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Design of Sodium Chalcohalide Solid Electrolytes with
Mixed Anions for All-Solid-State Sodium-lon Batteries

Zhi Liang Dong, Baiju Sourav, Yi Gan, Vinicius Martins, Xuchun Wang,
Amirhosein Mozafarighoraba, Ruirui Zhang, Colin Turner, Xin Pang,
Hamidreza Abdolvand, Yining Huang, Payam Kaghazchi,* Tsun-Kong Sham,*

and Yang Zhao*

Solid-state sodium-ion batteries (SSNIBs) have emerged as a promising
alternative to lithium-ion systems for grid-scale energy storage, owing to
sodium’s abundance and the improved safety of solid-state designs. Among
various solid-state electrolytes (SSEs), halide-based Na* SSEs offer high
electrochemical stability but are limited by low ionic conductivity and poor
thermal stability. Herein, a novel class of sodium hafnium chalcohalide SSEs is
reported with a dual-anion (S2~/CI~) framework, with a high ionic conductivity
of 4.5 x 10~* S cm™". The incorporation of sulfur enhances Na* mobility

by reducing the migration barrier through increased anion polarizability

and expanded diffusion pathways. Additionally, S>~ contributes to stronger
interatomic bonding, leading to higher cohesive energy density, improved
thermal stability, and mechanical robustness. These SSEs exhibit minimal
sulfur oxidation and excellent chemical/electrochemical interface stability
with different cathode materials, such as O3-layered NaNi, ;Fe; ;Mn, ;0,,
P2/03 layered Na, 3sMn ;Ni, ,Fe, ;0,, and Na;V,(PO,); cathodes.

As a result, SSNIBs with P2/O3 layered Na, 3sMn, s Ni, ,Fe, ;O, employing
the sodium hafnium chalcohalide SSEs demonstrate outstanding cycling
performance, achieving a capacity retention of 88.5% after 200 cycles at 0.1 C.
This study establishes a new design strategy for high-performance SSEs,
demonstrating that mixed-anion frameworks offer a viable route to overcome
the intrinsic limitations of single-anion electrolytes in next-generation SSNIBs.

1. Introduction

Rechargeable Na-ion batteries (NIBs) have
emerged as a promising alternative to
lithium-ion batteries (LIBs) for large-scale
energy storage systems and mid-range elec-
tric vehicles. Their growing interest is
driven by the higher abundance and more
even distribution of sodium in the Earth’s
crust compared to lithium.['] Similar to
commercial LIBs, current NIBs use organic
liquid electrolytes, which provide high ionic
conductivity and good wettability. However,
their flammability and low thermal stability
pose significant safety risks.[**] To mitigate
these concerns, solid-state Na-ion batteries
(SSNIBs) have been proposed as an opti-
mal solution, offering key advantages such
as enhanced safety, long-term stability, and
the potential for high energy density.[®7]

Na-based solid-state electrolytes (SSEs)
serve as both ionic conductors and sep-
arators between the cathode and anode,
making them essential components in SS-
NIBs. Ideal Na-ion SSEs should possess
several key characteristics, including high
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ionic conductivity to facilitate efficient ion transport, a wide elec-
trochemical window to support high-voltage cathode materials,
and excellent chemical and electrochemical stability to prevent
rapid capacity degradation and short circuits. Additionally, they
should exhibit strong mechanical properties to suppress dendrite
growth and be easy to manufacture for practical application.[®*]
Among various types of Na SSEs, halide-based Na SSEs have re-
ceived widespread attention due to their excellent electrochemi-
cal stability at high voltages and good cyclability when paired with
suitable high-voltage oxide cathode materials.['*'2] Na, ZrCl, and
NaAlICl, were reported to have stable interfaces with the NaCrO,
cathode.['*1*] However, the low ionic conductivity (1.8 x 107> S
cm™! for Na,ZrCl, and 5.5 X 107® S cm™! for NaAlCl,) signifi-
cantly limits the practical application of these SSEs in SSNIBs.
Cation doping is a widely used strategy to improve ionic con-
ductivity; for example, the ionic conductivity of Er- and Y-doped
Na,ZrCl; SSEs can reach 10 S cm™1.['215] However, this ap-
proach is limited by the high cost of rare metals such as La, Y, In,
and Sc, as well as performance constraints arising from a single-
anion framework.[1316]

More recently, a new family of halide SSEs featuring mixed-
anion frameworks (particularly oxychloride-based systems for Li*
and Na*) has been discovered.[!*1617] Compared with the single-
anion framework, the mixed-anion framework can enhance both
ionic conductivity and electrochemical performance by introduc-
ing the metal-chloride cluster and oxygen coner-sharing connec-
tivity within metal-O-Cl polyhedral.['®!7] However, challenges re-
main, such as for Na oxychloride SSEs, which exhibit poor ther-
mal stability at high temperatures (over 400 °C), leading to de-
composition and oxygen release. To address these limitations,
the exploration of alternative chalcogen-based anions (such as S
and Se) for mixed anion frameworks is considered a promising
approach.

In this study, we present a novel family of sodium hafnium
chalcohalide SSEs characterized by dual-anion frameworks. In-
stead of using the traditional doping method, sulfur was cho-
sen as the chalcogen anion to create a novel chalcohalide frame-
work. Compared to the halide SSEs (sodium hafnium chlorine),
the mixed anion chalcohalide framework (sodium hafnium sul-
fide chloride) exhibits a more compact morphology, improved
thermal and mechanical properties. In addition, the mixed an-
ion chalcohalide framework also demonstrates a more disor-
dered Na* distribution, a reduced Na* migration barrier, and en-
hanced ionic conductivity due to the appearance of two differ-
ent Nat environments within the SSE matrix. In contrast to the
oxygen corner-sharing connectivity in oxychloride-based SSEs,
sodium hafnium sulfide chloride SSEs exhibit a more complex lo-
cal Hf coordination, featuring Hf~Cl/S edge-sharing, CI corner-
sharing units connected via Hf atoms, as well as isolated Hf-
Cl/S units, with edge-sharing also occurring through mixed Cl-
S edges. Furthermore, sodium hafnium sulfide chloride SSEs,
which maintain minimal sulfur oxidation, demonstrate signifi-
cantly improved chemical and electrochemical interface stabil-
ity when paired with layered cathodes, in contrast to sodium
hafnium chlorine SSEs. Consequently, SSNIBs with P2/03
Na, gsMn sNi,,Fe,; O, layer cathodes using sodium hafnium
sulfide chloride SSEs showcase exceptional stable performance,
achieving a capacity retention of 88.5% after 200 cycles at 0.1 C.
In addition, two commercial cathodes (O3-NaNi, ;Fe; ;Mn, ;0,,
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and Na,V,(PO,),)-based SSNIBs utilizing sodium hafnium sul-
fide chloride SSEs also demonstrate significant stable perfor-
mance, achieving a capacity retention of 88.8% after 150 cycles
at 0.1 C, and 98.9% after 100 cycles at 0.1 C, respectively. This
research extends the understanding of halide-based SSEs with
dual-anion frameworks and paves the way for the design of high-
performance SSNIBs by overcoming the limitations associated
with single-anion frameworks through innovative structural de-
signs, potentially transforming the technology of SSNIBs

2. Results and Discussion

The sodium hafnium chalcohalide SSEs were prepared by the
ball-milling method using Na,S and HfCl, as the precursors,
with various stoichiometric ratios (Na,S-xHfCl,; x represents
the molar ratio of HfCl,’ Na,S; x ranges from 1.0 to 1.5). By
the introduction of the S element, the sodium hafnium chalco-
halide SSEs are formed from the sodium hafnium halide SSEs
(Figure 1a). When the ratio of HfCl,: Na,S was 1.3 (x = 1.3),
sodium hafnium chalcohalide SSEs demonstrated the highest
ionic conductivity with 4.52 X 10~ S cm™! (Figure 1b; Figure
Sla, Supporting Information). Electrochemical impedance spec-
troscopy (EIS) results for all sodium hafnium chalcohalide SSEs
are depicted in Figures S1b,S2 (Supporting Information). The ac-
tivation energies for sodium hafnium chalcohalide SSEs from Ar-
rhenius plots were determined to be between 0.384 and 0.428 eV,
indicating a low Na* migration barrier in sodium hafnium chal-
cohalide SSEs (Figure Slc, Supporting Information). To inves-
tigate the electronic conductivities of sodium hafnium chalco-
halide SSEs, the DC polarization method was applied. As shown
in Figure S3 (Supporting Information), the electronic conductiv-
ity of sodium hafnium chalcohalide SSEs was found to be <1070
S ecm™!, suggesting that the chalcohalide SSEs are good electronic
insulators, hence beneficial for inhibiting electrical leakage and
ensuring prolonged operational life in SSNIBs. Therefore, the
Na,S-1.3HfCl, (Na-Hf-S-Cl) SSEs show the highest ionic con-
ductivity, low Na* migration barrier, and electronic conductivi-
ties, making them a representative example of sodium hafnium
chalcohalide materials. To compare the difference between chal-
cohalide SSEs and chloride SSEs, Na-Hf-Cl SSEs were prepared
with the same synthesis conditions, except Na,S was replaced
by NaCl. The EIS result suggests that the ionic conductivity of
NaCl-1.3HfCl, (Na-Hf-Cl) SSEs is 7.5 x 107> S cm~" and the Ar-
rhenius plots yield an activation energy of 0.387 eV for Na-Hf-Cl
SSEs (Figure S4a—c, Supporting Information). Both results sug-
gest that Na* diffusion in Na-Hf-Cl SSEs is much lower than
in the Na-Hf-S-Cl SSEs. Although the DC polarization method
suggests that the electronic conductivity of Na-Hf-Cl SSEs was
<1071 S cm™! as well (Figure S4d, Supporting Information), the
low ionic conductivity may not satisfy the practical requirements
of SSNIBs performance.

The thermal stability and physical properties of Na-Hf-S-Cl
and Na-Hf-Cl SSEs were further investigated. The thermogravi-
metric analysis (TGA) was used to study the thermostability of
Na-Hf-S-Cl and Na-Hf-Cl SSEs (Figure 1c). Notable differences
in thermal stability were observed between the two compositions.
The Na-Hf-S-Cl SSEs exhibit excellent thermal stability with min-
imum weight percentage loss (~7.3%) until 600 °C. In contrast,
the Na-Hf-Cl SSEs start to decompose ~323 °C and display an
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Figure 1. a) Schematics of the evolution from the sodium hafnium halide to sodium hafnium chalcohalide. The comparison between the Na-Hf-Cl and
Na-Hf-S-Cl in terms of the b) ionic conductivity, c) TGA curve. The nanoindentation load-displacement curve of d) Na-Hf-S-Cl and e) Na-Hf-Cl.

undesirable 30% weight percentage loss due to the poor thermal =~ Na-Hf-Cl SSEs have different pellet surfaces and cross-section
stability of the Cl-rich structure. Compared with O?~ or S27, CI~  morphologies (Figure S5, Supporting Information). Compared
forms weaker ionic bonds with metal; therefore, Cl-rich materi-  with Na-Hf-Cl SSEs, Na-Hf-S-Cl SSEs present more continuous
als decompose more readily under heating.'®!8] The scanning  and smoother surfaces and tighter cross sections. The mechan-
electron microscope (SEM) images show that Na-Hf-S-Cl and  ical properties of Na-Hf-S-Cl and Na-Hf-Cl SSEs were studied
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using nanoindentation (Figure 1d,e). The modulus of Na-Hf-
S-Cl SSEs was ~2.86 GPa, and the load-displacement curve of
Na-Hf-Cl SSEs demonstrates an almost negligible response to
hardness or modulus. In addition, an obvious crack can be ob-
served for Na-Hf-Cl SSEs during the indentation (Figure S6, Sup-
porting Information). The differences in the mechanical prop-
erties between the two SSEs arise from their interatomic inter-
actions. Metal—sulfur bonds are typically stronger and more co-
valent than metal—chlorine bonds, which tend to be more ionic
and weaker. Furthermore, compared to Cl~, the S?~ ion is more
polarizable, facilitating stronger interatomic interactions. Conse-
quently, the introduction of S*~ enhances the cohesive energy
density and requires more energy to deform the unit structure,
resulting in a higher hardness. The inferior mechanical proper-
ties observed in other chlorine-rich compositions further support
this correlation.!®?%] In summary, Na-Hf-S-Cl chalcohalide SSEs
exhibit higher ionic conductivity, more compact morphology, and
Dbetter thermal and stiffer mechanical properties compared to Na-
Hf-Cl halide SSEs.

To gain insights into the relationship between local structure
and Na* diffusion of Na-Hf-S-Cl chalcohalide SSEs and Na-Hf-
Cl halide SSEs, detailed structural analyses were performed. X-
ray diffraction (XRD) was used to determine the crystallinity of
Na,S-xHfCl, and Na-Hf-Cl SSEs. The XRD pattern of Na-Hf-S-
Cl and Na-Hf-Cl SSEs with references is exhibited in Figure 2a,
and the XRD pattern for Na, S-xHfCl, SSEs with different synthe-
sis conditions is presented in Figure S7a (Supporting Informa-
tion). As shown in Figure 2a, Na-Hf-S-Cl SSEs present an amor-
phous structure. In contrast, obvious XRD peaks can be found
for Na-Hf-Cl SSEs, which demonstrate a similar crystal lattice of
Na, HfCl,.['®] For Na,S-xHfCl, SSEs with different precursor ra-
tios, NaCl impurities can be found from the XRD patterns when
ratios are low (Na,S-1.0HfCl, and Na,S-1.1HfCl,). With increas-
ing HfCl, content, the NaCl diffraction peaks gradually disap-
pear, and a mixture of Na,HfCl, crystalline phases and amor-
phous structures emerges. While NaCl is a common salt with
intrinsically low ionic conductivity, and fully crystalline Na-Hf-
Cl SSEs exhibit relatively poor conductivity (7.5 x 107 S cm™),
the introduction of an amorphous phase significantly improves
the overall ionic transport. This enhancement is attributed to the
elimination of grain boundaries and the ease of forming thin
films with uniform Na* pathways. Therefore, Na—Hf-S—Cl SSE
composition with an optimal balance, which exhibits a predomi-
nantly amorphous structure with minimal Na, HfCl, crystallites
(Na,S-1.3HfCl, SSEs) would provide the highest ionic conductiv-
ity due to the less grain boundary impedance and enhanced Na*
diffusion.

Raman spectroscopy was used to further investigate the struc-
ture of Na-Hf-S-Cl chalcohalide SSEs and Na-Hf-Cl halide SSEs,
respectively. Figure 2b exhibits the Raman spectra of Na-Hf-S-Cl
SSEs and Na-Hf-Cl SSEs with HfCl, reference. A tiny peak can
be found around 369 cm™' in Na-Hf-Cl SSEs, which belongs to
the A, g mode of Hf,Cl,~ group.?!} For Na-Hf-S-Cl SSEs, there is
a significant peak located at around 334 cm™!, which is attributed
to the A;, mode of HfS,.*>?’| Na,S-xHfCl, chalcohalide SSEs
with different ratios also demonstrate the same HfS, structure
stretching as Na-Hf-S-Cl SSEs, indicating the Hf-S and Hf-Cl lo-
cal structures are the major structural components for the SSEs
(Figure S7b, Supporting Information).
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To study the local chemical information of Na-Hf-S-Cl chal-
cohalide SSEs, X-ray photoelectron spectroscopy (XPS) was con-
ducted. Figure S8 (Supporting Information) exhibits the XPS
spectra of S 2p, Cl 2p, Hf 4f, and Na 1s for Na-Hf-S-Cl SSEs, re-
spectively. The C 1swas used as the energy calibration for all XPS
measurements. The S 2p XPS spectra of Na-H{f-S-Cl SSEs exhibit
four prominent peaks at a binding energy of 161.7, 162.8, 163.8,
and 164.3 eVin S 2p XPS spectra of Na-Hf-S-Cl SSEs (Figure S8a,
Supporting Information). The peaks at 161.7 eV (S 2p,,) and
163.8 eV (S 2p;);) belong to Na,S,/**l while those at 162.8 eV
(S 2p;),) and 164.3 eV (S 2p,),) are likely assigned to Hf-S in-
teraction. Compared to HfS,, the observed peaks exhibit a posi-
tive energy shift, suggesting that the S 2p hybridized photoelec-
trons in Na-Hf-S-Cl are influenced by the presence of Hf**. This
implies that both Hf** and Na* are involved in the local chem-
ical environment surrounding the S?~ anions within the SSEs
matrix.[2°l Furthermore, the Na 1s XPS spectra also suggest a
~1 eV positive shift in binding energy relative to the Na 1s peaks
in pristine Na,S,**! which is more likely due to a distorted en-
vironment, especially the interaction between Na* and chalco-
gen anions in a transition metal—chalcogenide bonding environ-
ment (i.e., Hf—S bonding).1?”] This observation supports the hy-
pothesis that S*~ anions act as one of the diffusion pathways for
Na* ions, as further corroborated by the schematic in Figure S8b
(Supporting Information). The Cl 2p XPS spectra (Figure S8c,
Supporting Information) display characteristic peaks at 199.0 eV
(Cl2p; ;) and 200.6 eV (Cl 2p, ,), indicating that Cl" is primarily
coordinated with transition metal species (Hf), rather than with
Na*.[28:2] Additionally, with Hf 4f XPS spectrum (Figure S8d,
Supporting Information) reveals contributions from both HfS,
and HfCl,, which is in agreement with the S 2p and Cl 2p XPS
findings.[25:26:30]

To investigate the local chemical structure of Na-Hf-S-Cl SSEs,
pair distribution function (PDF) and Extended X-ray absorption
fine structure (EXAFS) were carried out (Figure 2¢,d; Figure S9,
Supporting Information). Figure 2c demonstrates the PDF re-
sults of Na-H{f-S-Cl SSEs. Since the Hf—S and Hf—Cl bonds have
a similar bonding distance, both Hf—S and Hf—CI bonds may
be present in Na-Hf-S-Cl SSEs at 2.5 A.[163!] Furthermore, the
crystallographic information framework of HfS, (mp-985829) re-
veals that the peak observed at approximately 3.5 A is attributed
to the Hf-Hf bonding within the HfS, crystal. This primarily
indicates the sulfur concentration within the Hf-centered poly-
hedron. To quantitatively understand the coordination environ-
ment around the central Hf in Na-Hf-S-Cl SSEs, Hf L;-edge EX-
AFS spectroscopy was utilized as shown in Figure 2d (FT of the
EXAFS) and Figure S9b (Supporting Information) (EXAFS in k
space). The EXAFS fitting provides the average coordination in-
formation nearest to Hf in Na-Hf-S-Cl, as shown in Table S1 (Sup-
porting Information). As illustrated in Figure 2d, there is one Hf-
S path located at 3.22 A, and two Hf-Cl coordinated environments
located at 2.45 and 2.98 A, respectively. According to the fitting
results, a central Hf atom is surrounded by ~2.42 sulfur, 2.77
chlorine,, and 3.19 chlorine, atoms (Table S1, Supporting Infor-
mation).

To elucidate the local chemical and electronic environment of
sodium ions, high-resolution solid-state 2Na magic angle spin-
ning (MAS) nuclear magnetic resonance (NMR) spectroscopy
was employed. Figure 2e presents the room temperature 2*Na
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Figure 2. a) The XRD pattern of Na-Hf-S-Cl, Na-Hf-Cl, and Na, HfClg SSEs; b) the Raman spectra of Na-Hf-S-Cl, Na-Hf-Cl SSEs, and HfCl,; c) the PDF
spectra of Na-Hf-S-Cl SSEs; d) the Fourier Transform of the Hf L;-edge EXAFS of Na-Hf-S-Cl SSEs in R space; e) 2*Na MAS spectra acquired at 14.3 T
under a spinning rate of 20 kHz; i) Temperature-dependent 23Na spin-lattice relaxation rates measured in the laboratory frame for Na-Hf-S-Cl SSEs.

MAS NMR spectrum of the Na-Hf-S-Cl SSE alongside those of
reference materials Na,S and NaCl. The spectrum reveals three
distinct resonances at 6.1, —9.7, and —12.7 ppm. The resonance at
6.1 ppm corresponds to NaCl, indicating a minor impurity phase,
while the signals at —9.7 ppm (Nal) and —12.7 ppm (Na,) are as-
signed to Na* ions within the SSE matrix. These chemical shifts
are characteristic of Na* sites coordinated with six chloride ions
in a prismatic geometry, consistent with previous reports.!1>32]

Adv. Funct. Mater. 2026, 36, 16657 e16657 (5 O‘FTl)

The chemical shift difference between Nal and Na2 is attributed
to variations in the second coordination sphere, specifically the
presence of Hf ** ions. It has been established that increased
Hf** coordination in the second shell results in a more negative
chemical shift for #Na.!"] Quantitative spectral fitting indicates
that NaCl constitutes ~1% of the total sodium species, whereas
the Naland Na2 sites account for 85% and 14%, respectively.
The absence of a resonance near 49 ppm, characteristic of Na, S,
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suggests complete consumption of the Na, S precursor and that
sulfur atoms are predominantly coordinated to Hf**, rather than
Na*. The Gaussian line shapes observed for Nal and Na2 sites
have a full width at half maximum (FWHM) of 196 and 130 Hz,
respectively, which is significantly larger than the FWHM of crys-
talline NaCl (67 Hz). This implies a significant structural disorder
around the local environment of Na* ions.

To investigate sodium dynamics, variable-temperature *Na
static NMR measurements were conducted at a lower magnetic
field. Due to the lower resolution at reduced magnetic field
strength, only one broad signal was observed, as opposed to
the two distinct resonances observed in high-resolution spec-
tra acquired at higher magnetic fields. At lower temperatures,
a single broad resonance with an FWHM of ca. 925 Hz is ob-
served, representing the convolution of Nal and Na2 environ-
ments (Figure S10, Supporting Information). The linewidth nar-
rows to ~550 Hz near room temperature and then broadens
again upon heating. At room temperature, convergence of the
chemical shifts for both sites is observed, supporting the notion
of rapid Na* hopping between the two sites.[**] Spin-lattice re-
laxation rate (1/T1) measurements were carried out to quantify
sodium ion mobility. A plot of In(1/T,) versus reciprocal tem-
perature (1/kT) is shown in Figure 2f, from which an activation
energy of 0.09 eV was extracted. This activation energy reflects
the intrinsic Na* mobility within the bulk lattice and is typically
lower than values obtained from EIS, which measures macro-
scopic ionic transport including grain boundaries and interfacial
resistances.?*

In summary, we tentatively assign Nal (85%) to Na* primar-
ily coordinated to sulfide-rich regions of the network — these Na
ions stabilize the glass structure by balancing the charge of Hf—S
bonds or possibly terminal S?~ anions. They exhibit a broader
NMR lineshape and likely serve as the more static Na inventory of
the solid electrolyte. Na2 (14%), on the other hand, might corre-
spond to Na* in chloride-rich coordination environments — pos-
sibly in or near the HfCl;-like polyhedral units or at interfaces
between HfCl,and HfSCl units. These Na2 ions are likely the dy-
namic species that facilitate ion conduction: they occupy transi-
tional sites along the diffusion pathways (hopping between ad-
jacent Hf-centered polyhedra through shared Cl bridges). Even
though they are fewer in number, they are likely to show higher
mobility and carry a disproportionate amount of the Na-ion cur-
rent. It has been previously shown that a Cl-rich sulfide-chloride
glass had higher ionic conductivity specifically due to its “unique
chloride-bridging structure,” which provides low-barrier Na mi-
gration pathways.®! In summary, Nal can be viewed as the reser-
voir of Na* (anchored to the lattice framework), while Na2 is
the diffusional “vehicles” that hop between those reservoirs. This
model aligns with the concept of “defect-mediated” conduction
seen in other dual-anion conductors: only a small fraction of Na*
needs to be in the right coordination environment (or activated
state) at any time to achieve high overall conductivity.

The atomistic structure of Na-Hf-S-Cl SSEs was calculated us-
ing density functional theory (DFT) to enable a direct compari-
son with experimental pair distribution function (PDF) data. The
DFT-optimized structural model, shown in Figure 3, reveals that
Hf ions are coordinated by both sulfur and chlorine atoms, form-
ing a range of local environments. Specifically, from our calcula-
tions, three distinct types of Hf,centered polyhedra were iden-
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tified: i) edge-sharing Hf~Cl/S units, ii) corner-sharing Hf units
linked via Cl atoms, and iii) isolated Hf~Cl/S units. Notably, edge-
sharing interactions also occur through mixed Cl-S edges, sug-
gesting a degree of structural complexity in the local Hf coordina-
tion. Theoretical PDF calculated from the fully relaxed structure
shows an average Hf-Hf distance of 3.47 A, in good agreement
with the experimental PDF peak observed at ~3.5 A, which is at-
tributed to Hf-Hf interactions within Hf-centered polyhedra in
Na-Hf-S-Cl SSEs, as corroborated by comparison with the HfS,
crystallographic reference (Figure 2c). Furthermore, the calcu-
lated average bond lengths of Hf—S and Hf—Cl are ~2.3 A, which
closely match the experimental PDF signal ~2.5 A. This is con-
sistent with the interpretation that both Hf—S and Hf—Cl bonds
contribute to the local structure (Figure 2c). The good agreement
between the DFT-predicted local structure and the experimental
PDF and EXAFS measurements validates the theoretical model
and underscores the presence of mixed-anion coordination envi-
ronments around Hf in this complex halide-sulfide SSE system.

In summary, the incorporation of $?~ anions into the Na-Hf-
Cl system induces pronounced local structural rearrangements,
leading to the formation of amorphous Na-Hf-S-Cl SSEs. This
amorphization, absent in the crystalline halide analogues lack-
ing sulfur, effectively eliminates resistive grain boundaries and
thereby facilitates enhanced Na* ion transport.'l In the re-
sulting dual-anion chalcohalide framework, sulfur atoms pref-
erentially coordinate with high-valent Hf** centers rather than
with Na*' ions, generating a more open and disordered net-
work structure. This configuration not only promotes facile Na*
migration®* but also contributes to the significantly improved
ionic conductivity and reduced activation energy observed in Na-
Hf-S-Cl SSEs compared to their Na-Hf-Cl counterparts. More-
over, detailed structural analysis reveals the coexistence of three
distinct types of Hf-centered polyhedral motifs: i) edge-sharing
Hf-Cl/S polyhedra, ii) corner-sharing polyhedra connected via
bridging Cl atoms, and iii) isolated Hf~Cl/S units. Notably, the
edge-sharing linkages involve mixed Cl—S coordination, un-
derscoring the increased local structural complexity introduced
by the mixed-anion environment. These unique structural fea-
tures, arising from the integration of chalcogenide and halide
chemistries, collectively underpin the superior Na* conduction
properties of Na-Hf-S-Cl chalcohalide SSEs.

To compare the influence of two SSEs on electrochemical per-
formance, linear sweep voltammetry (LSV), cyclic voltammetry
(CV), and SSNIB evaluations were conducted (Figure S11, Sup-
porting Information). As depicted in Figure S12a (Supporting In-
formation), the potential of Na-Hf-S-Cl SSEs was scanned from
the open-circuit voltage (OCV) to 6 V, revealing decomposition
starting at ~3.7 V, while Na-Hf-Cl SSEs began to decompose
~4.1V. Both SSEs exhibited a higher oxidation potential than tra-
ditional sulfide-based Na SSEs, such as NAS and NPS, which typ-
ically decompose ~2.5V.[3:38] Notably, Na-Hf-S-Cl SSEs demon-
strated a smaller oxidation potential than Na-Hf-Cl SSEs due to
the presence of S?-, indicating that the Cl~ anion may inhibit
the oxidation of Hf—S bonds at elevated potentials. This signifi-
cantly enhances electrochemical stability and may entail compat-
ibility with high-voltage cathodes. When the potential decreased
from OCV to 1V, both Na-Hf-S-Cl and Na-Hf-Cl SSEs exhib-
ited decomposition at 2.5 V, and the decomposition of Na-Hf-
Cl SSEs was more pronounced than that of Na-Hf-S-Cl SSEs,
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Figure 3. a) Theoretical pair distribution function (PDF) of Na-Hf-S-Cl from b) the DFT-optimized atomistic structure of amorphous Na-Hf-S-Cl, illus-
trating the local coordination environments. c¢) Comparison of average bond lengths derived from experimental and theoretical analyses, highlighting

the agreement between DFT predictions and PDF/EXAFS measurements.

suggesting that both SSEs have relatively poor stability at the an-
ode, with Na-Hf-Cl SSEs being worse. The inferior anode sta-
bility is a common issue for most sulfide and halide-based Na
SSEs.163940] Figure S12b,c (Supporting Information) presents
the CV profile of the SSNIBs using Na-Hf-S-Cl and Na-Hf-Cl
SSEs at a scan rate of 0.2 mV S7! for 5 cycles, respectively.
The CV profiles of Na-Hf-S-Cl SSNIBs exhibited redox reaction
peaks similar to those reported in previous studies.['®! In con-
trast, the CV profiles of Na-Hf-Cl SSNIBs showed an almost neg-
ligible response current compared to the Na-Hf-S-Cl SSNIBs,
attributed to the low ionic conductivity of SSEs (0.75 x 10™* S
cm™'), which hindered Na* ion diffusion during electrochemical
cycling at room temperature. Nevertheless, both SSNIBs demon-
strated good electrochemical reversibility, with overlapping oxida-
tion and reduction peaks in CV.

The electrochemical performances of the SSNIBs using
two SSEs are illustrated in Figure 4. Figure 4a displays the
charge-discharge profiles for the Na-Hf-S-Cl SSNIBs based on
Na, gsMn, s Ni, ,Fe, ; O, cathode at a rate of 0.1 C (1 C=120 mAh
g71). The initial three cycles were conducted at 0.05 C for activa-
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tion, followed by measurements at 0.1 C. The initial reversible
discharging capacity at 0.1 C is 115.4 mAh g~!, with a Coulom-
bic efficiency of 97.2%, indicating excellent compatibility and sta-
bility between the Na-Hf-S-Cl SSEs and Na, 4sMn, sNi, ,Fe 0,
cathode. In contrast, the Na-Hf-Cl SSNIBs with the same cathode
exhibit a significantly lower discharging capacity of 43.1 mAh g~!,
attributed to the low ionic conductivity of the SSEs (Figure 4b).
Figure 4c,d displays the rate performances of both Na-Hf-S-Cl
and Na-Hf-Cl SSNIBs based on the Na, 4;Mn, s Ni, ,Fe, ; O, cath-
ode. As shown in Figure 4c and Figure S12d (Supporting In-
formation), the reversible discharge capacities of 125.2, 113.4,
101.5,76.2, 61.1, and 18.3 mAh g~! were achieved at 0.1 C, 0.2 C,
0.3 C, 04 C, 05 C, and 1.0 C, respectively, by Na-Hf-S-Cl SS-
NIBs. The low ionic conductivity of the NPS interlayer signifi-
cantly constrained the achievable capacities at higher rates. Nev-
ertheless, the cell retained 95.7% (119.8 mAh g™!) of its initial
capacity when the C-rate was reverted to 0.1 C further confirm-
ing the excellent electrochemical stability and compatibility be-
tween chalcohalide SSEs and layered cathode. In contrast, the re-
versible discharge capacities of 52.9, 27.7, and 8 mAh g~! were
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Figure 4. The charge-discharge profile of SSNIBs employing a) Na-Hf-S-Cl SSEs and b) Na-Hf-Cl SSEs with Nag gsMng 5 Nij 4Feg O, cathode. The rate
performance of SSNIBs employing ¢) Na—Hf-S—Cl SSEs and d) Na—Hf-Cl SSEs with Nag g5sMn 5Nig 4Feq 10, cathode. e) The cycling performance of
Na-Hf-S-Cl and Na-Hf-Cl SSNIBs at 0.1 C under room temperature with Nag gsMn s Nig 4Feq 10, cathode. f) The schematic diagram of the cell structure
with various cathodes. The cycling performance of Na-Hf-S-Cl SSNIBs with g) NaNi 3Fe;;3Mn; 30, and h) NVP cathodes.

achieved at 0.1 C, 0.2 C, and 0.3 C, respectively, for the Na-Hf
Cl SSNIBs (Figure 4d; Figure S13a, Supporting Information). At
current densities of 0.4 C and 0.5 C, the discharge capacities were
nearly undetectable. Although the cell maintained 97.11% (51.3
mAh g1 of its original capacity when the C-rate was reverted to
0.1 C, the low specific capacity limits the practical compatibility
of Na-Hf-Cl SSEs.

The cycling performance of Na-Hf-S-Cl SSNIBs with
NajgsMn,sNi, ,Fe,,;0, cathode also demonstrates remark-
able electrochemical stability at 0.1 C, as depicted in Figure 4e.
These SSNIBs maintain a high reversible capacity of 102.2
mAh g=! after 200 cycles, achieving a Coulombic efficiency of
100.2%, and a capacity retention of ~88.5%. In comparison,
the Na-Hf-Cl SSNIBs can only sustain a reversible capacity of
31.6 mAh g™' after 150 cycles at 0.1 C. The differences between
Na-Hf-S-Cl and Na-Hf-Cl SSNIB further suggest that the mixed
Cl—S coordination in chalcohalide frameworks can enhance
the ionic conductivity of SSEs and the electrochemical interface
stability with the layered oxide cathodes compared to single-
anion framework halide-based SSEs. Additionally, Figure S13b
(Supporting Information) presents charge-discharge profiles
for Na-Hf-S-Cl SSNIBs with Na,¢;Mn,Ni,,Fe,,0, cathode at
0.3 C. The initial three cycles were conducted at 0.1 C for activa-
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tion, followed by measurements at 0.3 C. The initial reversible
discharging capacity measured at 0.3 C was 101.6 mAh g~!. The
cycling performances of the Na-Hf-S-Cl SSNIBs were evaluated
at a higher current density of 0.3 C in Figure S13c (Supporting
Information). The Na-Hf-S-Cl SSNIBs exhibit stable cycling
performance and gradual capacity fading, achieving a specific
capacity of 71.8 mAh g! after 450 cycles, with a Coulombic
efficiency of 103.5%.

To examine the compatibility between Na-Hf-S-Cl chalcohalide
SSEs and other commercial cathode materials, O3-layered cath-
ode (NaNi,;Fe;;Mn,;0,), and Na,V,(PO,); (NVP) cathode-
based SSNIBs are also investigated (Figure 4f). Figure S14a (Sup-
porting Information) displays the charge—discharge profiles for
the Na-Hf-S-Cl-NaNji, ;Fe,; ;Mn,;;0, SSNIBs at a rate of 0.1 C
(1 C = 120 mAh g"). The initial reversible discharging capac-
ity at 0.1 C is 116.7 mAh g~!, suggesting excellent compatibil-
ity and stability between the Na-Hf-S-Cl SSEs and O3 layered
cathode. In addition, the Na-Hf-S-Cl-NaNi, ;Fe,;;Mn,;0, SS-
NIBs demonstrate outstanding electrochemical cycling stability
at 0.1 C, as presented in Figure 4g. These SSNIBs maintain a
high reversible capacity of 103.6 mAh g~! after 150 cycles, achiev-
ing a Coulombic efficiency of 99.7%, and a capacity retention of
88.8%. Figure S14b (Supporting Information) and c displays the
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Figure 5. a) The S 2p XPS spectrum of Na-Hf-S-Cl composite cathode before cycling and after the 10th cycle; b) the Hf L;-edge XANES spectrum of
Na-Hf-S-Cl and Na-Hf-Cl SSEs and their cathode composite before cycling and after 10 cycles; c) the Fe K-edge XANES spectrum of Na-Hf-S-C| SSEs
and its cathode composite before cycling and after 10 cycles; d) the Mn K-edge XANES spectrum of Na-Hf-S-Cl SSEs and its cathode composite before
cycling and after 10 cycles; e) the Ni K-edge XANES spectrum of Na-Hf-S-Cl SSEs and its cathode composite before cycling and after 10 cycles.

rate performances of Na-Hf-S-Cl-NaNi, ;Fe,;Mn, ;;0, SSNIBs.
The reversible discharge capacities of 128.7, 103.8, 75.7, 36.9,
and 12.8 mAh g~ were achieved at 0.1 C, 0.2 C, 0.3 C, 0.4 C,
and 0.5 C, respectively by Na-Hf-S-Cl-NaNj, ;Fe, ;Mn, ;0, SS-
NIBs. The low achievable capacities at higher rates are due to
the low ionic conductivity of the NPS interlayer and partially irre-
versible Fe** /Fe** redox during the electrochemical reactions.*!]
Even though the cell retained 99.7% (128.36 mAh g™') of its initial
capacity when the C rate was reverted to 0.1 C, which more veri-
fies the strong interfacial compatibility and stability between the
chalcohalide anion frameworks and Na oxide layered cathodes.
In addition, the Na-Hf-S-CI-NVP SSNIBs demonstrate extremely
stable cycling performance, achieving a specific capacity of 84.3
mAh g1 after 100 cycles, with a Coulombic efficiency of 100.4%,
and a capacity retention of 98.9% (Figure 4h). The SSNIB perfor-
mances strongly demonstrate that the Na-Hf-S-Cl chalcohalide
SSEs have excellent electrochemical stability and compatibility
with various Na cathode materials.

To understand the electrochemical behaviour of Na-
Hf'S-Cl SSNIBs, the interfacial chemistry of SSEs in the
Na, gsMn, s Ni, ,Fe,,;0, cathode composite was studied us-
ing X-ray absorption near edge structure (XANES) and XPS
(Figure 5 and Figure S15, Supporting Information). The S
2p XPS spectrum of the Na-Hf-S-Cl composite cathode was
examined both before cycling and after the 10th cycle presented
(Figure 5a). There is no significant peak shifting, indicating
the stable local electrochemical environment for sulfur in the
Na-Hf-S-Cl composite cathode following oxidation/reduction
reactions. To further investigate the central Hf in Na-Hf-S-Cl
SSEs after interaction with the Na,4Mn,;Ni, ,Fe,,0, cathode
during cycling, we measured both Hf L;-edge XANES spectra
and Hf 4f XPS spectra of the Na-Hf-S-Cl composite cathode
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before cycling and after the 10th cycle, respectively (Figure Sb;
Figure S15a, Supporting Information). As shown in Figure 5b,
there are no noticeable changes in the white line feature among
Na-Hf-S-Cl SSEs and their composite cathode before cycling
and after the 10th cycle, demonstrating that the local chemical
environment of Hf in the Na-Hf-S-Cl unit cell remains un-
changed during electrochemical performance. The Hf 4f XPS
spectra corroborate the results from the Hf L,-edge XANES
spectra (Figure S15a, Supporting Information). Both X-ray
characteristics and results indicate that the structure of the Hf
polyhedron in the Na-Hf-S-Cl unit cell maintains its chemical
and electrochemical stability during chemical and electrochem-
ical reactions. Additionally, the Cl 2p XPS spectra and Na 1s
spectra results show no significant peak shifting, suggesting that
the stable local electrochemical environment of chlorine and
sodium is preserved within the Na-Hf-S-Cl composite cathode
throughout the redox processes (Figure S15b,c, Supporting
Information).

To further understand the local chemical environment of tran-
sition metals in the Na, g Mn,;Niy,Fe;,0, cathode affected by
the SSEs, we measured the Fe K-edge, Mn K-edge, and Ni K-edges
of the Na-Hf-S-Cl composite cathode before the cycling and after
the 10th cycle (Figure 5c—e). The K-edge XANES spectra of the in-
terested elements (Fe, Mn, and Ni) in the Na, gsMn, ;Ni, ,Fe, , O,
cathode were also tested as the reference. Comparing the white-
line features of the Fe K-edge, Mn K-edge, and Ni K-edges for
the Na, ¢sMn, Ni, ,Fe,;O, cathode and the Na-Hf-S-Cl compos-
ite cathode before cycling and after the 10th cycle, no evident
changes were observed, indicating that the local chemical envi-
ronments of these elements in the layered cathode remain stable.
The notable chemical and electrochemical stability between Na-
Hf-S-Cl chalcohalide SSEs and layered Na,¢Mn,Nij),Fe,,;0,
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cathode accounts for the excellent cycling performance observed
in Na-Hf-S-C]l SSNIBs.

Furthermore, we measured the Hf L,-edge and Fe K-edge
XANES spectra of Na-Hf-Cl composite cathode before cycling
and after the 10th cycle to investigate the local chemical environ-
ment of Hf and Fe in Na-Hf-Cl SSNIBs, respectively (Figure 5b,c).
As shown in Figure 5D, there are minor post-edge changes in the
Na-Hf-Cl composite cathode after mixing, suggesting some hy-
bridization has occurred. The general white-line feature among
Na-Hf-Cl SSEs and its composite cathode before cycling and after
the 10th cycle remains consistent, indicating that the local chemi-
cal environment of Hf in Na-Hf-Cl SSNIBs does not change dur-
ing cycling performance. In the Fe K-edge XANES spectra, the
general features of the Na-Hf-Cl composite cathode before cy-
cling and after the 10th cycle are identical, implying the local
chemical environment of Fe in Na-Hf-Cl SSNIBs remains sta-
ble during electrochemical reactions (Figure 5c). The low ionic
conductivity of Na-Hf-Cl SSEs leads to reduced battery perfor-
mance compared to Na-Hf-S-Cl SSNIBs. Collectively, the com-
plex hafnium chalcohalide coordination enhances the ionic con-
ductivity of the Na-Hf-S-Cl SSEs in the composite cathode, pre-
serves the chalcohalide frameworks in SSEs, and stabilizes the lo-
cal chemical environment of the Na, gsMn, s Ni, ,Fe, ; O, cathode,
thereby contributing to the high capacity and excellent stability of
the SSNIBs

3. Conclusion

In summary, this work presents innovative mixed-anion frame-
works of Na-Hf-S-Cl chalcohalide SSEs. The unique corner-
sharing Hf—Cl and edge-sharing mixed Hf—Cl/S and isolated Cl-
S coordinated units demonstrate exceptional ionic conductivity,
exceeding 10~ S cm™, which surpasses that of Na-Hf-Cl halide
SSEs. Compared to Cl~ ions, S?~ ions possess greater size and
polarizability due to their softer characteristics, significantly low-
ering the barrier to ion migration. The enlarged diffusion chan-
nels further enhance the transport of Na*, resulting in improved
ionic conductivity. Additionally, S2~ ions strengthen interatomic
interactions, leading to increased cohesive energy density and
enhanced resistance to structural deformation, thereby improv-
ing both mechanical hardness and thermal stability. Importantly,
the Na-Hf-S-Cl chalcohalide SSEs exhibit electrochemical stabil-
ity and compatibility with various cathode materials, including
O3-layered, P2/03-layered, and NVP cathodes. The solid-state
Na-ion batteries utilizing sulfur-chlorine mixed-anion SSEs show
significantly enhanced electrochemical performance compared
to single-halide systems. Overall, this work not only advances
halide-based Na-ion SSEs but also introduces a promising design
strategy for mixed-anion electrolytes, paving the way for future
innovations in solid-state battery technologies.
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