometries revealed that a ratio of Na,0,:TaCl;=0.5:1
was required for relative pure amorphous phase formation,
with a negligible amount of NaCl impurity detected. Ratios
other than 0.5:1 led to an unknown crystalline phase
(x<0.5) or a higher content of NaCl by-product and excess
Na,O, (x>0.5). However, simply controlling the reagent
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Figure 1. (a) XRD patterns of the xNa,O,-TaCl; (x=0.3, 0.4, 0.5, 0.6, and 0.8) samples co-melted at 450°C. (b) XRD patterns of the 0.5Na,0,-TaCls
samples co-melted at different temperatures. (c) The Arrhenius plots of cold-pressed xNa,O,-TaCl; samples (insert is a photograph of pure bulk
NTOC electrolyte). (d) Comparison of RT ionic conductivities and activation energies of xNa,O,-TaCls (x=0.3, 0.4, 0.5, 0.6, and 0.8) samples.

(e) Summary of the ionic conductivity of glassy Na*-ion conductors compared with the NTOC electrolyte.
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stoichiometries is not sufficient to yield a relatively high-
purity amorphous phase; the sintering temperatures and
quenching rates were identified as key parameters that
affect the phase compositions. As depicted in Figure 1b,
diffraction peaks from a second unknown crystalline phase
can be observed when the sintering temperature is <430°C,
and the relative intensity of characteristic peaks decreases
gradually with increasing temperature. It is believed that a
high sintering temperature offers a high chemical driving
force, and increasing the temperature to 450°C affords the
driving force to form an amorphous 0.5Na,0,-TaCl; phase.
It needs to be pointed out that the disappearance of
crystalline characteristic peaks does not mean the simple
phase transformation from crystalline to amorphous, since
the phase composition changed due to the release of
greenish-yellow Cl, gas when increasing the temperature to
450°C (Figure S1). The generation of Cl, gas is ascribed to
the occurrence of redox reaction which involves the
reduction of peroxide ions to divalent oxygen ions and
oxidation of CI” to Cl, gas (03~ +2CI” = Cl, T +20*"). No
significant phase changes can be observed as the temper-
ature continues to rise to 550°C. Additionally, the phase
compositions were further measured as a function of cooling
rate. Quenching favors the formation of an amorphous
phase, and an increasing amount of crystalline impurity can
be detected by extending the cooling time (Figure S2). The
amorphous 0.5 Na,0,-TaCls prepared at 450°C with rapid
quenching was used for subsequent studies and denoted as
NTOC in the following results.

The thermal behavior of the amorphous NTOC powder
was first examined, and the differential scanning calorimetry
(DSC) curve reveals that the amorphous NTOC phase is
glass. The glass transition temperature (7,) of the NTOC
glass is identified as 147 °C (Figure S3). The optical image of
the pure bulk NTOC electrolyte indicates its perfectly
transparent glass state (insert in Figure 1c), and the surface
of the NTOC was homogeneous and smooth without any
visible voids (Figure S4). After a few minutes of manual
grinding, the transparent bulk NTOC glass turns into a white
powder with micrometer-sized particles (Figure S5). Inter-
estingly, the NTOC electrolyte exhibits outstanding form-
ability. The NTOC powder can be reversibly transformed to
a highly dense and poreless appearance after simple cold
pressing at ~300 MPa (Figure S6). The energy dispersive
spectroscopy (EDS) elemental mapping images indicate the
uniform distribution of the Na, Ta, O, and Cl elements
across the cold-pressed NTOC pellet (Figure S7). In sharp
contrast, voids and grain boundaries are observable for the
cold-pressed crystalline NaTaCl, SSE, even when much
higher pressure was applied (Figure S8). Such a mechanical
property difference is presumably closely related to the
oxygen participation that may play a critical role in the local
structures of the NTOC electrolyte.® Overall, for oxy-
chloride NTOC glass, its excellent formability and unique
soft nature could favor the solid-solid interfacial contact in
ASSNIBs. Meanwhile, the absence of crystalline conduction
pathways or particulate interfaces in cold-pressed NTOC
SSE contributes to isotropic ion mobility without grain

Angew. Chem. Int. Ed. 2024, 63, €202314181 (3 of 8)
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boundary resistance, benefiting fast and continuous Na*-ion
transport.’*

The ionic transport behavior of the NTOC electrolyte
was then studied. The impedance plot of the NTOC exhibits
a semicircle and a spike in the low-frequency region,
suggesting that the NTOC behaves as a typical ionic
conductor (Figure S9). Arrhenius plots of the xNa,0,-TaCls
with different reagent stoichiometries and the 0.5Na,O,-
TaCls samples sintered at different temperatures are dis-
played in Figures 1c and S10, the corresponding ionic
conductivities at 25°C and the activation energies (E,) are
compared in Figure 1d and S11, respectively. It can be
clearly observed that the optimized composition of amor-
phous 0.5Na,0,-TaCl; (NTOC) exhibits an ultrahigh ionic
conductivity of 4.62mScm™' at 25°C with the lowest
activation energy of 0.30 eV among all samples. Meanwhile,
the electronic conductivity of NTOC electrolyte is negligible
(<107 Scm™) as measured via direct current polarization,
indicative of a good electronic insulator (Figure S12). Since
the ionic conductivity of SSEs is highly dependent on their
intrinsic structures, it can be inferred that the superionic
property of NTOC electrolyte originates from the favorable
local structures that enable fast, long-range Na™ mobility,
which will be discussed later. It is noteworthy that the
NTOC electrolyte exhibits the highest ionic conductivity
among GNSSEs reported so far (Figure le). Impressively,
the ionic conductivity of NTOC electrolyte is more than
20 times higher than that of the state-of-the-art Na*-ion
conductive  glass  (NasPS,,O,) reported recently
(027 mSem™ at 60°C).* A summary of the ionic con-
ductivity of the representative inorganic SSEs is also
presented in Figure S13. The comparative study further
indicates that the ionic conductivity of NTOC electrolytes is
superior to that of any reported cold-pressed Na*-ion
conductors. Particularly, the ionic conductivity of NTOC
glass is two orders of magnitude higher than recently-
revived sodium halides, including Na,ZrCl;, NaAlCl,, Na-
TaCl,, Na, Er, Zr,Cl,, and Na, Y, Zr,Cl.P**! It is to be
noted that despite a higher conductivity of 32 mScm™" was
achieved for a sintered Na,gSb, W, 1,S, pellet, the use of
glassy NTOC electrolyte in ASSNIBs promises good device
integration capabilities by simple cold pressing."

In addition to good formability and ultrahigh ionic
conductivity, this oxychloride NTOC glass also exhibits
good chemical stability against dry air. As shown in Fig-
ure S14 and S15, no significant changes were observed in
both phase compositions and ionic conductivity of the glassy
NTOC electrolyte after exposure to dry air for over 3 days,
demonstrating its perspective for large-scale practical bat-
tery applications. To further reveal the electrochemical
stability of the NTOC electrolyte, a linear sweep voltamme-
try (LSV) test was performed at 0.1 mV S™'. The LSV curves
in Figure S16 reveal the oxidation and reduction voltages of
the NTOC electrolyte are approximately 3.92 V and 2.37 V,
respectively. Although the NTOC electrolyte cannot be
directly paired with Na;sSn, (or Na) anode due to the
formation of a non-passivating interface, the interfacial
incompatibility between NTOC and Na,;sSn, electrode can
be addressed by inserting a Na;PS, interlayer, which is

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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promising to facilitate the stabilization of electrolyte/anode
interface in NTOC-based ASSNIBs (Figure S17-S18).
Structural analysis of glassy NTOC is necessary to shed
light on the correlation between local network structures
and the fast Na-ion conduction mechanism. Raman spectra
of NTOC show a strong polarized band at 398 cm™' and a
depolarized band of medium intensity at 103-184 cm ™, close
to the Ay, and T,, modes of TaClg~ in NaTaClg, respectively
(Figure 2a).l" Tt is reasonable to assume that TaClg~ units
may be present in the glassy NTOC. The high-energy
Raman bands at 700-900 cm™' can be ascribed to the
coupled modes involving mainly the stretching of bridging
oxygen (0-3Ta/O-2Ta) in the NTOC."**! Further evidence
of the presence of bridging oxygen, as well as non-bridging
oxygen, in the NTOC can be found in the O 1s X-ray
photoelectron spectroscopy (XPS) spectra in Figure 2b.55
The possible origin of the medium weak band at 215 cm ™ is
breathing vibrations of Ta polyhedrons where Ta atoms are
bonded through bridging oxygen. Consequently, the NTOC
may contain many different oligomeric Ta-centered polyhe-
drons, and the symmetrical stretching of Ta—Cl bonds in the
oligomeric polyhedrons should show bands near the fre-
quency of symmetrical stretching of Ta—Cl in TaClg . These
bands probably partly overlap with TaClg~ at 398 cm™. In
addition, O K-edge X-ray absorption spectroscopy (XAS)

1
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spectra indicate that NTOC glass essentially contains Ta—O
bonds, and the coordination geometry around the O atoms
resembles that of O in orthorhombic Ta,O5 (Figure S19).
Thus, the bridging O atoms in NTOC are expected to be
bonded to two equivalent Ta’" atoms in a linear geometry
and bonded to three Ta’' atoms in a trigonal planar
geometry and/or a distorted geometry, in good agreement
with the Raman results.!"

The local coordination environment around the Ta
atoms in NTOC was further explored by conducting XAS
analysis. Figure S20 shows the normalized Ta L;-edge X-ray
absorption near edge structure (XANES) spectra of the
NTOC and the references of Ta,O5 and TaCls. The differ-
ences in energy position and intensity of the white-line and
the resonances suggest their different Ta local environment,
which is related to the number and geometrical arrangement
of the neighboring Cl and/or O atoms around Ta.”” The
structural properties around the Ta atoms can be more
clearly seen in more detail in the extended XAFS (EXAFS)
at the Ta L;-edge. The signals of wavelet-transformed
(WT)-EXAFS near 1.5 A and 2 A correspond to the nearest
neighboring O and Cl atoms around a centered Ta atom,
respectively (Figure 2c). Further, the Fourier transformed
(FT)-EXAFS fitting results clearly revealed that the average
coordination numbers of Ta—O and Ta—Cl were 1.8 and 3.9,

(=}

O Exp, Mag
O Exp, Re
<
S
5]
Ta,0, E
3 T T T
; 1.0 1.5 20 25 3.0
= jro i R(A)
[ =
g . e f
= 0-3Ta/0-2Ta TaT ——NTOC Cl K-edge
TaCl ala _NaTacl |
M “ 3 TaCl,
NaTaCl, &
2
= Ta-0 [ NTOC
~ 5}
) N =
5 NaCl
B
TaCl, 9
Qo
<

150 300 450 600 750 900
Raman shift (cm™)

4 5 2800 2820 2840 2860 2880
Photon Energy (eV)

b g h
O1s —~ Na K-edge ——NaTaCl,
3 ——NTOC 11.36
Non-Bridgin =
o 5 NaCl
3 =
: o
@
> " § Na,0
7] ridging 4 °
3 8 Na,0, Naci .
£ ] i
£ NTOC !
] AN
= | 1215
537 534 531 528 525 1060 1080 1100 1120 1140 20 10 0 -10 20
Binding Energy (eV) Energy (eV) 5 Na (ppm)

Figure 2. (a) Raman spectra of NTOC and reference samples. (b) O Ts XPS spectrum of NTOC glass electrolyte. (c) WT-EXAFS of NTOC electrolyte
at Ta L;-edge. A k’ weighting was used. (d) FT-EXAFS fitting results for the Ta L;-edge spectrum of the NTOC electrolyte. (e) PDF profiles of the
NTOC and NaTaCl, electrolytes. (f) Cl K-edge and (g) Na K-edge XANES spectra of the NTOC electrolyte and the reference samples. (h) *?Na solid-

state NMR spectra of NTOC and NaTaCly electrolytes.
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respectively, and the detailed coordination information
around a centered Ta is summarized in Table S1. WT-
EXAFS also provides intuitive information about the second
nearest neighbor interactions of Ta-centered polyhedrons,
and the results disclose an intensity maxima of Ta—Ta single
scattering at around 3.9 A, validating that the Ta-centered
species coordinated with other Ta centers in the medium
range. The WT-EXAFS results were corroborated by the
pair distribution function (PDF) profile, which implies that
the Ta was nearest coordinated with O and Cl atoms in
NTOC (Figure 2e). Of note, compared with the NaTaClg
that is composed of discrete [TaClg]™ units, the most distinct
feature of NTOC is an intense Ta—Ta peak at ~3.8 A,
reconfirming the existence of a significant amount of
oligomeric Ta-centered frameworks connecting via corner-
sharing oxygen.”*!l

The local configuration around Na atoms is also
important since the diffusion of Na® through the network is
affected by their local coordination and their bonding with
the framework.” Based on the Cl K-edge XAS spectrum in
Figure 2f, the Cl in the NTOC electrolyte could be
recognized to be mainly coordinated by Ta, without obvious
signs of a Na—Cl scattering path. Interestingly, NTOC
displays a rather different Na K-edge XAS absorption
feature from reference samples (Figure 2g). The major
features of NTOC are one intense peak at 1078 eV and a
smooth resonance around 1091 eV, which are good indica-
tions of the local disordering around Na in NTOC glass.*!
In agreement with the high disorder of the sodium environ-
ment, a broad featureless resonance was observed at
—12.15 ppm in the *Na solid-state nuclear magnetic reso-
nance (ss NMR ) spectrum of NTOC (Figure 2h). Compared
with the crystalline NaTaCly, a slight decrease in chemical
shift of the *Na signal in NTOC reflects the increased
number of high-electron-density Ta atoms around Na
atoms.™ This phenomenon further verified the presence
of a significant number of oligomeric Ta—O—ClI polyhedrons
around Na atoms. It can be thus deduced that Na cations
would act as charge compensators near Ta-centered poly-
hedrons or would be located near non-bridging oxygen.!
This could explain why the Na atoms in NTOC are free of
strong Coulombic attractions from O and Cl in the nearest
range.

Taken together, it can be generally concluded that the
NTOC glass may mainly constructed from [TaClg] octahe-
drons, [TaO,Cl,] units, oligomeric Ta-centered polyhedrons
connecting via corner-shared oxygen, as well as highly
disordered Na* ions located around the “random frame-
work” of the glass matrix. In fact, the oxygen incorporation
is considered to be responsible for the unique local
structures of NTOC and its superionic feature. The explan-
ations for high ionic conductivity of NTOC electrolyte could
be proposed as follows. First, the existence of non-bridging
oxygen in NTOC electrolyte contributes to the formation of
a relatively open framework with a large free volume, which
permits excellent Na mobility between its initial and final
sites.™ Second, non-bridging oxygen also can offer hoping
sites for ion conduction where Na™ jumps into or out easily
due to relatively weak bonding or shallow energy well,

Angew. Chem. Int. Ed. 2024, 63, €202314181 (5 of 8)
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similar to the function of non-bridging oxygen in oxide glass
networks.”! Third, the oxygen corner-sharing connectivity
of Ta-centered polyhedrons in NTOC could induce a
distorted sodium-site environment and allow for percolating
pathways through which sodium can be transported with a
low energy barrier.’”®*! Although the precise structure of
the glassy NTOC electrolyte was not disclosed, the oxy-
chloride chemistry was proven to benefit fast Na* diffusion
in GNSSEs, and the complex interplay of ion-network
interactions in NTOC is being investigated in ongoing
studies in our laboratory.

With an ultrahigh ionic conductivity, negligible elec-
tronic conductivity, high oxidation stability, and good
formability, the glassy NTOC is a promising candidate SSE
for ASSNIBs. As a proof-of-concept, the glassy NTOC SSE
was directly integrated as the solid electrolyte into ASSNIBs
with an uncoated high-voltage cathode of
Na,gsMny sNiy JFey;0, (NMNFO) and a Na;sSn, anode; a
thin layer of Na;PS, was inserted between NTOC and
Na;sSn, to prevent the undesirable reactions (Figure 3a). In
this work, the ASSNIBs were constructed by simply cold
pressing at room temperature. The charge-discharge curves
and rate performance of ASSNIBs at different current
densities ranging from 0.1C to 1C (1C=120mAg™") at
room temperature are shown in Figure 3b and c. Reversible
discharge capacities of 106.3, 95.4, and 62.3 mAhg™' can be
delivered at 0.1, 0.2, and 0.3 C between 2.5 and 3.8V,
respectively. Although the capacity gradually decreases
along with an increase in current densities, the reversible
capacity can be recovered upon returning to 0.1 C. It is
important to note that the insufficient ionic conductivity of
the Na,PS, interlayer (~0.1 mScm™') in ASSNIB is partially
responsible for the limited capacity of as-developed ASS-
NIB, especially at high rates. The cycling performance and
Coulombic efficiency of the ASSNIB cell at 0.1 C are shown
in Figure 3d and e. Surprisingly, the ASSNIB exhibits stable
cycling and slow capacity fading at 0.1 C, maintaining 66 %
capacity retention over 500 cycles. The overlapping of the
oxidation and reduction peaks in cyclic voltammetry (CV)
profiles further implies that the NMNFO cathode has good
electrochemical reversibility in NTOC-based ASSNIBs (Fig-
ure S21).

A galvanostatic intermittent titration technique (GITT)
was performed to roughly determine the Na™ diffusion
behaviors in the NMNFO cathode at different electro-
chemical states of ASSNIB. Figure 3f shows the GITT
profile of the ASSNIB at 20mAg™. It can be clearly
observed that almost all the electrochemical polarization of
NMNFO cathode is less than 50 mV, demonstrating the
favorable electrochemical process. The significant increase
of polarization at 3.3V (~85 mAhg') during charging can
be attributed to the structural transition from O3-NMNFO
to P3-NMNFO phase, and the gradual increase of polar-
ization during discharging is associated with the gradual
saturation of Na* sites in the NNMFO crystal structure.®!
The Dy,. is further calculated based on the charge and
discharge process, as plotted in Figure 3g. The average Dy,
values during the charge and discharge processes are
1.093x107"% and 1.059x107"> cm?S™", respectively. This result
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Figure 3. (a) Schematic diagram of NTOC-based ASSNIBs. (b, c) Charge-discharge profiles and rate performance of ASSNIB at different current
densities. (d, e) Charge-discharge profiles and cycling performance of ASSNIB at 0.1 C, RT. (f) GITT curve and corresponding polarization curves of
the ASSNIB in the initial cycle. 20 mAg™' current pulses are used for 5 min increments followed by 2 h relaxation during GITT testing. (g) Na*
diffusion coefficients of ASSNIB at different charge-discharge states during the initial cycle.

is consistent with the smaller voltage hysteresis during
charging than discharging process, suggesting relatively
more feasible reaction kinetics during Na™* extraction.
Clearly, the ASSNIBs using the NTOC glass SSE
demonstrate superior electrochemical performance in terms
of fast Na™ ion diffusion, high reversible capacity, and good
cycling stability at room temperature. To the best of our
knowledge, this is one of the best electrochemical perform-
ance of room-temperature ASSNIBs ever reported in the
literature.®*! The good electrochemical performance of
ASSNIBs developed in this work is associated with several
contributing factors. On one hand, the highly deformable
oxychloride NTOC glass electrolyte enables the effective
formation of continuous sodium-ion conduction pathways in
the ASSNIBs. A cross-sectional SEM image of the compo-
site cathode layer is shown in Figure 4b, it can be clearly
observed that the NMNFO cathode particles are embedded
into the deformed NTOC electrolyte without significant
voids and the surface/edge of the active materials are almost
fully covered. The excellent deformable property of the
NTOC glassy SSE is also capable of addressing the
interfacial contact issues between different cell components.
As shown in Figures4a, 4c, and Figure S22, intimate
cathode/NTOC electrolyte and NTOC/Na,;PS, interfacial
contact can be simultaneously achieved by simple cold
pressing at ~300 MPa, contributing to the formation of
effective ionic paths. On the other hand, good chemical/
electrochemical compatibility between NTOC electrolyte

Angew. Chem. Int. Ed. 2024, 63, €202314181 (6 of 8)

and NMNFO cathode materials was verified by ex situ XPS
analysis on the NTOC interface with NMNFO cathode at
different electrochemical states. As shown in Figure 4d and
e, no obvious change in the chemistry of NTOC was
observed in the Cl 2p and Ta 4f XPS spectra. Furthermore,
the Ta L;-edge and Cl K-edge XANES spectra for cathode
composite at different charge/discharge states were essen-
tially unchanged (Figure 4f and 4g). Therefore, the excellent
chemical and electrochemical stabilities of the NTOC
electrolyte with the uncoated layered oxide NMNFO
cathode were confirmed.

Conclusion

In summary, we report a new Na-ion superionic conductor
0.5Na,0,-TaCl; (NTOC) based on the unique dual-anion
sublattice of oxychlorides. The glassy NTOC electrolyte
exhibits an ultrahigh ionic conductivity of 4.62x10~*> Scm™!,
which is more than 20 times higher than previously reported
glassy Na-ion SSEs. Such high ionic conductivity mainly
originates from the low Coulombic interactions between
Na™-ion and its dual-anion environment of oxychlorides and
the specific functions of bridging and non-bridging oxygens.
Moreover, the oxychloride framework led to malleable
property of NTOC to construct cold-pressed pellets that are
free of voids and highly stable at high voltage. The
elimination of high-temperature fabrication of all-solid-state
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Figure 4. The cross-sectional SEM images of (a) the interphase between the cathode composite layer and NTOC electrolyte, (b) the cathode
composite layer, and (c) the interphase between the NTOC electrolyte and Na;PS, layer. The scale bars in a-c are 1 pm. Ex situ (d) Cl 2p and (e) Ta
4fXPS spectra of cathode composite at different charge/discharge states. (f) Cl K-edge and (g) Ta L;-edge XANES spectra of cathode composite at

different charge/discharge states.

Na-ion batteries is manufacturing favorable and environ-
mentally friendly. Using the glassy NTOC as the solid-state
electrolytes and an uncoated high voltage layered oxide
Na, gsMn sNij ,Fe,;0, as the cathode, ASSNIBs demonstrate
long cycling stability of 500 cycles at 0.1 C at room temper-
ature. This research represents a significant leap in glassy
Na-ion solid-state electrolytes and their high-energy-density
all-solid-state batteries.
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