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The sodium (Na) superionic conductor is a key component that could
revolutionize the energy density and safety of conventional Na-ion
batteries. However, existing Na superionic conductors are primarily based
onasingle-anion framework, each presenting inherent advantages and
disadvantages. Here we introduce a family of amorphous Na-ion conductors
(Na,0,-MCI, M = Hf, Zr and Ta) based on the dual-anion framework of
oxychloride. Benefiting from a dual-anion chemistry and with the resulting
distinctive structures, Na,0,~-MClI, electrolytes exhibit room-temperature
ionic conductivities up to 2.0 mS cm™, wide electrochemical stability
windows and desirable mechanical properties. All-solid-state Na-ion
batteries incorporating amorphous Na,0,-HfCl, electrolyte and a Na, g5
Mn;Ni, ,Fe,,0, cathode exhibit a superior rate capability and long-term
cycle stability, with 78% capacity retention after 700 cycles under 0.2 C
(1C=120 mA g™) atroom temperature. The discoveries in this work could
trigger anew wave of enthusiasm for exploring new superionic conductors
beyond those based on asingle-anion framework.

Rechargeable Na-ion batteries (NIBs) are emerging as a viable sub-
stitute for lithium-ion batteries, especially for large-scale, economi-
cal energy storage, due to the Earth’s abundant sodium resources'>.
Despite this potential, the advancement of NIB technology is hindered
by two primary challenges: (1) their relatively low energy density
(-160 Wh kg™), which undermines their market competitiveness, and
(2) the use of flammable organic liquid electrolytes, which raises sub-
stantial safety concerns in practical applications*. To address these

issues, the development of all-solid-state NIBs (ASSNIBs) is proposed
asthe optimal solution, offering several key advantages. First, replac-
ing flammable liquid electrolytes with solid-state electrolytes (SSEs)
substantially enhances the safety of NIBs>°. Second, bipolar stacking
markedly increases the volumetric energy density of ASSNIBs’. Third, if
SSEs canresolve the long-lasting issue of Na dendrite growth, ASSNIBs
using metallic Na anodes have the potential to achieve a maximum
energy density.
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Fig.1|Synthesis and properties of the xNa,0,-MCl, (M= Hf, Zr and Ta) SSEs.
a, Lab-based XRD patterns of xNa,0,-HfCI, (0.8 < x <1.2) and Na,HfCl, SSEs
synthesized employing anidentical methodology. The crystalline impurity
phase of NaCl is marked with asterisks. 26, the angle between the incident beam
and diffracted beam. b, The temperature (7)-dependentionic conductivities
(0) of the as-prepared xNa,0,-HfCI, (0.8 < x <1.2) SSEs. c-f, Lab-based XRD

patterns (c and d) and Nyquist plots of the EIS measurement results (e and f) of
NTOC and NZOC SSEs at 25 °C. Z’ represents the real part of the impedance, and
Z” represents the imaginary part of theimpedance. g, Comparison of theionic
conductivity at 25 °C and activation energy (E,) for the amorphous NMOC SSEs.
h, Electrochemical stability windows of NMOC SSEs in comparison with that of
the Na,PS, electrolyte”.

The pursuit of advanced ASSNIBs has spurred rapid advancements
in sodium-ion SSEs, a crucial component of these batteries®'°. Recent
developments include various forms of SSEs: organic (polymer) SSEs,
inorganic SSEs and hybrid composites”. Among these, inorganic SSEs can
befurther categorized into ceramic oxides, sulfides, halides and borohy-
drides according to their distinct anionic frameworks'. However, each
type of SSE offers unique benefits and drawbacks. For instance, oxides
provide abroad electrochemicalstability window and excellent thermal
stability, yet their mechanical rigidity necessitates high-temperaturesin-
teringtoreduceinterfacialand grainboundaryimpedance during device
assembly™". Sulfides are noted for their high room-temperature ionic
conductivities (102 S cm™), as well as their malleability and ease of form-
ing intimate solid-solid interfaces via cold pressing'>'°. However, they
are challenged by narrow electrochemical stability windows and poor
environmental resistance". Halide SSEs, by contrast, offer impressive
high-voltage and dry-air stability, but their low room-temperature ionic
conductivities (-10°-107° S cm™) fall short of industrial requirements'®".
Borohydride SSEs exhibit superior ionic conductivity and good compat-
ibility with metallic Naanodes, but their oxidation and thermal stability
remain substantial concerns®**. In essence, the limitations of these
SSEs primarily stem from their reliance on single-anion frameworks,
inherently limiting their performance capabilities. Thus, exploring
innovative structural designs for sodium-ion SSEs based on mixed-anion
frameworks could overcome the limitations of single-anion frameworks,
potentially enabling the development of versatile, high-performance
SSEs that could revolutionize ASSNIB technology.

In this work, we introduce a class of sodium-ion conductors fea-
turing a dual-anion sublattice of oxychlorides (Na,0,-MCI,, NMOC;
M =Hf, Zr, Ta; y =4, 5). These NMOC electrolytes achieve high ionic
conductivities, up to 2.0 mS cm™at 25 °C, facilitated by the structure
of oxychlorides, which enable rapid sodium-ion transport through
the synergistic effects of bridging and non-bridging oxygen with dis-
tinct functionalities. Additionally, these SSEs exhibit several advanta-
geous properties: abroad electrochemical stability window, excellent
formability and a moderate Young’s modulus. When the Na,O,-HfClI,
(NHOC) electrolyte is directly paired with a layered oxide Na, gsMng ¢
Ni, ,Fe,,0, cathode without additional surface coating, the resulting
ASSNIBs exhibit a remarkable rate performance and cycling stability
over 700 cycles at 0.2 C, outperforming previous reports. This study
paves the way for the development of new-generation Na-ion SSEs,
advancing ASSNIB performance.

Synthesis and characterization of amorphous
NMOCSSEs

The oxychloridesstructureis exploited in developing sodium-ion supe-
rionic conductors because of the extended ionic bond lengths and
substantial polarizabilities of oxygen and chlorineions?. As a proof of
concept, sodium peroxide (Na,0,) and hafnium tetrachloride (HfCl,)
wereinitially selected to synthesize various stoichiometric ratios of oxy-
chloride sodium-ion conductors (xNa,0,-HfCl,; 0.8 <x<1.2) througha
one-step mechanochemical process under aninert atmosphere. X-ray
diffraction (XRD) analysis of these samples (Fig. 1a) revealed no distinct
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diffraction peaks at the stoichiometric ratio of x=1.0 (that is, Na,0,-
HfCl, or NHOC), indicating an amorphous phase. This amorphous
structure was further verified by additional synchrotron XRD, trans-
mission electron microscopy imaging and diffraction patterns (Sup-
plementary Fig. 1). Notably, an impurity phase of NaCl was prevalent
in compositions withx > 1.0, while another impurity phase, Na,HfCl,,
was more pronounced in lower Na,O, molar ratios. The increase in
Na,HfCl, content was marked by stronger diffraction peaks as the Na,0,
content decreased.

Temperature-dependent ionic conductivities of the xNa,O,—
HfCI, (0.8 <x <1.2) samples were evaluated through electrochemical
impedance spectroscopy (EIS; Supplementary Fig. 2), revealing that
room-temperature ionic conductivity gradually increased with an
increasing Na,0,-to-HfCI, ratio, reaching a peak of 0.52mS cm™ at
x=1.0 in amorphous NHOC (Fig. 1b and Supplementary Fig. 3). How-
ever, conductivity decreased with furtherincreasesin sodium peroxide
content. The highionic conductivity of the NHOC electrolyte benefits
partly fromits amorphous nature, wherein the intrinsicionic conduc-
tion is unaffected by grain boundaries (Supplementary Fig. 2f)**. On
the other hand, reductions in ionic conductivity in samples other
than NHOC were linked to the presence of crystalline impurity phases
of NaCl or Na,HfCl,. The ionic conductivity of amorphous NHOC was
substantialy higher than that of its single-anion counterpart, Na,H-
fCl, (0.02 mS cm™), which was synthesized employing an identical
methodology yet crystallized into a monoclinic structure (Supple-
mentary Fig. 4 and Supplementary Tables 1and 2). Correlating with
theionic conductivity results, Na*-ion transport within NHOC exhibits
alower migration barrier of 0.36 eV, compared to 0.42 eV across the
well-defined channelsin crystalline Na,HfCl, (Supplementary Fig. 5).
These enhancements canbe attributed to the intrinsic structural char-
acteristics of the oxychloride NHOC electrolyte, which will be further
discussed in subsequent sections. Additionally, NHOC was identified
asanelectronicinsulator relative toits fast Na*-ion migration (Supple-
mentary Fig. 6), beneficial for inhibiting electrical leakage and ensuring
prolonged operational life in ASSNIBs?.

To validate the versatility of the oxychloride framework for
sodium-ion superionic conductors, Na,0,-TaCl; (NTOC) and Na,0,~
ZrCl, (NZOC) were synthesized using binary compound precursors
in equivalent molar ratios. Both materials formed amorphous phases
with high bulk ionic conductivities of 2.0 and 0.42 mS cm™ at room
temperature, respectively (Fig. 1c-f), surpassing their crystalline hal-
ide counterparts, NaTaCl,and Na,ZrCl,, as detailed in Supplementary
Figs. 7 and 8 and Supplementary Tables 3 and 4. Furthermore, the
notably lower activation energies of 0.30 eV for NTOC and 0.35 eV for
NZOC suggest more efficient sodium-ion transport.

Inadditiontotheirappealingiontransport behaviour, these oxy-
chloride electrolytes also exhibit beneficial mechanical properties and
oxidation stability. Supplementary Figs. 9,10 and 11ademonstrate that
amorphous NMOC electrolytes can form dense morphology through
asimple cold-pressing process, suggesting good deformability, which
aids in resolving interfacial contact issues with cathode materials®.
Importantly, their moderate Young’s modulus promises the mainte-
nance of such intimate interfacial contact during long-term battery
cycling (Supplementary Fig.12)>*. This property contrasts sharply with
that of their crystalline halide counterparts, where obvious interparti-
clevoids and grainboundaries are apparentin cold-pressed electrolyte
pellets (Supplementary Figs. 11b, 13 and 14). On the other hand, the
electrochemical stability windows of NHOC, NZOC and NTOC SSEs
were determined to be in the ranges of 1.83-4.03 V,1.97-3.94 V and
2.24-4.01V (versus Na’/Na;sSn,), respectively (Fig. 1h and Supple-
mentary Fig.15). Their relatively low density (Supplementary Table 5)
and high electrochemical oxidative stability make these NMOC SSEs
promisinginadvancing high-energy-density ASSNIBs, although some
compatibility issues with Na;;Sn, anodes were noted (Supplementary
Figs.16-18).

Structural analysis of amorphous NMOC SSEs

To gain insights into the relationship between local structures and
Na* diffusion within NMOC SSEs, comprehensive structural analyses
were conducted. Raman spectra of the NHOC electrolyte exhibit the
characteristic signatures at -167 and 333 cm™ (Fig. 2a), indicating
the presence of discrete [HfCI,]*" octahedral units derived from the
original HfCI, structure**?. Wavelet-transformed extended X-ray
absorption fine structure (EXAFS) and Fourier-transform EXAFS
analyses at the Hf L;-edge spectrumidentified the presence of oxygen
and provided additional structural details of NHOC. These analyses
revealed two main peaks corresponding to Hf-O and Hf-Cl interac-
tions, suggesting complex local bonding environments (Fig. 2b and
Supplementary Fig.19). The EXAFS fitting results (Fig. 2c) estimated
the average coordination numbers of O and Cl around Hf in the first
coordination sphere to be 2.3 and 3.5, respectively, with detailed
coordination information summarized in Supplementary Table 6.
Pair distribution function (PDF) analysis, G(r), helped clarify both the
short- and medium-range structural configurations in NMOC SSEs
(Fig. 2e). Consistent with the EXAFS results, the Hf atoms are closest to
being surrounded by oxygen and chlorinein NHOC. Additionally, the
PDF profile revealed specific distances that correspond to different
types of connections between Hf-centred polyhedra. The Hf-Hf peak
atabout 3.4 Amainly corresponds to the O edge-sharing connection of
Hf-centred polyhedra, while distances of around 3.9 A are due to both
Cledge-sharing connections and O corner-sharing connections*?.
Notably, the Raman characteristic vibrational frequencies and
PDF features of the NHOC closely resemble those of NZOC but dif-
fer from those of NTOC (Fig. 2a,e), likely due to the chemical and
structural similarities between Hf*" and Zr* ions. The coordina-
tion information around Zr atoms in NZOC was also examined via
wavelet-transformed EXAFS and Fourier-transform EXAFS fitting
at the Zr K-edge, with detailed results presented in Supplementary
Fig. 20 and Supplementary Table 7.

In addition to the experimental results, the theoretical atomic
arrangement of amorphous NHOC was investigated by ab initio
molecular dynamics (AIMD) simulations at different melt-quenching
temperatures. The pair correlation functions (g(r)) of the gener-
ated model structure at 500 K most closely match the experimen-
tally measured PDF profile in terms of the shapes and positions of
the prominent Hf-O and Hf-Cl peaks (Supplementary Fig. 21). The
minor discrepancies likely stem from challenges in characterizing the
exact structures of experimentally synthesized amorphous materi-
als®®. Figure 2d shows a typical atomic structure of simulated NHOC
from AIMD calculations. The existence of HfCl, and different types
of Hf-0-Cl polyhedral building blocks, including HfOCI,, HfO,Cl;,
HfO,Cl,, Hf0,Cl;and so on, can be confirmed in the short-range order,
and the relative populations of Hf-centred clusters are calculated
and presented.

For theamorphous NTOC electrolyte, the presence of octahedral
[TaCl,]” clusters was initially confirmed by Raman signals at 349, 369
and 405 cm™ (Fig. 2a)*. Furthermore, TaL,-edge wavelet-transformed
EXAFS and the EXAFS fitting results confirmed the presence of Ta-0O-
Clpolyhedrons, witha centred Tasurrounded on average by two oxy-
gensat1.84 Aand 3.6 chlorines at 2.35 A (Fig. 2f,g and Supplementary
Table 8). Thelocal geometries of primary Ta-O-Cl units were roughly
determined viainterpreting the PDF profiles (Fig. 2e). To be specific,
the existence of both Ta-O-Cl tetrahedron and octahedron configura-
tions could be proposed based on the Ta-O distance at around 1.93 A
(refs. 32,33). In the second-nearest region, the most distinct feature
in the PDF profile is an intense peak at 3.8 A, which mainly corre-
sponds to Ta-Ta pairs between Ta-centred polyhedra connecting via
corner-shared oxygen (Supplementary Fig. 22)**.

Structural analyses of NMOC SSEs reveal that NHOC and NZOC
feature complex Hf- or Zr-centred units with various interconnec-
tions, whereas NTOC mainly consists of [TaCl;] clusters and O
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Fig.3|Electrochemical performance of ASSNIBs using NHOC SSEs.

a, Schematic diagram of NMOC-based ASSNIBs. CNTs, carbon nanotubes.

b, Initial galvanostatic intermittent titration technique charge and discharge
curves of NHOC-based ASSNIB at 0.1 C. The blue and green lines represent charge
and discharge profiles, respectively. The red balls represent the charge and
discharge open circuit voltage. ¢, Na* diffusion coefficients (D,,) at different

electrochemical states of NHOC-based ASSNIB. d,e, The second charge and
discharge curves (d) and rate capability (e) of the NHOC-based ASSNIB under
various current densities at room temperature. f,g, Galvanostatic voltage profiles
(f) and specific capacities (g) of ASSNIBs as a function of cycle number, running at
0.2 Cand room temperature (r.t.). Allthe NHOC-based ASSNIBs were tested in the
voltage range of 2.0-4.0 V versus Na*/Na;sSn,.

corner-sharing connectivity within Ta-O-Cl polyhedra (Fig. 2h,i).
These structures, derived from mixed-valent anion chemistry,
make NMOC species outstanding Na*-ion conductors. First, oxy-
gen’s involvement causes local structural rearrangements that give
NMOC anamorphous nature, which stands in contrast to crystalline
halide counterparts that lack oxygen. Thisamorphous statein NMOC
SSEs eliminates resistive grain boundaries, benefiting the high ionic
conductivity**, Second, inNMOC, oxygen is predominantly coordi-
nated with multivalent M*** cations instead of Na* ions, existing as
bridging and non-bridging oxygen atoms (Supplementary Fig. 23).
Non-bridging oxygen aids in forming a relatively open framework
that is conducive to Na*-ion conduction®. Bridging oxygen, as per
the Anderson-Stuart model, primarily serves to connect M-centred
polyhedra, enlarging the ‘doorway’ radius for easier access of Na* ions
within the structural network®*, Furthermore, bridging oxygen also
acts as a weak trap for Na*, easing the release of Na* from Coulomb
traps and enabling effective Na* mobility between its initial and final

sites®. These factors contribute to the dramatically enhanced Na*
conductivities and reduced activation energies in NMOC compared
to the halide counterparts. It is important to note that an excess of
oxygen beyond the optimal Na,0,/HfCl, (1:1) ratio creates an O-rich
environment around Hf atoms and leads to NaCl precipitation, which
hampers Na*-ion conductivity (Fig.1a,b and Supplementary Fig. 24).
Furthermore, differences in local structures among NHOC, NZOC
and NTOC influence their activation energies and thermal stabil-
ity. Despite the comparable sodium atom ratios among the three
SSEs (Supplementary Fig. 10), NTOC'’s local structure possesses
more oxygen corner-sharing units that lead to a higher degree of
distortion around Na sites***, creating efficient pathways for fast
Na* transport with a low energy barrier (Supplementary Figs. 25
and 26), allowing NTOC to achieve the highest ionic conductivity and
lowest activation energy among the NMOC electrolytes (Fig. 1g). By
contrast, the robust local structure connectivity and bonds in NHOC
and NZOC result in better thermal stability (Supplementary Fig.27)*.
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ASSNIBs based on amorphous NMOC SSEs

The electrochemical performance of the NMOC SSEs was evaluated
in ASSNIBs, with the cell configuration depicted in Fig. 3a. The lay-
ered oxide Na, ¢sMn, sNi, ,Fe, 0, (NMNFO) served as the cathode
material (Supplementary Fig. 28), chosen forits appropriate voltage
range and established electrochemical performancein liquid-based
NIBs*. Among the three oxychloride electrolytes, the NHOC-based
ASSNIBs demonstrated superior electrochemical performance.
As shown in Supplementary Fig. 29, an initial discharge capacity
of125.5 mAh g™ with a coulombic efficiency exceeding 99.9% was
achieved by the NHOC-based ASSNIB at 0.1 C, comparable to that of
the liquid-based cell using the NMNFO cathode®. The overlapping
charge and discharge profiles during the initial three cyclesindicated
a highly reversible phase transition of the NMNFO cathode within
NHOC-based ASSNIBs.

The favourable electrochemical process in the ASSNIBs was
further confirmed by galvanostatic intermittent titration technique
results, which show alow polarization deviation and effective Na*-ion
transport dynamics during the initial cycle (Fig. 3b,c and Supple-
mentary Fig. 30). The rate capability of the designed ASSNIBs was
evaluated by increasing current densities from 0.1to1 Cat room tem-
perature. The NHOC-based ASSNIB delivered reversible discharge
capacities 0f119.7,111,100, 81.9 and 31.4 mAh g'at 0.1,0.2,0.3, 0.5
and 1.0 C, respectively (Fig. 3d,e). While the limited ionic conductiv-
ity of the Na,PS, interlayer (Supplementary Fig. 31) notably affected
the achievable capacities at higher rates, the cell retained 95.3% of its
initial capacity when the C rate was returned to 0.1 C. Impressively,
the NHOC-based ASSNIB maintained 78% capacity retention over
700 cycles at 0.2 C, with an average coulombic efficiency around
99.9% (Fig. 3f,g). This performance ranks among the best for all-solid-
state sodium batteries operating at room temperature, in terms of
capacity retention and cycle numbers (Supplementary Fig. 32 and
Supplementary Table 9).

The electrochemical performance of NZOC- and NTOC-based
ASSNIBs was also studied. ASSNIBs employing NZOC electrolyte exhib-
ited aslightly inferior rate capability and cycling stability compared to
those with NHOC electrolyte. Within the operational voltage window
of 2.1-3.8 V, the ASSNIB equipped with NZOC electrolyte delivered
specific capacities 0f116.6,103.1,91.1,73.5and 17.3 mAh g ' at 0.1,0.2,
0.3,0.5and1C, respectively (Supplementary Fig.33a-d). Furthermore,
the NZOC electrolyte enables the ASSNIB to sustain 700 cycles at a
0.2 Crate, whichyields a capacity retention of 72%. By sharp contrast,
despite NTOC having the highest ionic conductivity among the three
electrolytes, NTOC-based ASSNIBs manifested a suboptimal electro-
chemical performance (Supplementary Fig. 33e-h). At 0.1 C withina
voltage range of 2.3-3.8 V,the NTOC-based ASSNIB exhibited arevers-
ible capacity of106.6 mAh g, but with anincrease in current density,
capacity dramatically dropped to only 7.1 mAh g™ at 1 C. Additionally,
anotable decline inreversible capacity was evident during cycling at
0.2 C, with only 43% capacity retention after 400 cycles. Consistent
with the cycling stability, performance decay in NTOC-based cells
was evident during the initial cycles, contrasting with the essentially
overlapped cyclic voltammetry curves in the NHOC-based system
(Supplementary Fig. 34).

Interfacial compatibility between NMNFO
cathode and NMOC SSEs

Interfacial compatibility, encompassing mechanical, chemical and
electrochemical aspects, is essential for the long-term performance
of ASSNIBs?. Scanning electron microscopy images and elemental
mapping of the NHOC-based cathode reveal that NMNFO particles
are well embedded within the NHOC SSE, with the particle edges fully
encapsulated (Fig. 4a and Supplementary Fig. 35). Thisindicates effec-
tive interfacial contact, achieved through cold pressing, attributed to
NHOC’s excellent deformability and adhesion to the NMNFO cathode.

The advantageous mechanical properties of the NHOC SSE are further
demonstrated by the close interfacial adhesion between the NHOC
electrolyte and the cathode composite layer (Fig. 4b), as well as the
seamless NHOC-Na,PS, interface (Supplementary Fig. 36). Analogous
favourable physical interfacial contact was observed in NZOC- and
NTOC-based ASSNIBs, facilitating effective ionic paths between dif-
ferent cell components. Despite the challenge of maintaining such
integrity in battery components, with stress-induced cracks and delami-
nation often degrading performance**, these issues were negligible in
cycled NHOC-based ASSNIBs (Supplementary Figs. 37-39). The struc-
tural durability benefits partially from NHOC’s suitable Young’s modu-
lus, which compensates for volume expansion during the sodiation of
the cathode. Additionally, an appropriate stack pressure plays a vital
rolein maintaining the cell performance and should not be overlooked
(Supplementary Fig. 40)*.

Chemical and electrochemical compatibility of the NHOC SSE
with the NMNFO cathode was subsequently investigated by X-ray
photoelectronspectroscopy. The Hf 4fand Cl 2p X-ray photoelectron
spectra of the cathode composite at various electrochemical states
showed no noticeable peak shifts (Fig. 4c,d), suggesting the excel-
lent chemical and electrochemical stability of the NHOC SSE when
paired withabare NMNFO cathode. This stability was corroborated by
consistent Hf L;-edge X-ray absorption fine structure (XAFS) spectra
of the NHOC-based cathode after cycling (Supplementary Fig. 41).
Similarly, no notable changes in the chemistry of the NZOC-based
cathode were observed in Zr K-edge XAFS spectra after 50 cycles.
Accordingly, the prolonged, stable cycling of NHOC-and NZOC-based
ASSNIBs stems not only from their superior structural integrity but
also from the excellent chemical and electrochemical compatibility
between the electrolyte and the NMNFO cathode. By stark contrast,
the Ta L;-edge XAFS spectra of the NTOC cathode showed a slight
shift towards higher energy after cycling (Supplementary Fig. 41c),
indicating its electrochemical instability with the NMNFO cathode.
Comparative morphological analyses on pristine and post-cycled
NTOC-based ASSNIBs further suggested that the formation of an
unfavourable electrode-electrolyte interphase, rather thanstructural
destruction, was responsible for the low coulombic efficiency and
substantial capacity decay, particularly in the initial 75 cycles (Sup-
plementary Fig. 42). Addressing these compatibility issues between
the highly ionic conductive NTOCelectrolyte and cathode materialsis
expected to substantially enhance the electrochemical performance
of ASSNIBs.

In situ impedance spectra collected during the first three cycles
showed how resistance evolved in the NHOC-based ASSNIB (Fig. 4e).
Analysis of the distribution of relaxation times linked dominant time
constants in impedance measurements to specific electrochemical
behaviours within the ASSNIBs*°. The distribution of relaxation times
spectra, derived from theimpedance data (Fig. 4fand Supplementary
Fig.43), showed six distinct peaks. Peaks above 10° Hz (P1) likely origi-
nate from the contact resistance at current collectors, electrode inter-
facesand electrode particles***®, The modestly intense P2 and P3 peaks,
showing minimal variation, are attributed to ion transport across the
Na,PS, interlayer and the NHOC electrolyte layer, respectively. Peaks
P4 and P5Swere associated withion transportat the anode and cathode
interfaces*°. Relaxation peaks related to solid-state diffusion have the
largest time constants (frequency below 0.1 Hz) and arelabelled as P6 in
thedistribution of relaxation times spectrum***°. Changes observed in
peaks P4 and P6, which were greatly affected by electrochemical states
(Fig. 4g), indicated relatively sluggish reaction kinetics at the end of
the sodiation process, consistent with the observed voltage hysteresis
changesin Supplementary Fig.30. The change of the P4 peak could be
related to theinterfacial kinetics between the Na-Snand SSE interface,
which strongly depend on the Na contentin the Na-Snalloy anode. This
phenomenonis similar to the changesin In-SSE interfacial resistance in
solid-state Li-ion batteries’'. Onthe cathode side, solid-state diffusion
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Fig. 4 | Interfacial compatibility in ASSNIB. a,b, Scanning electron microscopy
images of the NHOC-based cathode composite (a) and the interphase between
the cathode composite and NHOC electrolyte layer (b). ¢,d, Ex situ Hf 4f(c)

and Cl2p (d) X-ray photoelectron spectra of cathode composites at different
charge-discharge states, that s, the initial state, fully charged to 4 V (C-4V), fully
discharged to 2 V (D-2V), after three cycles and after five cycles at 0.2 C. The spin
doublet components are shaded with the same colour for each spectrum.

e, Intermittent galvanostatic voltage profile of NHOC-based ASSNIB in the initial
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three cycles. The ASSNIB was cycled at 20 mA g, and each impedance spectrum
wasrecorded after arest period of 1 hto allow for reaching equilibrium. The

time (h) here represent only the charging and discharging time, excluding any
resting periods. f, Distribution of relaxation times spectra calculated from EIS
measurements. The Trepresents relaxation time, and y (t) stands for distribution
function of relaxation times. g, Two-dimensional intensity colour map of the
charge- and discharge-dependent distribution of relaxation times curves
abstracted fromf.

becomes sluggish at the end of discharging due to increased energy
requirements for further sodiation as Na“sitesin the cathode structure
are approaching saturation. Crucially, the consistency in relaxation
peak changes across the initial cycles confirmed the excellent revers-
ibility of the electrochemical process whenintegrating NHOC SSE with
abare NMNFO cathode.

In conclusion, this study presents a breakthrough in the
development of ASSNIBs through the introduction of a family of
dual-anion-based sodium superionic conductors, NMOCs. These
NMOCelectrolytes, leveraging a dual-anion sublattice of oxychlorides,
have demonstrated exceptionalionic conductivitiesupto2.0 mScm™,
favourable mechanical ductility and high oxidative stability. Our

findings reveal that the enhanced Na*-ion mobility is primarily facili-
tated by the innovative structure of the oxychloride framework, which
optimizes ion transport pathways and minimizes migration barriers
through synergistic effects of bridging and non-bridging oxygens.
Notably, NHOC-based ASSNIBs have shown outstanding cycling sta-
bility, maintaining 78% capacity after 700 cycles at 0.2 Cat room tem-
perature, highlighting the critical role of interfacial compatibility in
extendingbattery life and efficiency. These findings open pathways for
the development of next-generation SSEs and highlight the profound
implications of adopting mixed-anion systems in enhancing energy
storage technologies, potentially transforming future approaches to
battery design and application.
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Methods

Material synthesis

The oxychloride xNa,0,-MCl, (M=Hf,Zrand Ta; 0.8 < x<1.2), Na,PS,
and sodium metal halide (Na,ZrCl, Na,HfCl, and NaTaCl,) solid elec-
trolytes used in this work were synthesized by a mechanochemical
method using high-energy ball milling. All preparations and sample
treatments were carried out under an Ar atmosphere (0,<1ppm,
H,0 <1 ppm). HfCI, (Sigma-Aldrich, 98%), ZrCl, (Sigma-Aldrich,
>99.5%), TaCls (Sigma-Aldrich, 299.99%), Na,O, (Sigma-Aldrich, 97%)
and NaCl (Sigma-Aldrich, >99%) were used as the starting materi-
als without further purification. For the preparation of oxychloride
NMOC SSEs, an ~1 g stoichiometric mixture of metal chloride (ZrCl,,
HfCIl, or TaCl;) and Na,O, was placed in an 80 ml ZrO, ball mill jar with
40 g ZrO, balls (four 10-mm-diameter (D10) balls, eight D8 balls and
the rest being D5 balls), and then milled at 500 rpm for 10 h (Retsch
Emax). The synthesis procedures of the sodium metal halides (Na,Z-
rCl,, Na,HfCl, and NaTaCl;) were like that of the oxychloride NMOC
electrolytes, withmetal chlorides (ZrCl,, HfCl, or TaCl;) and NaCl used
as the starting precursors.

For the synthesis of Na;PS,, the starting materials of Na,S
(Sigma-Aldrich, 99%) and P,S; (Sigma-Aldrich, 99%) were milled at
170 rpmfor2 hand then 500 rpm for 10 hinan 80 ml ZrO, ball milljar.
The ball-milled product was extracted from the jars in the glove box,
pelletized and then loaded into vacuumed quartz tubes. The Na,PS,
was obtained after being annealed at 270 °C for 2 h. The obtained
Na,PS, was extracted from the quartz tubes and manually groundinto
powder for future use. The Na;;Sn, anode was prepared by mixing stoi-
chiometric amounts of Na (Sigma-Aldrich, 99.95% trace metals basis)
and Sn (Sigma-Aldrich, 99%) in an Ar-filled glove box until a dark grey
powder was obtained.

The NMNFO cathode material was synthesized by mixing a
stoichiometric amount of Na,CO,-H,0 (Alfa Aesar, 99%), Mn,0,
(Sigma-Aldrich, 99%), NiO (Alfa Aesar, 99%) and Fe,0; (Alfa Aesar,
99%) thoroughly using planetary ball milling at 550 rpm for 12 h. After-
ward, the mixture was pressed into pellets and annealed in a tube
furnace under oxygen. The solid-state synthesis followed a two-step
process. First, the furnace was heated to 500 °C with aramping rate of
5°C min™and keptisothermal for 5 h. Then, the furnace temperature
was increased to 900 °C at the same ramping rate of 5 °C min"and kept
therefor14 h. Afterward, the furnace was cooled to room temperature
with arate of 3°C min™.

Characterizations

The lab-based XRD patterns were collected using a Bruker AXS D8
Advance with Cu Ka radiation (wavelength,1=1.5418 A). Regular tests
were conducted atascan rate of 10° min™ from 10 to 80°. Scanning elec-
tronmicroscopy images and elemental mapping were obtained using a
HitachiS-4800 field-emission scanning electron microscope equipped
with energy dispersive spectroscopy. High-resolution transmission
electron microscopy imaging and selected area electron diffraction
patterns of the NHOC electrolyte were performed by a Cs-corrected
Titan Themis 80-300 transmission electron microscope operated at
300 kV.Ramanspectrawere collected on aHORIBA Scientific LabRAM
Raman spectrometer equipped witha532.03 nm laser. During XRD and
Raman characterizations, all samples were placed into airtight holders
toavoid possible air exposure. The X-ray photoelectron spectroscopy
data were collected with a monochromatic Al Ka source (1,486.6 eV)
using a Thermo Scientific K-Alpha spectrometer. The thermal stability
ofthe NMOC electrolytes was examined using a Mettler Toledo TGA2
thermogravimetric analyser, and the measurements were carried out
ataheating rate of 10 °C min™ from room temperature to 800 °C. The
densities of the NMOC SSEs were determined by a True Density Meter
(Anton Paar), and the measurements were conducted using approxi-
mately 3 g of NMOC electrolyte powder to minimize experimental
errors. Insitunanoindentation tests were conducted using an Alemnis

Nanoindenter systeminside an Apreo-2S field-emission gun scanning
electron microscope. Tests were conducted under vacuum at room
temperature to maintain environmental consistency.

The synchrotron-based powder XRD and PDF measurements
were collected using the Brockhouse High Energy Wiggler beamline
at the Canadian Light Source (CLS) with awavelength of 0.3497 A. The
samples were loaded into 0.8-mm-inner-diameter polyimide capillar-
ies and sealed with epoxy in an Ar-filled glove box. The XRD Rietveld
refinement and PDF fittings were conducted by GSAS-2 and PDFgui
software™*. The synchrotron X-ray computed tomography was carried
outatthe Biomedical Imaging and Therapy Facility 05B1-1beamline at
the CLS. X-ray absorption spectroscopy at the NaK-edge and O K-edge
was collected from beamlines 7.3.1 and 8.0.1.4 at the Advanced Light
Source, Lawrence Berkeley National Laboratory. X-ray absorption spec-
troscopy at the ClK-edge was carried out on the soft X-ray microchar-
acterization beamline at CLS. The Hf L;-edge, TaL;-edge and Zr K-edge
X-ray absorption fine structure data were measured at the Hard X-ray
MicroAnalysis beamline at the CLS. All X-ray absorption spectroscopy
datawere analysed with the Athena software, and the EXAFS data were
processed with the Artemis program®”.

Atomic structure characterization of NHOC and NTOC

The NHOC structure modelis composed of HfCl, and Na,0,, while the
NTOC structure model is composed of TaCl; and Na,O,. The amor-
phous structures of NHOC and NTOC configurations were prepared
by a heat-and-quench method based on AIMD simulations. All AIMD
simulations were performed withatime step of 2 fsinan NVE ensemble
(constant number of atoms (N), volume (V) and energy (E)). We heated
the NHOC and NTOC to 1,200 K for about 5 ps, and then quenched
them to different temperatures of 500 K, 600 K or 1,000 K at a speed
of 0.1K fs™. Afterward, the amorphous structures were equilibrated at
three different temperatures of 500 K, 600 Kand1,000 K for 10 ps. The
pair correlation functions g(r), coordination numbers and neighbour-
ing clusters within 3 A were calculated by averaging over 100 different
configuration samplesin the equilibrate state.

Given the complexity of identifying the amorphous structure
comparedtothecrystalstructure, AIMD simulations were conducted to
directly observe the Na* migration pathways and the migration barriers
intheamorphous NHOC and NTOC electrolytes. These pathways were
derived from the observed Na-ion hopping pathways using identical
supercellmodels, confirming that the NTOC electrolyte with more oxy-
gen corner-sharing frameworks is beneficial for fast Na*-ion transport.
Furthermore, we calculate the Na migration barrier along the oxygen
and chlorine corner-sharing pathways within 4.0 A for NHOC and NTOC
SSEs. Theion diffusion pathways and their associated energy profiles
were assessed using the nudged-elastic-band method. The initial and
final structures were fully relaxed, with the intermediateimagesinter-
polated between them. Inthe nudged-elastic-band calculations, energy
and force convergence criteria were set at 1 x 10" eV per atom and
1x10™*eV A", respectively. The energy barriers (£,) were determined
by computing the difference betweenthe maximumand initial energies
along the diffusion pathways, serving to represent the energy barrier
surmounted by mobileions. To ensure a consistent comparison across
various pathways, the energy profiles were referenced to the lowest
energy site within each migration pathway.

Conductivity measurement

Theionic conductivity of the as-prepared samples was measured by a.c.
impedance spectroscopy. For the temperature-dependent EIS meas-
urement, ~-120-130 mg of the samples was cold pressed into pellets with
adiameter of 10 mmat~330 MPa, and two stainless steel rods served as
blocking electrodes. Impedance spectroscopy was performed using
a VMP3 potentiostat/galvanostat (BioLogic) in the frequency range
between 1,000 mHz and 7 MHz at different temperatures, and the
amplitude was 20 mV. The electronic conductivity of the sample was
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evaluated according to the direct current polarization measurement
on a cold-pressed pellet with applied voltages from 0.2Vto 1.0V at
room temperature.

Theactivationenergies of the as-prepared solid electrolytes were
calculated using the following equation:

oT = og exp (—Ea/ksT) @

where o is the ionic conductivity, o, is the Arrhenius prefactor, Tis
absolute temperature, E, is the activation energy and k; is the Boltz-
mann constant.

Electrochemical characterizations

The electrochemical stability of NMOC solid electrolytes was deter-
mined by cyclic voltammetry and linear sweep voltammetry measure-
ments using a versatile multichannel potentiostat 3/Z (VMP3) with a
Na;;Sn, | Na;PS, | NMOC | NMOC +carbon black (weight ratio, NMOC/
carbon black = 8:2) cell configuration. For battery assembly, 100 mg
NMOC powder was first cold pressed into a SSE pellet. After that, a
10 mg working electrode (NMOC + carbon black) and 30 mg Na,PS,
were dispersed evenly, with one on each side of the solid electrolyte
pellet, and then pressed at ~-300 MPa. Finally, 50 mg Na,;Sn, alloy was
uniformly pressed on the Na,PS, side at -400 MPato act as the anode
material. The cathodic and anodic stabilities of NMOC were measured
with a positive scan range from the open-circuit voltage to 6 V,and a
negative scan range from the open-circuit voltage to O V, respectively.
The scan rate for cyclic voltammetry and linear sweep voltammetry
characterizations was 0.1 mV S, The stability of NMOC electrolytes
towards Na,;;Sn, was studied by conducting time-resolved EIS and
cycling stability tests on Na;sSn, | NMOC | Na,;Sn, symmetric cells,
whichwere assembled by pressing 50 mg Na,;Sn, powder onbothsides
of'the cold-pressed NMOC electrolyte pellet (140 mg).

The cathode composite for ASSNIBs was prepared by mixing
NMNFO active material powder with NMOC SSE using an agate mortar
and pestle, with aweight ratio of 6:4, and then 2 wt% carbon nanotubes
were added as the conductive material. For battery assembly, 100 mg
as-synthesized NMOC was compressed at ~330 MPato form a SSE layer.
Then, 8 mg of the cathode composite and 30 mg Na,PS, were dispersed
evenly, with one on eachside of the solid electrolyte pellet, and further
pressed at ~330 MPa. Finally, 50 mg Na,;Sn, alloy was pressed on the
Na,PS, side at 440 MPa. The cells were cycled under an external pres-
sure of ~-110 MPa. All the batteries were assembled in the Ar-filled glove
boxandthengivenarest period of2 htoreach equilibriumbefore the
electrochemical measurement. In situ EIS measurements (2 MHz to
100 mHz) were recorded using the VMP3 potentiostat/galvanostat
(BioLogic) during the initial three cycles of the ASSNIB. The cell was
cycledat20 mA g for1h, and impedance spectrawere recorded after
alhrestduringboth the charge and discharge processes.

Data availability

Datasupporting findings from this work are available within this Article
and the Supplementary Information. All other relevant data support-
ing findings are available from the corresponding author on request.
Source data are provided with this paper.

Code availability
The code used to generate the atomic configurations of NHOC in the
presentworkis available fromthe corresponding author uponrequest.
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