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Abstract

Replacing liquid electrolytes with solid ionic conductors attracts increasing attention due
to the potential of improved battery safety. Solid-state batteries show potential for
further increased energy/power density by eliminating the use of packaging accessories
for unit cells. Sulfide- and halide-based ceramic ionic conductors exhibit comparable
ionic conductivity with liquid electrolytes. These materials, however, are inherently
brittle, making them unfavorable for applications. Here, we report a mechanically
enhanced composite Na* conductor that contains 92.5 wt% of sodium thioantimonate
(NasSbS4, NSS) and 7.5 wt% of sodium carboxymethylcellulose (CMC); the latter
serves as the binder and an electrochemically inert encapsulation layer. The ceramic
and binder constituents were integrated at the particle level, providing ceramic NSS-
level Na* conductivity in the NSS-CMC composite, the more than five-fold decrease of
electrolyte thickness obtained in NSS-CMC composite electrolytes provided a five-fold
increase in Na* conductance compared to NSS ceramic pellets. Resulting from the
CMC encapsulation, this NSS-CMC composite shows increased moisture resistivity and

electrochemical stability, which significantly promotes the cycling performance of NSS-
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based solid-state batteries, and improves ductility of the material. This work
demonstrates a well-controlled, orthogonal process of ceramic-rich, composite
electrolyte processing — independent streams for ceramic particle formation along and
binder encapsulation in a solvent-assisted environment. This work provides insights into
the interplay among the solvent, the polymeric binder, and the ceramic particles in
composite electrolyte synthesis, and implies the critical importance of identifying the
appropriate solvent/binder system for the precise control of this complicated process.
Finally, the work also provides valuable insights into the potential of designing
mechanically tailorable battery components via fundamental understanding of the effect

of the constituents on the overall composite ductility.
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1. Introduction

All-solid-state sodium batteries are safe and sustainable alternatives to liquid-electrolyte
lithium-based batteries and they pave the way for a cost-effective grid-scale energy
storage. Ceramic Na* conductors exhibit relatively high room-temperature ionic
conductivity and a wide electrochemical stability window,! however, this class of
material shows limited ductility, and thus producing thin and bendable electrolytes for
compact, high-energy/power density cells is particularly challenging. Polymer
electrolytes exhibit enhanced mechanical properties, yet suffer from relatively low room-
temperature Na* conductivity, low transference number (for dual-ion electrolytes), and
limited electrochemical stability window.?® The ionic conductivity of polymer electrolytes
depends strongly on the glass transition temperature of the polymer matrix, which
defines the optimal temperature for polymer chain relaxation to access reasonable ion
mobility. Although single-ion polymer electrolytes designed for unity transference
numbers have been reported,®8 their electrochemical stability still needs to be

improved.

Composites comprised of ceramic and polymer constituents can potentially combine the
advantage of mechanical ductility and high ionic conductivity.® Previous work shows that
there are two possible ion transport pathways in a given composite electrolyte, the
ceramic and the polymer constituent.1%-12 In either case, the constituent responsible for
ion transport must exceed the ion percolation threshold.'%1? Jon exchange across the
ceramic and polymer interface was found to require substantial activation energy and
this process is usually correlated with decomposition chemistry.1% 1314 |n polymer-rich
composites, low weight-percentage oxide ceramic electrolytes were introduced and
functioned as plasticizers.'>1” In these systems, low conductivity and limited stability
remain an issue. Recent work shows that it is feasible to fabricate ceramic-rich
composites as Na* and Li* conductors,'®-22 although ceramic-rich Na-composites are
not as well understood as Li-composites. For example, Ren and coworkers
demonstrated a cross-linking sodium thioantimonate (NSS) -polymer electrolyte,
enabling the fabrication of solution-casted electrolyte membranes.?® A low Na*

resistance (65 Q-cm?) was demonstrated in an ultra-thin electrolyte membrane.

https://doi.org/10.26434/chemrxiv-2024-50184 ORCID: https://orcid.org/0000-0002-1052-8947 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-50l84
https://orcid.org/0000-0002-1052-8947
https://creativecommons.org/licenses/by-nc-nd/4.0/

However, composite electrolytes obtained using this approach only contain <50 mol% of
NSS, which is likely limits the Na* percolation in the NSS constituent of the composite.
The cross-linked NSS plausibly adopts a different fundamental Na* transport
mechanism compared to ceramic NSS, limiting the overall conductivity. In another
example, a new halide Li* conductor LiCl-GaFs was discovered to show clay-like pliable
properties, despite the unresolved decomposition chemistry when the material is in
contact with metallic lithium.?* Beyond the effort on discovering structurally modified
solid-electrolytes, Wang and co-workers introduced low-concentration binders (0.5 wt%
of polytetrafluoroethylene, PTFE) into LisPSsCl, LisInCls, and LissLasZri.sTao.s012 via
shear mixing to produce thin membranes. The woven-like PTFE binder supported the
structural integrity of the membrane.?* This method realized ceramic-rich composites
containing ultra-low polymer loading and bypassed the challenge of selecting
compatible solvents for the integration of ceramic and polymer. The shear mixing
process can be energy-intensive, and it is less practical to accommodate large-scale

processing under the required inert environments.

Herein, we report a NSS-based ceramic-rich composite electrolyte comprised of 92.5
wt% of NSS, and 7.5 wt% of sodium carboxymethylcellulose (CMC). This composite
was fabricated using a solution-assisted approach and water is used as the mediating
solvent. A ~50 nm CMC encapsulation layer formed on the NSS particle surface
provided enhanced ductility to the material, enabling the production of free-standing
pellets. While a Na* conductivity of 0.4 mS-cm was obtained in NSS-CMC compared to
1.0 mS-cm?in NSS, as a result of enhanced ductility, the reduced electrolyte thickness
provided more than doubled area conductance in NSS-CMC compared to NSS. High
conductance is required to realize the optimal cell kinetics and energy density by
minimizing overall electrolyte impedance. CMC encapsulation also introduces a physical
barrier to enhance the stability of NSS when interacting with moisture or experiencing
reducing conditions near metallic sodium electrodes. Through a rigorous
characterization of this NSS-CMC composite, we demonstrate the feasibility of
designing solvent-assisted approaches to control the formation of ceramic-rich

electrolyte composites.

https://doi.org/10.26434/chemrxiv-2024-50184 ORCID: https://orcid.org/0000-0002-1052-8947 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-50l84
https://orcid.org/0000-0002-1052-8947
https://creativecommons.org/licenses/by-nc-nd/4.0/

2. Results and Discussion

2.1 Composition, structure, and Na* conductivity
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Scheme 1. Formation of NSS-CMC composites

Scheme 1 illustrates the formation of NSS-CMC composites by solution processing.
Specifically, a CMC coating forms on the surface of hydrated NSS particles in a
CMC/Hz0 solution. This coating is solid after re-dehydration. A post-ball milling process
further reduces the patrticle size to access the increased Na* conductivity. Qualitatively,
we obtained NSS-CMC composite electrolyte pellets as thin as 100 um — less than 10%
of the thickness compared to a ceramic NSS pellet, showing a more flexible and ductile
overall structure that is likely due to the effect of the CMC interfaces formed between
NSS particles. Further tailoring of the mechanical properties can be achieved by
controlling the CMC thickness and/or NSS patrticle size, i.e., an increased relative
thickness of the CMC interface will enhance the ductility and flexibility of the structure.
Details on the mechanical properties and the determining factors at the composite
structural level are beyond the scope of this study and will be reported in upcoming

publications.
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Figure 1. (A) Conductivity and Conductance of NSS-CMC (solid circle) and NSS-CMC
noBM (open circle). (B) 121Sh and (C) 22Na solid-state NMR spectra (Bo = 18.8 T, % = 10
kHz) for NSS and its various synthetically modified composites. SEM images obtained
from powder samples (D) NSS-CMC, (E) NSS-CMC noBM, (F) NSS BM, and (G)
NSS+CMC BM.

Fig. 1A shows the Na* conductivity of NSS-CMC composites containing 0 — 20 wt% of
CMC. To minimize the mechanical inconsistency across all samples, this work uses a
200 um thick electrolyte for characterizations. The first addition of 10 wt% CMC induced
a slight decrease in room-temperature Na* conductivity from 1.0 mS-cm to 0.5 mS-cm-
1 and when 20 wt% of CMC was introduced a more significant decrease in Na*
conductivity to 0.08 mS-cm* was observed. However, the reduced electrolyte thickness
results in high area conductance in the NSS-CMC composite. Specifically, composites
containing 5 wt% CMC show 15 mS of area conductance, which is five times higher
compared to the NSS pellets with no CMC incorporation, and 10 wt% CMC addition
provides approximately doubled area conductance compared to a NSS pellet. We
determined that the addition of 7.5 wt% CMC can simultaneously provide a high area

conductance and sufficient mechanical strength to maintain a thin pellet structure.
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Therefore, 7.5 wt% CMC was chosen to conduct further characterization and

electrochemical performance studies.

Na* conductivity and the electrolyte pellet performance are highly dependent on the
processing approach. Dry mixing is insufficient to result in particle-level integration and
a visually consistent pellet morphology is not achieved. Although NSS-CMC obtained
after the solution process and re-dehydration shows visually homogeneous morphology,
the enhanced Na* conductivity was not accessed until a post ball milling process was
conducted. Shown in Fig. 1A, NSS-CMC pre- and post-ball milling exhibit a marked
difference in Na* conductivity: NSS-CMC pre-ball milling (annotated as NSS-CMC
noBM in figures) show approximately 2 orders of magnitude lower Na* conductivity
compared to the ball milled composites (annotated as NSS-CMC in figures). This
contrast is consistent across all composite samples containing 5-20 wt% of CMC,
although a similar trend of Na* conductivity decreasing as CMC content increased is
observed for conductivity measurements pre- and post-ball milling. We note that
mechanochemical processes can potentially alter the structure, crystal phases, and
morphology of ceramic Na* conductors, resulting in unexpected changes to structure,
particle size, crystallinity, and morphology of the material, which in consequence alters

its intrinsic ionic conductivity.?®

We further interrogated the structure of NSS when the material undergoes solution
mediation process with the CMC binder. To understand the correlation between the
structure of NSS-CMC composites and its conductivity, we characterized the NSS
crystal structure, Sb-S polymorph, and the local chemical environment of Na and Sb
within NSS. Raman spectra obtained from NSS and NSS-CMC both show the signature
symmetric (vs near 362 cm) and asymmetric stretch (vas near 385 cm* and 405 cm™) of
SbSa tetrahedron, indicating that the tetrahedral SbS4 structure was retained after the
introduction of CMC (Fig. S1A). NSS and pre-ball milled NSS-CMC show similar
diffraction patterns, indicating the crystal structure of NSS remained after solution
processing. After ball milling, diffraction peak broadening was observed across the

entire 20 range, indicating a reduced crystallinity in NSS-CMC. (Fig. S1B)
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The local chemical structure of the NSS-CMC composite was accessed via solid-state
121Sh and 22Na NMR performed at 18.8 T. The ?1Sbh MAS NMR (Fig. 1B) of NSS
revealed a greater distribution of electric field gradients (EFG) at the local Sb chemical
environments, as expected from a less crystalline material due to mechanochemical
treatment.?® When NSS is mixed with CMC in water followed by dehydration to produce
pre-ball milled NSS-CMC (NSS-CMC noBM), long-range crystallinity is introduced back,
consistent with the distinct >!Sb second order quadrupolar lineshape, demonstrating
the asymmetric SbS4% tetrahedron which experiences non-zero EFG consistent with the
tetragonal structure of NazSbS4.2” In dry mixed NSS+CMC, a similar ?1Sb NMR
spectrum is observed due to a Czjzek distribution onset by the distribution of the EFG
about Sb Chemical environments. The collective 12!Sb NMR spectra suggest that
mechanochemical treatment in NSS-CMC decreases the crystallinity by onset of local
and medium-range disorder, however, the asymmetrical local site symmetry in SbS4*
tetrahedron is retained in the tetragonal system (P42:c), as a symmetrical 121Sh
lineshape is expected only when Sb experiences a zero EFG (i.e., cubic NasSbhS4
(143m)).28 29 Although, studies in the analogue compound, NasPSa, have shown that
mechanochemical treatment can introduce discrepancy between local and long-range
structures,® our complimentary PXRD, Raman, and NMR analyses confirm that the
crystallinity (sharpness of the diffraction peaks) decreases in NSS-CMC post

mechanochemical treatment but retains the tetragonal crystalline symmetry.3!

Similar results are observed for the 22Na MAS NMR data in Fig 1C, whereby a unigue
quadrupolar lineshape was observed in 22Na NMR spectrum of NSS-CMC pre-ball milling
(NSS-CMC noBM), consistent with two sodium environments experiencing motion as
demonstrated in its analogue NasPS4 tetragonal phase.3? As crystallinity decreases, the
distinctive quadrupolar lineshape smooths and broadens due to the distribution in EFG
and reduction in long-range order introduced through mechanochemical treatments. In
such materials, 22Na quadrupolar lineshapes are further influenced by Na* dynamics and
magnetic field strengths, inhibiting the two Na crystallographic sites to be resolved.??
Finally, the NMR resonances do not interfere with those from the CMC sodium salt — the
22Na NMR peak for CMC (pre- and post-ball milling) appears at a lower chemical shift and
is reduced in intensity due to the low concentration of composite (Fig. S2) used here.
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We attempted to determine possible oxidation state change in CMC using XPS. Although
CMC pre- and post-ball milling show similar C 1s and O 1s spectra, suggesting CMC
likely retains its unchanged through mechanochemical treatment, (Fig. S3) due to the low
CMC concentration, the oxidation state change of CMC in NSS-CMC composite was not

accessible. (Fig. S4)

The morphology of NSS composite particles is shown in Fig. 1D. Prior to ball milling the
composites are aggregated solids. (Fig. 1E) After ball milling, the NSS-CMC appear
distinctly different as scattered particles ranging from 1 — 10 um in diameter. Pristine
NSS appears as clustered micron-size particles (Fig. 1F) similar to the morphology of
NSS+CMC prepared by dry ball-milling (Fig. 1G) and aggregates were not observed in
either sample. This result indicates that adding CMC facilitates the formation of
aggregates that were milled down to micron-size NSS-CMC patrticles (High-
magnification images are shown in Fig. S5.). Indeed, pristine CMC shows a smoother
morphology, and its electrical insulating property induces intense backscattered
electrons in the SEM images (Fig. S5I). Ball milling CMC induces no significant effects
on its morphology (Fig. S5J). The fact that neither CMC-containing composites (Fig. 1B
and 1C) nor the NSS+CMC dry mixture (Fig. 1E) show apparent CMC content in the
EM images suggests that the 7.5 wt% CMC is likely incorporated into NSS particles.
This particle-level integration results in a unique aggregate-like morphology in pre-ball
milled NSS-CMC, which converts to the smaller and dispersed patrticles in the NSS-
CMC composites post-ball milling. This dispersion plausibly reduces the stress
concentration levels in the composite, leading to reduced premature failures and,

consequently, increased ductility in the material.
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Figure 2. CMC coating on NSS patrticles. (A-C) SEM images showing NSS particles
coated with ~50 nm of CMC layers, (D-F) TEM and HRTEM showing the detailed
structure of the CMC coating and the NSS crystal lattice inside the polycrystalline
particle, (H-J) TEM-EDX showing the elemental composition of the coated NSS-CMC
particle

The NSS-CMC particles were examined by electron microscopy. Fig. 2A — 2C shows
SEM images of a lamella cross-sectioned from a NSS-CMC particle. We observed a
continuous coating layer covering the surface of the ceramic particle. This layer is
approximately 50 nm thick and exhibits morphology and conductivity distinctly different
from the inside of the particle. This thin coating layer covers the surface of voids inside

the particle in addition to the coating appearing at the outermost particle surface (by
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gold arrows shown in Fig. 2B). Coatings were also observed in TEM images acquired at
the edge of a particle (Fig. 2D and 2E). The inside of the ceramic particle is
polycrystalline in nature as indicated by the two distinct crystal lattice planes, NSS (2 0
0) and (2 1 1) (Fig. S6), observed in the HRTEM shown in Fig. 2F; and no direct
evidence of coating layer presence in between different crystal phases within the
polycrystalline particle was obtained. The distribution of Na, Sh, (Fig. 2H), and O (Fig.
2J) were acquired from a particle lamella shown in Fig. 2H. Inside the particle shows a
homogeneous distribution of Na and Sb, suggesting the presence of NSS. In contrast,
at the edges of the patrticle, Sb is absent, and Na appears, which is consistent with the
presence of a Na-containing layer, attributed to the CMC Na salt. Inside the particle
near the edges of voids, slightly more pronounced Na signals appear, although
occupying a significantly thinner layer inside the voids. This observation suggests the
presence of a thin coating on the surface of voids within a polycrystalline particle. An
enhanced O signal near the edges of the particle (Fig. 2J) was observed and is
consistent with the oxygen-containing CMC layer. The non-zero oxygen signal inside
the particle is likely due to unavoidable air contamination when the lamella is transferred
between the FIB-SEM and the TEM chambers. Collectively, the combination of electron
microscopy and the energy dispersion X-ray analysis provided an insightful picture of
the CMC-coated polycrystalline NSS patrticle. This H2O-mediated solution processing
enabled the dissolved CMC to form a ~50 nm-thick, morphologically continuous
encapsulation layer on the surface of undissolved, hydrated NSS particles. This robust,
continuous coating layer is maintained on the outer surface and voids of the particles

upon NSS dehydration and ball milling after solution processing.
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2.2 Moisture and Electrochemical Stability
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Figure 3. Moisture resistivity of NSS composites: Powder XRD obtained from (A) NSS-
CMC, (B) NSS, (C) NSS-CMC noBM, and (D) NSS+CMC ball-milled mixture before and
after air exposure.
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In Fig. 3 we compare the PXRD pattern of NSS-containing samples before and after air
exposure. As seen in Fig. 3A, NSS-CMC maintains its diffraction pattern after at least
15-min air exposure. After 25 min of air exposure, NSS-CMC shows a similar PXRD as
the hydrated NSS (NasSbSs-9H20).22 In contrast, this hydrated form of NSS was
observed in pristine NSS that experienced 15 min air exposure. (Fig. 3B) As the PXRD
scan started almost simultaneously with NSS exposure to air, the first signature peak for
hydrated NSS was captured within 3 min of NSS interaction with air, suggesting limited
moisture resistivity of NSS. Interestingly, NSS-CMC pre-ball milling does not exhibit
comparable moisture resistivity — the formation of hydrated NSS also appears within the
first 3 min of air exposure. (Fig. 3C) This observation indicates that CMC film may form
following the solution process, however, the CMC-encapsulated individual particles only
emerge after post-ball milling. To further test the hypothesis of CMC encapsulation-
induced moisture resistivity, we acquired the diffraction pattern of the dry ground
mixture of NSS and CMC (NSS+CMC) with the equivalent duration of post ball milling
after the solution process. As shown in Fig. 3D, similar moisture resistivity was not
observed in the dry mixed NSS+CMC sample, suggesting no protective CMC
encapsulation formed. Combined with the microscopy results, these observations
suggest that the continuous coating on the outside of the particle plays a role in
preventing moisture penetration into the NSS particle and thus suppresses the
unwanted hydration process. The H20 mediation likely assists the formation of CMC-
coated NSS aggregates (Fig. 1C). These coated aggregates, however, are not
sufficient to provide a functional moisture barrier. A post ball milling step is essential to
create the CMC-encapsulation on individual NSS particles ranging from 1 — 20 pum in
diameter; and the resulting ~50 nm CMC coating is responsible for the enhanced

moisture resistivity seen in the NSS-CMC composites.
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Figure 4. Electrochemical Stability of NSS composites: (A) Comparisons of Galvanostatic
charge/discharge behavior of Na/SE/Na symmetric cells at a current density of 50uA/cm?
using NSS, NSS-CMC, NSS+CMC ball-milled or hand mixed electrolytes. (B) Rate
performances of Na/NSS/Na cell compared to Na/NSS-CMC/Na cell, along with the EIS
results obtained from (C) the Na/NSS/Na cell and (D) the Na/NSS-CMC/Na cell following
the charge/discharge cycles at each current density.

In Fig. 4 the electrochemical cycling performance of Na/SE/Na symmetric cells using
NSS-CMC composite electrolyte is examined. As shown in Fig. 4A, the Na/NSS/Na cell
experienced a dramatic increase in its overpotential (to 3.1 V vs. Na/Na*) within the first

25 cycles when operated at a 50 pA/cm? current density. This increased overpotential is
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a result of NSS decomposition forming Na-ion blocking Na-Sb binary structures, ShSs*,
and Sb2S7* dimers when contacting Na electrode and/or experiencing Na reduction
potentials.®3 Cycled at the same current density, a Na/NSS-CMC/Na cell can operate
over 210 cycles before its overpotential approaches 1.0 V (vs. Na/Na*). The decreased
overpotential seen in the Na/NSS-CMC/Na cell suggests the suppressed decomposition
of NSS, consistent with a CMC coating that prevents the direct exposure of NSS to
metallic Na or to function as a voltage barrier. The Na/NSS-CMC/Na cell also shows
increased overpotential upon cycling, although the magnitude was significantly smaller
compared to a Na/NSS/Na cell. Therefore, NSS decomposition is still present even with
a CMC encapsulation layer in place. By way of contrast, the suppressed overpotential
was not observed in cells containing dry mixed NSS and CMC (hand ground or ball
milling). These observations are consistent with our hypothesis — a continuous CMC
coating must be present on NSS particles for the enhanced electrochemical stability of
NSS-CMC composites.

In Fig. 4B we compared the rate performance of a Na/NSS-CMC/Na versus a
Na/NSS/Na cell. Operated at increased current densities (up to 200 pA/cm?), 5 cycles at
each current density step, the Na/NSS-CMC/Na cell shows relatively stable cycling
performance with significantly lower overpotential at all steps, indicating the suppressed
formation of Na* blocking materials as a result of decomposition. EIS measurements
were performed at the end of each step, and a significantly larger overall cell impedance
was observed in the Na/NSS/Na cell, although the impedance of the pre-cycled
Na/NSS/Na cell was smaller compared to the pre-cycled Na/NSS-CMC/Na cell. (Fig 4C
and 4D) The evolvement of the interfacial resistivity is quantified from the EIS results
using an equivalent circuit as provided in Table S1. This result suggests that CMC
coating on NSS slightly reduces the intrinsic Na* conductivity in the electrolyte,

however, the coating provided an enhanced electrochemical stability for NSS-based
electrolyte.
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Figure 5. Decomposition of NSS and its composites following charge/discharge cycles.
(A) S 2p and (B) Sb 3d core-level XPS obtained from NSS and NSS-CMC before and
after CV cycles; 2-dimensional Raman mapping obtained from (C) NSS and (D)NSS-
CMC surface recovered from Na/SE/Na cells post CV cycles. (E) ATR-IR spectra
obtained from the NSS-CMC composite electrolyte surface before and after contacting
the Na electrode.

To examine the electrochemical stability of NSS-CMC, electrolytes before and after
electrochemical cycling were characterized. Fig. 5A and 5B show the S 2p and Sb 3d
XPS obtained from NSS and NSS-CMC composites before and after 10
charge/discharge cycles in Na/SE/Na cells at 50 pA/cm?. In both electrolytes, lower
binding energy S 2p and Sb 3d peaks were observed after cycling, suggesting the
reduction of S and Sb to form NazS and Na-Sb binary.33 The relative peak area of
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reduced S and Sb components with respect to S and Sb in pre-cycled electrolytes was
guantified. Specifically, we found 11.6 % of reduced S and 24.1% of reduced Sb in post-
cycled NSS. By way of contrast, 6.8% of S and 12.2% of Sb were found reduced in
NSS-CMC after cycling. (Table S2) We conducted 2D Raman mapping on electrolyte
surfaces detached from Na electrodes after cycling to access the heterogeneity of this
decomposition across the electrolyte surface. Fig. 5C and 5D are heat maps of the
relative intensity of the 140 cm™! peak with respect to the peak near 362 cm. The 140
cm? peak is the Na-Sb stretching mode associated with the Na-Sb binary phase, a
signature decomposition product of NSS, and 362 cm™ is the symmetric stretch of ShSa,
a featured peak in pristine NSS. In the Raman imaging, we observed a higher relative
intensity and a wider distribution of the Na-Sb binary in the post-cycling NSS electrolyte
compared to that of NSS-CMC. This result is consistent with the suppressed chemical
reduction in NSS-CMC observed from XPS (Fig. 5A and 5B). Collectively, CMC coating
functions as a chemically stable barrier that inhibits the direct reduction of NSS when
contacting metallic Na. We inquire whether CMC maintain its structure when preventing
the reduction of NSS, or presumably in the harsh reducing condition during Na
deposition and stripping, CMC would convert to a different structure — a passivating
material that covers the NSS particle. To address this question, we interrogated the
possible structural change in CMC when the composite is subjected to electrochemical
reduction. Fig. 5E shows a series of ATR-FTIR spectra obtained from the surface of
pristine NSS-CMC composites, NSS-CMC after contacting metallic Na for 10 min to 10
hours, and NSS-CMC recovered from a Na/SE/Na cell after cycling. As observed from
the spectra, CMC present in the as-prepared NSS-CMC composite shows three major
vibrational modes: b near 1236 cm, e near 1550 cm, and g at 1712 cm. Specifically,
peak b is associated with the stretch of —-COH,34%¢ g results from the stretch of -C=0 in
—COOH,3* 37 photh reveal the presence of protonated CMC. Peak e was unidentified but
was previously observed in protonated cellulose. Post-contacting Na or after CV cycles
in a Na/NSS-CMC/Na cell, new peaks f (1602 cm™), d (1454 cm?), and ¢ (1373 cm™?)
emerge, while peak b shifted to a slightly higher frequency near 1265 cm™. In addition,
we observed the shoulder peak a near 1136 cm™. The new peaks f and d are attributed

to the asymmetric and symmetric stretch of —-COO- in deprotonated carboxylic acid
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group.3% 36 A similar peak g (v(-C=0)) to f (vs(-COQO")) and d (vas(-COO")) transition was
observed in CMC solutions as a result of pH increase, inducing deprotonation of the
carboxylic acid group. This phenomenon was also observed when carboxylic acids were
converted to their sodium salts.®>38 Although the exact assignment was not clear, peak
c was observed in CMC under extreme basic conditions, which is likely associated with
its deprotonation.* 3° Similarly, the frequency increase seen in peak b is likely a result
of deprotonation of —-COH upon reduction chemistry.34-3¢ The new shoulder peak a near
1136 cm! was attributed to vibrational modes of the CMC backbone,®” 4% and its
change in frequency and intensity has been attributed to backbone rearrangement,
likely resulting from CMC deprotonation. A complete peak assignment is provided in
Table S3. Collectively, the ATR-FTIR results suggest that the CMC coating in general
maintains its molecular structure while undergoing (electro) chemical reduction. And
deprotonation of -COH and —COOH were observed along with CMC backbone
rearrangement. The exact structure of the CMC coating and its optimization in structure,
local pH, and thickness aiming for the most chemically resistive and ionically conductive
are important topics that require further investigation.
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2.3 Te-C/NSS-CMC/Na All-solid-state Cell
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Figure 6. Electrochemical performance of a Te-C/NSS-CMC/Na battery. (A) Cyclic
Voltammetry obtained at a scan rate of 0.2 mV/Sec, (B) the first three galvanostatic
charge/discharge cycles, (C) Specific capacity obtained from the cell charge/discharged
at 10 mA-gt and (D) the rate performance and Coulombic efficiency of cells operated at
different charge/discharge rates.

The use of NSS-CMC composite electrolyte was demonstrated in a Te-C/NSS-CMC/Na
cell. The Te-C electrode is chosen as a conversion electrode for this solid sodium
battery. Previous work showed that Te-C converts to Te-metal alloy when Li* and K*
undergo redox chemistry, where the microporous carbon acted as a host for Te-Li and
Te-K insertion/desertion to support the structural stability and to provide stable storage
capacity by accommodating volume expansion and preventing Te dissolution.*! Na*
storage has also been reported in Te-C electrodes, likely exhibiting similar reaction

mechanism.*? Fig 6A shows the first five cycles of the cyclic voltammetry obtained from
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a Te-C/NSS-CMC/Na cell. Relatively stable redox peaks were observed starting cycle 2,
despite a slight observable current density decrease. The drastic current density
decrease seen in cycle 2 compared to the first CV cycle is due to an irreversible
formation of the electrode/electrolyte interface. In Fig. 6B, we demonstrated the
galvanostatic charge/discharge cycles between 0.2 and 3.0 V (vs. Na/Na*) at a current
density of 10 mA/g. A charge/discharge capacity at ~ 150 mAh-g was obtained in the
first 100 cycles. (Fig. 6C) In particular, we observed specific capacities of 545, 386,
224, and 121 mAh-g when operating at current densities of 2, 5, 10, and 20 mA/g
respectively. (Fig. 6D) Although substantially lower charge/discharge current was
employed due to the slow kinetics in solid-state battery systems in general when
compared to liquid cells, the capacity of 545 mAh/g obtained at 2 mA/g
charge/discharge current is comparable to the maximum accessible capacity observed
in liquid cell systems using Te-C electrodes.**** This Te-C/NSS-CMC/Na cell also
shows reasonably stable charge/discharge performance when operating at a step-wise
decreased current density following measurements at increased rates. Specific
capacities of 201, 341, and 503 mAh/g were obtained at 10, 5, and 2 mA/g respectively.
Quantitatively 88%-92% of the specific capacity was accessed compared to
charge/discharge cycles at the initially decreased current density steps. Coulombic
efficiencies are maintained between 89% to 100% throughout the rate performance
evaluation. These results demonstrated the application of NSS-CMC composite

electrolytes in conversion-type electrodes.
3. Conclusion

This work reported a cellulose-encapsulated NSS composite electrolyte for high-energy-
density solid-state sodium batteries. The ~50 nm thick CMC encapsulation accounts for
only <0.5% of the NSS patrticle diameter, yet the mechanically enhanced interface CMC
offered has promoted the ductility of NSS, enabling the fabrication of ~ 100 um thick
electrolyte pellets, <10% of the thickness of a pristine NSS ceramic pellet. This ultra-thin
CMC encapsulation slightly impedes the intrinsic Na* mobility within the material,
however, the reduced electrolyte thickness provided higher Na* conductance in NSS-
CMC compared to the pristine NSS, compensated for its reduced Na* conductivity. The
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NSS-CMC composite shows promoted cycling performance in symmetric cells. We also
demonstrated its application when integrated into a full-cell configuration that uses a Te-
C conversion electrode. Characterization results suggest that the CMC coating layer
provides a physical barrier to separate NSS from metallic Na electrodes and moistures
in the environment. The CMC coating also creates a voltage barrier to prevent the direct
exposure of NSS to extreme potentials. During electrochemical cycling, the CMC
coating maintains largely stable with minor transitions from its protonated to
deprotonated structure along with backbone rearrangement.

In this work, we demonstrated a solution-processing strategy that enabled a well-
controlled formation of a polymer coating on ceramic electrolyte particles. The
properties ultimately dictate the ionic conductivity and mechanical ductility of a
composite electrolytes include particle size and encapsulation layer thickness. These
properties are potentially tunable with the choice of solvent and polymer system. This
work implies that the selection of solvent-polymer-ceramic system is of critical
importance for the precise control of the two orthogonal processes — the recovery of
ceramic particles with the desired structure and morphology, and the formation of
coatings at the thickness of choice. We highlight the demand for a systematic
understanding of chemistries among ceramic electrolyte particles, processing solvents,
and polymer binder candidates — the principle that underpins the optimal processing

approach for a chemically and mechanically enhanced composite electrolyte.
4. Methods

Preparation of NasSbSs-sodium carboxymethyl cellulose composite (NSS-CMC).

The starting materials sodium carboxymethyl cellulose (powder), elemental S (powder,
99.998%), anhydrous NazS (powder, 98%), Sb2Ss (powder, 99.995%) were all obtained
from MilliporeSigma, and were used as received. NasSbS4 (NSS) were synthesized
using a water-mediated approach.33 4> Specifically, Na2S, Sb2Ss and S powders at the
stoichiometric ratio were mixed in water to form NasSbS4- 9H20, which was further
purified by recrystallization. The resulting NasSbS4- 9H20 was then reground and

dehydrated at 200 °C under vacuum to obtain the anhydrous NasSbS4. The anhydrous
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NasSbSa4was then ball-milled for 1 hour to produce the as-prepared NasSbSa (NSS)

electrolyte.

To synthesize the NSS-CMC composite, 50 mg of CMC was first dissolved in milli-Q
water to form a 2.5 wt% CMC solution. The solution was stirred for 3 hours to achieve
complete dissolution. Subsequently, NSS powders were added to the CMC solution to
synthesize the desired composition of the NSS-CMC composite. For the targeted 5
wit%, 7.5 wt%, 10 wt%, and 20 wt% of CMC in the final composite, 950.0, 616.7, 450.0,
and 200.0 mg of NSS were introduced. The resulting mixtures were stirred for 3 hours
to achieve a homogeneous dispersion before being transferred to a vacuum oven to
dehydrate at 120°C for 24 hours. The resulting powders were then ball milled for 1 hour
to produce NSS-CMC. To understand the structure of NSS-CMC, composite electrolyte
containing 7.5 wt% of CMC before ball mill (NSS-CMC noBM) and the dry mixed NSS
and CMC at the same weight ratio by either 10 min hand grinding (NSS+CMC HG) or 1-

hour ball milling (NSS+CMC BM) were also prepared for characterizations.
Preparation of Te-C electrode

Porous carbon substrate was purchased from Adven Industries Inc. and was used as
received. Metallic Te (99.99%) was obtained from Fenix Advanced Materials. Te-carbon
(Te-C) composites were prepared via a melting-diffusion method.41-44 46 Specifically,
solid Te powders and porous carbon were mixed at a 2:1 mass ratio and calcined in a
guartz tube for 6 h at 550 °C (i.e.,100 °C above the melting temperature of Te). The
calcination process was protected under continuous nitrogen flow (99.999%). The
weight percentage of Te within the Te-C composite was measured to be 49% via

thermogravimetric analysis (TGA). (Fig. S7)

Electrochemical Characterizations

All the electrochemical impedance (EIS), cyclic voltammetry (CV), and charge/discharge
cycles of Na/CSE/Na symmetric cells were performed on a Bio-Logic SP200
potentiostat. The charge/discharge cycling and rate performance measurements of Te-
C/NSS-CMC/Na cells were conducted on a LANDE M310A battery test system.
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For the electrochemical measurements, the pellets of NSS, NSS-CMC noBM,
NSS+CMC HG, and NSS+CMC BM were prepared by compressing ~80 mg of materials
at 1.5 tons in an ¥ inch diameter die set. The resulting pellets were ~ 1.1 mm in
thickness. NSS-CMC pellets were compressed under the same condition using 30 mg
of material, and the resulting pellet was ~200 pm. ~100 pm thick NSS-CMC pellets were
obtained by compressing 20 mg of materials under the same condition. Na/SE/Na cells
were assembled by placing freshly cut metallic Na pellet on each side of the electrolyte
pellet prior to analysis. For the preparation of Te-C/NSS-CMC/Na cells, Te-C cathode
powder was ball mill mixed with NSS-CMC electrolyte at a 2:1 Te-C to NSS-CMC mass
ratio. This composite cathode powder was then pressed onto a 100 um thick NSS-CMC
pellet at 1.5 tons. This double-layered pellet was then attached to a freshly cut Na chip
to produce a Te-C/NSS-CMC/Na full cell.

The intrinsic Na* conductivity of electrolyte materials was measured using a C/SE/C cell
configuration. EIS were performed in a 7MHz to 0.01 Hz frequency range. CV
measurements obtained from the Na/SE/Na symmetric cell were conducted by scanning
the voltage of one Na electrode between -0.2V and 0.2V (vs. Na/Na*) at a rate of 0.2
mV/sec. Galvanostatic charge and discharge cycles were performed on Na/CSE/Na
symmetric cells at various current output and were all kept at 60 min per cycle. CV of
the Te-C/NSS-CMC/Na cell was conducted between a voltage window of 0.1V — 3V (vs.
Na/Na*) at a scan rate of 0.2 mV/sec, and the galvanostatic charge and discharge

cycles were performed at various constant current between 0.1 V to 3.0 V.

Powder X-ray Diffraction (PXRD) was obtained from a Bruker D8 X-ray diffractometer.
Cu Ka line (A=1.5418 A) is used as the radiation source, sample diffraction was
scanned between 5-90° at a step rate of 5°/min. To prevent air exposure, samples are

sealed under a Kapton tape during the analysis.

Raman characterizations were obtained from a Renishaw inVia confocal Raman
microscope. 532 nm excitation was used. Raman scattering between 110 and 1136 cm~
Lwas acquired using a 50X objective lens. Spectra were a result of 60 accumulative
scans. The two-dimensional Raman imaging was measured within a 100 pm x 150 pum

region.
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X-ray photoelectron spectroscopy measurements were conducted on a PHI 5000 Versa
Probe Il spectrometer. Monochromatic Al Ka was used as the X-ray source. The base
pressure of the analysis chamber was kept at 3.8x101° torr during the analysis. Au 4f72
peak at 84.0 eV was used to calibrate each spectrum. A pass energy of 280 eV was
used when acquiring the survey scans, and a 55 eV pass energy was used to acquire
high-resolution spectra. Spectra analysis and quantifications were performed using
CasaXPS software. Peak fittings were conducted using combined Gaussian and
Lorentzian functions. Marquardt algorithm was used to determine the optimal peak

model parameters.

Scanning electron microscopy (SEM) images were acquired using a HITACHI-4800 field
emission high-resolution SEM. An accelerating voltage of 15.0 kV was used at a SE (M)
detector. The base pressure of the analysis chamber was kept at 1.3x10 torr
throughout the analysis. Samples were protected under Ar when transferring from the
glovebox to the SEM chamber. To access the constituents of the NSS-CMC particle,
cross-section milling was performed on a ThermoFisher Helios Hydra Plasma FIB and
SEM dual beam system to obtain a sample lamella for the analysis. Specifically, a 30 kV
Xe beam was used for milling the cross-section. Prior to milling, carbon, and tungsten
were deposited on the surface of the sample to protect the sample from damage by Xe
ion beam impinging. The obtained cross-section was further polished using Xe beam
operated at 30 kV and 1 nA, 30 kV and 30 pA, and at 5 kV and 100 pA sequentially.
STEM/EDX analysis was performed on a JEOL JEM ARM200cf S/TEM system
equipped with a cold field emission gun and Cs probe corrector. EDX maps were
obtained using a 100 mm 2 JEOL SDD detector.

121Sh and 22Na NMR data were acquired on a Bruker Avance NEO 800 (Bo =18.8 T) NMR
spectrometer using a 4 mm double-resonance (H/X) Bruker magic-angle spinning (MAS)
probe. Powdered samples were mixed with dry silica (50 % by weight) and packed into 4
mm (outer diameter) ZrO:2 rotors with Kel-F drive caps inside an argon glovebox. The
121Sh NMR data were acquired under MAS conditions (v = 10 kHz) using a Bloch decay
pulse sequence with a short tip angle of 0.4 us (vt = 62.5 kHz, liquid), a recycle delay of
0.01 s and 20480 co-added transients. The ?1Sb NMR spectra were referenced to 0 ppm
using solid KSbFs (vi = 14 kHz). The 22Na NMR data were acquired under MAS conditions
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(vr = 10 kHz) using a Bloch decay pulse sequence with a short tip angle of 0.6 ys (vt =
42 kHz, liquid), a recycle delay of 0.1 s and 1024-5120 co-added transients. The 2Na
NMR spectra were referenced to 0.1 M NaCl solution (0 ppm).

The attenuated total reflection infrared spectra (ATR-IR) were acquired at a horizontal
attenuated total reflection (h-ATR) microscope at the mid-infrared beamline at the
Canadian Light Source. The endstation of this instrumentation has been described
previously.*”-49 Briefly, this endstation is a conjugate focus microscope where an off-axis
parabolic mirror (OAP) focuses the incident beam onto the sample and a second OAP
collects the reflected light to direct it toward the detection leg of the endstation. The
optics are initially aligned based on external reflection from a gold mirror at the sample
focus and both the Internal reflection element (IRE) sample position and the
downstream collection optics are be repositioned to account for the change in the focal
position introduced by the IRE refractive index. A focal plane array (FPA) infrared
detector with 64 x 64 pixels at 3-fold magnification is used for macro-ATR imaging using
a globar source. Spectra were collected with 256 coadded interferograms and 4 cm
resolution. The experiments described use a ZnSe face angle crystal (FAC) at 45° as
the IRE and a home built electrochemical cell design. By using the FPA detector, a
focused field of view of approximately 500x500um was possible and heterogeneities in

the surface could be tracked.

Supporting Information

Raman, NMR, XPS spectra, and SEM images obtained from NSS and NSS-CMC at
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