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ABSTRACT: Structural and compositional modification of solid-state
electrolytes (SSEs) is a common approach to improve ionic conductivity

onductivity

and interfacial stability, yet the mechanisms remain unclear. Here, we - A\ l I I
studied Li,ZrCls (LZC) codoped with sulfur (S) and fluorine (F). X-ray and doping .:,uf,;;,;' - R .

neutron diffraction with bond valence site energy (BVSE) simulations reveal

that codopant-induced lattice distortion facilitates ion transport. The S/F
codoped sample achieves a room-temperature jionic conductivity of 0.51 mS

cm™), twice that of pristine LZC (0.26 mS cm™'). Advanced character-
izations further show that S and F participate in forming the solid electrolyte
interphase (SEI), enhancing the electrode interfacial stability. As a result, N
solid-state batteries with the codoped SSE deliver capacity retentions of

97.1% at 0.1 C and 82.8% at 0.5 C. This study demonstrates the synergistic
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effects of structural modulation on ionic conduction and SEI formation,

providing insights for designing high-performance SSEs.

II solid-state batteries (ASSBs) are promising energy
Astorage devices due to their potentially high energy

density, improved safety, and wider operating temper-
ature range. In this context, oxides, sulfides, and halides are
extensively researched as solid-state electrolytes (SSEs).'™"
However, to meet the requirements of practical applications,
the development of an economically viable SSE that combines
high ionic conductivity, enhanced voltage stability, and
mechanical robustness remains an ongoing challenge.”®
Among various systems, Li-M—X materials (Li = lithium; M
= metal; X = halogen, typically Cl) have gained attention for
their high ionic conductivity (107*—107> S cm™), wide
electrochemical stability window (>4 V) compatible with
conventional cathodes (unlike sulfide-based SSEs), and
favorable mechanical properties. Notable examples include
Li;YCl, (LYC), LisInCl, (LIC), and Li,ZrCl; (LZC), which
have been extensively studied as SSEs for lithium batteries.”
Among these, LZC is particularly attractive due to the
abundance and cost-effectiveness of Zr, especially when
compared to other halide-based SSEs containing yttrium (Y),
erbium (Er), and indium (In)."

Current research efforts aim to improve the ionic
conductivity of SSE and interface stability, often as separate
objectives. For the former, structural tuning to exploit
structure—property relationships via lattice distortion have
been extensively explored.'' ™" For example, Zeier et al. and

Nazar et al. have demonstrated that both aliovalent and
isovalent doping can significantly enhance ionic conductivity in
various halide-based SSE systems.'®™”
stability, approaches such as doping, artificial coating, and the
addition of a liquid-based electrolyte have been explored.”' ~**
However, coating techniques require costly instrumentation or
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To improve interfacial

precursors. In contrast, doping represents a more economically
viable strategy and has been shown to improve electrochemical
performance. In particular, fluorine doping is known to
enhance interface stability due to its high electronegativity
and the formation of a LiF interphase, which is recognized to
be electrochemically stable at elevated voltages.”*™**

In addition, the concept of hybrid doping has been shown to
be beneficial due to the redistribution of the anion sites, which
induces disorder in the crystal structure and consequently
enhances ionic mobility.””™>' For example, Sn and Se
codoping in Li;(GeP,S;, (LGPS) has been reported to
improve the ionic conductivity by 53% compared to nondoped
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Figure 1. (a) Single-phase Rietveld refinement of Li,ZrCl; ;S ,F,s (LZCSF) and Li,ZrCls (LZC). (b) Crystal structure of LZCSF with F and
S occupying 6i Wyckoff sites corresponding to ClI2 and CI3 sites. The colors represent chlorine (yellow), zirconium (red), sulfur (brown),
fluorine (violet), and vacancies (white). (c) Neutron diffractograms of LZC and LZCSF show a slight shift at 33°, indicative of lattice
contraction after S/F substitution. (d) Bar chart illustrating changes in unit cell volume as a function of doping anions (S, F, or SF) obtained
from neutron diffraction analysis. The error in the unit cell volumes is less than 1 A>.

LGPS.” Similarly, iodine and fluorine co-doping in Li;P3S;;
(LPFS) not only facilitates lithium-ion transport but also
improves electrochemical stability due to the formation of LiF
and Lil at the anode interphase.”> However, the structure
evolution, ionic conductivity, interphase formation mecha-
nisms, and their synergistic effects still need to be explored in
enhancing the electrochemical performance of SSBs.

Attracted by the benefits of these strategies, herein, we
investigate dual-anion doping of Li,ZrCly (LZC) SSE with
sulfur (S) and fluorine (F). Codoping modifies lattice
dynamics, leading to enhanced ionic conductivity and
improved interphase stability compared with pristine LZC.
The electronegativity of the substituted anions changes
bonding interactions and the polarizability of Zr centers,
thereby influencing Li* diffusion pathways. The S/F codoped
Li,ZrCl ;So,Fos (LZCSF) exhibits a room-temperature ionic
conductivity of 0.51 mS cm™, more than twice that of pristine
LZC (0.26 mS cm™"). Beyond the conductivity, LZCSF also
improves the electrochemical stability, achieving capacity
retentions of 97.1% and 82.8% at 0.1 and 0.5 C, respectively,
at 25 °C with LiNig¢Mny.,Coy.,0, (NMC622) cathodes.
Synchrotron X-ray absorption (XAS), X-ray photoelectron
spectroscopy (XPS), focused ion beam (FIB), and scanning
electron microscopy (SEM) revealed that S and F participate
in solid electrolyte interphase (SEI) formation, which stabilizes
the NMC622/SSE interface. These findings highlight that
careful dopant selection can optimize both ionic conduction
and interfacial stability, guiding the development of high-
performance SSEs.

Samples with pristine LZC, S-doped LZC (named LZCS),
F-doped LZC (named LZCF), and S/F co-doped LZC
(named LZCSF) were investigated. The synthesis process of
these materials is listed in the Experimental Section in the

Supporting Information. To investigate the structural proper-
ties of as-synthesized codoped SSE (LZCSF), X-ray diffraction
(XRD) using a Ag K, source (4 = 0.559 A) was employed. The
XRD patterns reveal that the reflections for LZCSF closely
match those of undoped LZC, indicating a similar structural
framework (Figure S1) with trigonal space group P3ml
(#164). The reflections of the LZCSF pattern are shifted to the
larger angles compared to that of LZC, suggesting lattice
contraction, likely attributed to the differing ionic radii of the
dopants (S = 1.84 A, F = 1.33 A, Cl = 1.81 A).**

Neutron powder diffraction (NPD), neutron pair distribu-
tion function (NPDF), and neutron cryo-PDF measurements
were performed to obtain more detailed structural insights.
Rietveld refinement of the NPD data for LZCSF and LZC is
presented in Figure la. The refinement for LZCSF yielded a
good fit with a y* value of 2.6, confirming the trigonal
symmetry. The corresponding diffraction patterns, Rietveld
fits, refined lattice parameters, and unit cell volumes are
detailed in the Supporting Information (Tables S1 and S2).
The neutron diffractograms confirm that LZCSF maintains a
crystal structure analogous to that of LZC, comprising
alternating Li and Zr layers. Both Li(Cl/F/S)s~ and Zr(Cl/
F/S)¢~ octahedra are present. Rietveld refinement suggests CI3
site preference for F and CI2 site preference for S at the 6i
Wyckoff positions (Table S2), where 2 and 3 denote the
coordinates of chlorine at different xyz positions of the
respective chlorine atom. The structure is visualized in Figure
1b by VESTA software. Comparison of the neutron diffraction
patterns of LZC and LZCSF reveals a slight shift in all of the
reflections to higher 26 for LZCSF, consistent with the XRD
results. For example, Figure 1c shows one of the reflections at
33° exhibiting a right shift in LZCSF in comparison to LZC.
To evaluate the impact of doping on the unit cell volume,



neutron diffraction data were collected for LZCF and LZCS
under identical conditions. The results are summarized in
Figure 1d, showing the following trend: LZCS (622 + 1 A%) >
LZC (619 + 1 A%) > LZCSF (614 = 1 A®) > LZCF (614 + 1
A®). This trend highlights the significant influence of
electronegativity (S = 2.58 A < Cl = 3.16 A < F = 3.98 A)
and ionic radii of the dopants on lattice distortion. The
observed contraction or expansion supports the successful
incorporation of dopants at chlorine sites. Single-phase
Rietveld refinement was also successfully performed for LZC
and LZCSF assuming a trigonal structure (P3m1). For LZCF
and LZCS, the detailed refinement results have been shown in
our previous work.***°

Neutron cryo- PDF measurements were carried out for LZC
and LZCSF. These were recorded at a temperature of 10 K,
which minimizes thermal vibrations and allows for more
accurate structural insight. From the cryo-PDF data, the
polyhedral volumes of Zr and Li octahedra were calculated.
The structural refinement details are provided in the
Supporting Information in Tables S3 and S4.

Room-temperature PDFs (Figure S2) for all four composi-
tions (LZC, LZCS, LZCF, and LZCSF) display broadly similar
profiles, suggesting that the average local structure remains
largely unchanged upon doping. The first peak (~2.460 +
0.003 A) corresponds to Zr—ClI bond length. The second peak
(3.57 A), attributed to Cl—Cl distances within the octahedra,
shows notable asymmetry, likely due to the presence of two
distinct octahedral types: Li(Cl/F/S)s~ and Zr(CI/F/S)¢*".
Although these units are similar in size, their different local
environment results in overlapping but nonidentical contribu-
tions, producing a single asymmetric peak. The neutron PDFs
of LZC and LZCSF are dominated by Cl correlations due to
the comparatively large scattering length and high abundancy
of Cl in the material. F and S pairs are not directly detected;
thus, only their influence on the Cl bond lengths can be
interpreted; the same is true for Li.

The results reveal that the Zr—Cl bond length increases
upon fluorine doping, while the Li octahedra compensate via
an opposing distortion, maintaining the overall structural
balance. This is evident from the contrasting shifts in the first
and second peaks in cryo-PDFs of LZCSF compared to LZC
(Figure 2a). The second peak is less asymmetric in the
codoped sample and shifts to shorter distances. As expected,
cryo-PDFs exhibit sharper peaks and more distinct features due
to reduced thermal vibrations (the corresponding fits are
shown in Figure S3). Nevertheless, distinct Li correlations are
not clearly resolved owing to the overlap with Zr and Cl peaks
and the low scattering length of Li. Interestingly, peaks in the
LZCSF PDF are broader than in LZC, suggesting a higher
degree of disorder in the codoped structure.

Variations in Zr—Cl bond lengths are likely governed by the
polarizability and electronegativity of the dopant anions.
Sulfur, with the lowest electronegativity and highest polar-
izability among S>7, Cl7, and F~, forms weaker bonds with Zr
due to its larger size. This leads to increased electron density
around the Zr ion, effectively strengthening Zr—Cl bonds and
shortening them slightly. Moreover, replacing Cl~ by S$*~
introduces vacancies in the CI sublattice to maintain charge
neutrality, further altering the local structure. In contrast,
fluorine, with the highest electronegativity and lowest polar-
izability, draws electron density away from Zr, resulting in
weakened Zr—Cl bonds and slightly longer bond lengths.
Interestingly, Zr bonds with the dopants (S and F) behave in
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Figure 2. (a) Neutron pair distribution functions, ¢(r), of LZC
(red) and LZCSF (blue), with the inset highlighting shifts in bond
lengths. The region at r > 5 A corresponds to Cl—Cl distances in
the next coordination shell. Comparison of the bond lengths of (b)
zirconium sites of LZC and LZCSF, along with the (c) VESTA
images of Zr octahedra following sulfur and fluorine co-doping.
The crystallographically distinct zirconium atoms located at
unique atomic positions (x, y, z) in the crystal lattice are denoted
with the numbers 1—4 for zirconium as Zrl, Zr2, Zr3, and Zr4.

The zirconium atom is presented in red, chlorine in yellow,
fluorine in violet, sulfur in brown, and vacancies in white.

opposite ways, balancing the distortions produced by each
dopant. The change in bond length at unique zirconia atomic
sites are presented as a bar diagram in Figure 2b, with the
structural representation of one of the zirconium octahedra for
both LZC and LZCSF in Figure 2¢c. Compared to Zr3, the Zr1,
Zr2, and Zr4 sites are more affected by the incorporation of
sulfur and fluorine, which further confirms the probability of
substitution of the dopants in the lattice. The zirconium and
lithium polyhedral volume changes are presented in Figure
S4a,b.

LZCSF shows an average increase in polyhedral volume with
decreasing unit cell volume by S and F substitution (Figure
1d), demonstrating an inverse relationship between polyhedral
volume and unit cell volume. This is likely explained by
octahedral distortions due to substitution effects governed by
the differences in the ionic radii of the dopants (F < Cl). This
is structurally visualized in Figure S4c—f showing the distortion
of the octahedra for LZCSF, whereas for LZC no such
distortions were seen. This phenomenon has been previously
reported for perovskite systems such as NaMgF; and ReO;-
type perovskites.””~*' Hence, from neutron diffraction and
PDF analysis, the incorporation of S and F in the structure is
confirmed. Additionally, scanning electron microscopy (SEM)
coupled with energy dispersive X-ray (EDX) studies show
irregular agglomerated SSE particles with homogeneous
distribution of sulfur and/or fluorine across all samples (Figure
SS).

The ionic conductivity values of LZC, LZCS, LZCF, and
LZCSF at 25 °C are 0.26, 0.53, 0.51, and 0.23 mS cm™' for
LZC, LZCS, LZCSF, and LZCEF, respectively (Figure 3a). The
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Figure 3. (a) Nyquist plots of LZC, LZCS, LZCF, and LZCSF recorded at 25 °C. (b) Arrhenius plots showing log (6T) vs 1000/T over the
temperature range 293—343 K. Energy profiles calculated from BVSE for (c) LZC and (d) LZCSF. Corresponding ribbon structures in ac

and ab plane of (e and g) LZC and (f and h) LZCSF.

ionic conductivity values follow the trend of LZCS > LZCSF >
LZC > LZCF, consistent with the electronegativity of dopant
anions. The electronegativities of dopants play critical roles in
determining the conductivity mechanism of SSEs. Substituting
highly electronegative atoms, such as fluorine (EN = 3.98),
weakens the Zr—Cl bonds while strengthening Cl—Li
interactions, thereby increasing the migration energy barrier
of Li* ions. In contrast, substituting a low electronegative atom
§*” (EN = 2.58) in chlorine site not only weakens the
interaction but also introduces vacancies in the anion

sublattice, potentially promoting lithium ion diffusion.”>*

The nature of the anion framework plays a key role in
determining the size of transport channels and thus modulating
the diffusion pathways.** Combining both S and F, as in
LZCSF, leads to enhanced ionic conductivity and reduced
activation energy compared to the undoped LZC. The trend in
activation energy is LZCSF (0.24 eV) > LZCS (0.25 eV) >
LZC (0.26 eV) > LZCF (0.26 eV), indicating that LZCS
exhibits the best overall ionic conducting performance (Figure
3b). The corresponding Nyquist plots at different temperatures
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Figure 4. Galvanostatic electrochemical performance of LZC, LZCS, LZCSF and LZCF at 25 °C. (a) Initial charge—discharge profiles for all
systems at 0.1 C. (b) Nyquist plots were obtained immediately after cell assembly. (c) Differential capacity (dQ/dV) plots highlighting

lithiation and delithiation behavior. (d) Comparison of discharge capacities at 0.1 C with an active material mass loading of 5—6 mg cm™>.
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(e) Cycling performance of LZCSF at 0.5 C, showing a stable capacity of 120 mA h g™ after 100 cycles at room temperature.

and electronic conductivity values for all four compositions are
shown in Figures S6 and S7. The electronic conductivity values
are in the range of 107" to 107" S:ecm™!, ie, 6 orders of
magnitude lower than their ionic conductivities. This confirms
that these materials behave as ideal SSEs with negligible
electronic conduction. These values were calculated using eqgs
1 and 2 in the Supporting Information.

To further understand Li* transport behavior and potential
diffusion pathways, bond-valence site energy (BVSE) calcu-
lations were performed as previously reported,”~*" using a
two-body Morse-type force field based on the bond-valence
model (Figure 3c—f). In both LZC and LZCSF, Li* hopping
occurs along the c-axis, starting from Lil (LZC) and Li2
(LZCSF) sites and passing through saddle point sl, with
migration barriers of 0.614 and 0.509 eV, respectively. The
lowest-energy pathways are Lil—s1—Li2 for LZC and Li2—s1—
Lil for LZCSF (Figure 3c,d). Superimposed ribbon-like
structures illustrating these pathways are shown in Figure
3e—h. When the three-dimensional isosurfaces are viewed
along the ac plane (Figure 3e,f), the conduction channels in
LZC and LZCSF appear to be similar. However, the ab plane
projections (Figure 3gh) reveal subtle but important differ-
ences in the distribution of favorable interstitial sites. These
results align with PDF analysis, indicating that S*7/F~
codoping modifies bond distances and local environments,
facilitating Li* diffusion with reduced migration barriers
compared to the undoped structure. It should be noted that
the activation energies predicted by BVSE are higher compared
to experimental values because BVSE does not account for

nonperiodic features such as internal strains, particle size
variigig)ns that are introduced by mechanochemical mill-
ing.”™’

gFigure 4 provides a comparative overview of the electro-
chemical performances of solid-state batteries (SSBs),
including SSEs with different dopants. The first cycle
charge—discharge profiles in Figure 4a show that LZCS
exhibited the highest initial discharge capacity of 175 mA h
g™, followed by LZC and LZCSF at 150 mA h ¢! and LZCF
at 145 mA h g~ '. This trend is consistent with the ionic
conductivity order: LZCS > LZCSF > LZC > LZCEFE. The
initial high capacity of LZCS can be attributed to the enhanced
Li* diffusion by sulfur doping, which promotes higher ionic
conductivity, thereby facilitating efficient lithiation of NMC
622. In contrast, the strong Li—F interactions in the highly
electronegative fluorine-doped LZCF restrict Li* mobility,
resulting in a reduced initial capacity. This relationship is
further supported by the Nyquist plot shown in Figure 4b,
where the resistance values for LZC, LZCS, LZCSF, and LZCF
are 205.6, 95.1, 136.8, and 272.7 , respectively, mirroring the
discharge capacity trend. The differential capacity (dQ/dV)
plots shown in Figure 4c provide insights into the structural
transformations occurring during the first charge—discharge
cycle. Two distinct oxidation peaks are clearly evident at
around 3.1 and 3.2 V during delithiation, corresponding to
phase transitions between hexagonal phases (H1 — H2). An
additional shoulder peak during oxidation indicates further
phase transitions, notably H1 — M.>’ A reversible lithiation
peak at lower potentials due to increased polarization is
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Figure S. Ni K-edge X-ray absorption spectra (XAS) with the inset depicting pre-edge features of (a) LZC, (b) LZCS, and (c) LZCSF with
the respective first-derivative plots for (d) LZC, (e) LZCS, and (f) LZCSF, before and after cycling.

observed. Figure 4d compares the cycling stability of the doublet (S 2p;,, peak at 161.4 eV) was observed for pristine
systems at 0.1C. After 45 cycles, LZC, LZCS, and LZCF LZCSF powder. The lack of a chemical shift between LZCS

displayed similar capacity fading, while LZCSF maintained a and LZCSF points to rather small changes of the electronic
discharge capacity of 150 mA hg™'. The corresponding structure of sulfur by fluorine insertion. Surprisingly, the
capacity retention values were 78% for LZC, 64% for LZCS, picture changed completely after intermixing LZCSF with

70% for LZCF, and 98% for LZCSF. The superior retention of NMC and carbon black (CB) and preparation of the pristine
LZCSF (Figure S8a) is attributed to the combined benefits of NMC-SSE composite electrode. In fact, while the initial peak
fluorine incorporation, which is known to enhance electro- doublet was still detected (with lower intensity), a new peak
chemical performance via Li—F bond formation,”" and its doublet at higher binding energy (S 2p, peak at 163.5 eV)
enhanced ionic conductivity compared to LZC and LZCF. dominated the S 2p spectrum. Usually, a peak doublet at this
Although sulfur—dopec.l sy§tems de.n'lonstr'ate higher conductilv— binding energy can be attributed to (internal) S atoms of
ity, their narrow oxidative stability window and potential polysulfides.”>* In addition, another peak doublet due to

forrfnation of s}iﬂfa;es orh su;fmldges may limit -long—term sulfate is observed at even higher binding energy (S 2p;/, peak
f’le: lormance..bT eretore, t ‘e dual- doplng strategy n ,LZCSSI at 169.2 eV). Since the electrode preparation was carried out
ey contrl' utes to its improved lonic conductivity an under inert gas and without any solvent, the result points to
enhanced oxidative stability. To further probe the long-term . . )

. ) , reaction of LZCSF SSE with NMC (or CB) during the
stability of LZCSF, cycling was performed at 0.5 C (Figure 4e). electrode preparation. formine polvsulfides and sulfate
After 100 cycles, the system retained ca. 83% of its initial prep ’ § POy

yees T interph ials. Further detail ided in th
. livering 120 mA hg™! (Fi $8b). T luate th interphase materials. Further details are provided in the
capacity, delivering & gure F 0 eva e e Supporting Information. The spectra of cycled electrodes

roles of dopants at high rate performance, rate capability tests [ th 1. o .
were performed from 0.1 to 1 C for LZCS and LZCSF (see (1*discharged and 10™ discharged state) exhibited relatively

Figure $8). At 1 C, LZCSF delivered $8.5 mA h g~ capacity small changes from that of the pristine electrode; while the

outperforming LZCS (33.5 mAh g~!) after 35 cycles, intensity of the doublet at the lowest binding energy decreases
slightly, as the sulfate signal grows (Figure S9b,c). The

formation of sulfate and fluorine species suggests the possible

highlighting the impact of S/F codoping.

To probe interphase compounds, XPS measurements were

carried out on NMC-SSE composite electrodes at different presence of fluorosulfonate compounds which lgjve been
sta%es of cycling (i.e., pristine electrode, first discharged, and reported to enhance electrochemical performance.”™ Further
10™ discharged state). The F 1s spectra (Figure $9a) show a investigation using advanced techniques such as TOF-SIMS is
minor shift from 685.1 to 685.2 eV with peak broadening after necessary to identify the buried interphase products. However,
cycling (FWHM: Pristine -1.63 eV, cycled -1.75 eV), which this is beyond the scope of the current work. The XPS results
could indicate the formation of LiF due to the presence of F suggest that with S—F co-doping, a fluorine-rich interphase is
dopant for LZCSF SSE. However, a definitive verification is formed at the interface. This could be the reason for the

difficult due to overlapping binding energies of LiF (typically at improved interface stability. Finally, the Zr 3d and Cl 2p
685.0—685.5 eV) and LZCSF. For the S 2p sépectra (Figure spectra remained unchanged in all stages of cycling (Figures
S9b), similar to the parent compound LZCS,* a single peak S10-S12).



To further investigate the interface stability between SSEs
and NMC622 active material, HERFD-XAS spectra of Ni, Mn,
and Co K-edge were measured to reveal possible differences in
the electronic structure of NMC transition metal in the
presence of the SSEs, before and after 20 cycles. Figure Sa—c
shows the Ni K-edge absorption spectra of electrodes in their
pristine and discharged states after 20 cycles. Bare NMC622
powder was used as a standard, here represented by the black
curve. Ni K-edge spectra show an obvious increase in the
energy of the edge after 20 cycles for electrodes prepared with
LZC and LZCSF, but not LZCS. This shift to higher energy
suggests partial retention of a higher degree of oxidation of Ni
after several cycles. This behavior has already been reported in
previous work on Ni-rich NMC.” Electrodes prepared with
LZCS do not exhibit such a shift of the edge position as made
visible in Figure Sd—f representing the first derivative of the K-
alpha emission intensity. In addition to the edge shift, the pre-
edge shape was also largely affected for electrodes containing
LZC and LZCSF but not for LZCS. This change of shape and
higher intensity arise from distortion of the Ni sites and mixing
of the 3d/4p orbitals.”>>” We attribute the unchanged spectra
of LZCS electrodes to SSE degradation, as confirmed by the
XPS analysis where the presence of polysulfides and sulfates in
cycled electrodes has been identified. Degradation products of
the SSE disrupt Li* conduction and limit NMC redox activity,
explaining the preserved Ni oxidation state and rapid capacity
loss.

Mn K-edge absorption spectra (Figure S13) show no change
in edge or pre-edge features after cycling for any of the three
electrolytes, consistent with previous reports that the Mn
oxidation state in NMC remains constant during cycling.*®
The origin of the systematic shift between the NMC standard
and the pristine electrode is discussed in the Supporting
Information. Co K-edge spectra (Figure S14) show no edge
shift after cycling, indicating the preserved Co oxidation states.
However, the pre-edge intensity increases for cycled LZC and
LZCS electrodes, suggesting local Co environment distortion.
This change is absent in LZCSF electrodes, supporting their
more stable cycling behavior.

SEM images of FIB-milled NMC622-SSE interfaces (Figure
S15) and EDX line scans revealed the interfacial diffusion of
oxygen and nickel in both LZC and LZCSF. LZCSF showed
significantly shorter diffusion distances than undoped LZC,
indicating improved interfacial stability and reduced transition
metal migration. S and F substitutions likely suppress
interfacial degradation and mitigates mechanical stress,
preserving NMC particle integrity during cycling.”” ™

In summary, this work reports a S/F co-doped Li,ZrCls SSE
(LZCSF), where dual-anion substitution modifies the lattice,
enhancing ionic conductivity and promoting S/F participation
in SEI formation, improving interfacial stability. Co-doping
induces lattice contraction for LZCSF and expansion for
LZCS, tuning the unit cell volumes. BVSE calculations show
enhanced Li* diffusion. Although its conductivity (0.51 mS
cm™') is slightly lower than that of LZCS (0.54 mS cm™),
dual-anion incorporation boosts electrochemical performance.
SSB with LZCSF retains 83% capacity at 0.5 C after 100 cycles,
delivering 110 mAh g~'. XPS shows LiF and sulfate formation
at the interphase, and synchrotron XAS reveals a more
reversible Ni oxidation state after cycling. FIB-EDX scans
indicate a thinner interphase in LZCSF versus LZC. This co-
doping strategy enhances both ionic conductivity and electro-
chemical stability, highlighting the need to balance these

properties in halide SSEs and offering a promising approach for
the rational design of next-generation SSEs.
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