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Tungsten-substituted NazSbS,; shows enhanced ionic conductivity
but the role of sintering treatments is not well understood. The effects
of sintering on Nas_,Sb; ,W,S, were examined and found to slightly
increase the solubility of W, reduce voids, and possibly increase
contact area. Changes in phase composition and morphology play a
key role in the performance of Naz_,Sb; ,W,S, electrolytes.

W-Substituted Na;SbS, (WNSS) has attracted significant attention as
a potential electrolyte for all-solid-state sodium batteries."” Na;Sbs,
already exhibits a high Na* conductivity of 1.1 mS em ™', comparable
to liquid electrolytes, and is stable in dry air."*® Because it is
synthesized in aqueous media, it can be readily adapted for
solution processing of solid composite electrolytes.”” Among
various chemical substitutions of the cation (Sb>) or the anion
(8*7),* " W substitution greatly enhances the Na* conductivity in
Na;Sbs,.'>™ At the limiting solubility of 12% W, Na, gsSbo gg-
Wo.1,S, exhibits a higher Na* conductivity of 41 + 8 mS cm™*,
which has been attributed to vacancies created by substitution of
Sb°" by W" to maintain charge neutrality.">" This substitution
also causes a unit cell expansion, which was correlated with the
improved conductivity."® Somewhat contradictory results were
reported in which orthorhombic Na, go5Sby Wy .3S4, at an even
higher level of W substitution (30%), exhibits a Na' conductivity
of 24.2 mS cm™'; beyond 30%, Na® impeding phases and
diminished conductivity were observed.”> Although not defini-
tively identified in this report, these phases likely include WS,
and NaSbs,, according to databases.?® There is thus a need to
clarify the extent of W solubility in Na;SbS, and the nature of
these Na" impeding phases as they emerge.

Sintering at high temperatures of WNSS has been commonly
applied after synthesis, although the effects of this process have
not been directly examined. It is not clear if the sintering
process induces changes in W solubility or formation of sec-
ondary phases, which would affect Na" conductivity. In other
more extensively reported cases, sintering of garnet, NASICON,
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and sulfide solid electrolytes increases crystallinity and reduces
grain boundary resistance by eliminating voids.>*> Sintering
causes solid electrolyte pellets to be densified, which promotes
ionic transport between domains and improves contact between
electrode and electrolyte.””?”>%3%3437 For example, Lij 3Alg 3
Ti; ,(PO4); was sintered in two steps at low (120 °C) and high
temperature (650 °C) to enhance the contact between domains.*?
Sintering parameters include temperature, duration, and atmo-
spheric conditions. For optimal densification and contact, the
temperature should be precisely kept just below the deformation
temperature of the solid electrolyte pellet. For example, Mg-
substituted NASICON was optimally sintered at 1250 °C; slightly
higher temperature (1300 °C) deformed the pellet while slightly
lower temperature (1200 °C) gave microcracks from thermal
shrinkage.>® WNSS was sintered at 500 °C, which is below the
melting temperature of 550 °C.'® Optimal sintering conditions
depend highly on phase transitions and thermal stability of the
specific material.*®

The phase composition and microscopic-level pellet mor-
phology are the two parameters that directly impact the Na*
conductivity of the WNSS electrolyte and the contact between
WNSS and the electrode materials. An in-depth understanding
of the effect of sintering on the aforementioned two parameters
is required for producing WNSS solid-electrolyte pellet that
supports the optimal Na" conductivity and interfacial contact.
In this work, we investigated the impact of post-synthesis
sintering in WNSS by characterizing the composition, chemical
heterogeneity, and ionic conductivity using powder X-ray dif-
fraction (XRD), Raman spectroscopy, and electrochemical
impedance spectroscopy (EIS), with an aim to establish a
clearer correlation between W solubility and ionic conductivity.
After sintering, the bulk morphology of a WNSS electrolyte
pellet and its contact with a Na electrode were examined.

Several samples of Na; ,Sb; ,W,S, were synthesized with
nominal compositions at x = 0.12, 0.16, 0.24, and 0.32 (labeled
as WNSS-12, -16, -24, -32) and sintered at 500 °C. The powder
XRD patterns of as-synthesized and sintered samples appear
similar at first glance over the entire range (260 = 5-90°) (Fig. 1A).
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Fig.1 (A) Powder XRD patterns of as-synthesized and 500 °C sintered
WNSS samples, with regions at 12-16° and 32-35° highlighted. Intensities
were normalized to the peak at 30.4° in 20. (B) lonic conductivity of as-
synthesized and sintered WNSS samples.

Experimentally measured and simulated diffraction patterns of
Na;SbS, were provided in Fig. S1 for reference. Closer inspection
shows several peaks assigned to the 002(14.68°), 100(32.80°), and
101(33.64°) reflections of WS, present as a secondary phase in all
samples except as-synthesized WNSS-12.° As the nominal W
composition increases beyond x = 0.12, WS, becomes more
prominent in the as-synthesized samples. Sintering tends to
reduce the amount of WS, (except for WNSS-24) but the conclu-
sions are a little unclear from this information alone.

To gain some insight about the possible phase heterogeneity
of the samples, Raman scattering signals were compared for an
average over a large area vs. randomly selected localized spots.
Over a large sampling area (50 pm spot diameter), the samples
showed similar Raman spectra before and after sintering (Fig. S2).
Aside from the unknown peaks associated with WNSS decom-
position, assignments of vibrational signatures of WNSS and the
common secondary phase WS, were provided in our previous
work.*® The spectra agree with previous reports for WNSS-12."%*°
Raman shifts at 350 and 420 cm ™ * characteristic of WS, were not
observed in any sample,"** in seeming contradiction with the
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XRD data. This discrepancy could be explained by small domain
sizes of WS, which would exhibit a limited scattering cross-
section under the low photon intensity distributed over the large
incident beam. Over a much smaller sampling area (1.3 um
focused beam diameter), the as-synthesized WNSS-16, -24, and
-32 samples showed variations in Raman spectra collected over 5-
6 spots, implying heterogeneity (Fig. S3). After these samples were
sintered and reground, the Raman spectra became identical
across 6 spots for WNSS-16 and 24, implying improved homo-
geneity, but were still slightly inconstant for WNSS-32 (Fig. S4).
Without grinding, the surfaces of all sintered pellets were highly
heterogeneous (Fig. S5).

The Na® conductivities of as-synthesized vs. sintered and
reground WNSS powders were measured (Fig. 1B). Nyquist plots
obtained from the EIS measurements and calculation examples
for extracting Na* conductivities were provided in the SI (Fig. S6,
S7 and Table S1). Among the as-synthesized samples, the ionic
conductivities were 15-18 mS cm™* for WNSS-12 and -16 (com-
parable to previously reported values),"*'*'® slightly higher for
WNSS-24, and lower for WNSS-32. This trend is consistent with
the formation of WS,, which acts to block Na* conduction, seen
in the XRD and Raman results beyond the limiting solubility of
W. In general, sintering improves the ionic conductivity. One
possible explanation is that sintering improves W solubility but
this hypothesis was contradicted by the XRD results specifically
for the sintered WNSS-24 sample, which actually contains
increased amounts of WS,. Sintered WNSS-24 also shows higher
conductivity than sintered WNSS-16 even though it contains
more WS,. These discrepancies suggest that other factors may
be at play. In particular, sintering reduces voids, which would
enhance inter-particle contact and improve Na“ mobility between
particles. For example, WNSS-16 shows higher conductivity
before regrinding and repelletizing.

To examine the bulk morphology and voids of as-synthesized
and sintered WNSS samples, SEM images of pellet cross-sections
were acquired by stepwise ion milling using a plasma-focused ion
beam. Experimental details are provided in the SI. SEM images of
the interior of WNSS-16 pellets were taken at various stages of ion
milling (Fig. 2). By gradually milling across the pellet, these
images display the cross-section in increments of 0.3 um. The
uppermost 2-3 um of both as-synthesized and sintered pellets
show porous characteristics resulting from unavoidable decom-
position when the samples were briefly exposed to moisture
during transfer to the analysis chamber. Nevertheless, the
cross-sections of the pellets are markedly different in the as-
synthesized vs. sintered samples. The as-synthesized pellets con-
tained prominent voids (highlighted by red arrows) whereas the
sintered pellets showed consistently dense cross-sections. This
result confirms that sintering does reduce voids, densifying the
pellets and improving ionic conductivity as observed above. The
density of WNSS-16 pellets before and after sintering was also
estimated from the mass and volume. The result was provided in
the SI. Shown in Table S2, following sintering, the density of a
WNSS-16 pellet was estimated to be 2.721 4+ 0.007 g cm >
compared to 2.670 £ 0.007 g cm > measured from samples
before sintering. This estimation is consistent with the reduced
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Fig. 2 SEM images obtained from the cross-sections of (A)—(F) as-synthesized and (G)—(L) sintered WNSS-16 pellets with various FIB milling distances.

Red arrows indicate the presence of voids inside the pellets.

pores and voids observed from the cross-sectional FIB-SEM
results. The porous layer in sintered pellets was also significantly
thinner than in as-synthesized pellets, suggesting that sintering
suppresses moisture penetration during brief air exposure.

To examine the effect of sintering on the physical contact
between the Na electrode and WNSS pellet surface, Na/WNSS-16/
Na was cycled galvanostatically using a 0.10 mA cm > current
density. As reported previously, WNSS is prone to chemical or
electrochemical reduction at the Na surface, yielding a Na* insulat-
ing layer that increases overall cell resistivity over cycling.**° The
decomposition layer likely consists of Na,Sb and WS,, among
other by-products.* The application of WNSS as solid electrolytes
for sodium batteries requires further understanding of this decom-
position chemistry and the approach to suppress it, which is
beyond the scope of this work. Herein, we used this decomposition
phenomenon to assess the Na/WNSS contact in the as-synthesized
and sintered WNSS samples. The cycling performances of sym-
metric cells containing as-synthesized vs. sintered WNSS-16 pellets
were compared.

The cell containing sintered WNSS-16 shows a more drastic
increase in redox overpotential compared to the as-synthesized
WNSS-16 (Fig. 3A and B). Given the presence of WNSS deposi-
tion, this relatively higher magnitude in overpotential suggests
enhanced contact at the Na/WNSS interface, forming more Na"
blocking decomposition products at the interface. Consistently,
a more significant increase of impedance was seen in cells
containing sintered WNSS-16 compared to the as-synthesized
samples (Fig. 3D), although the overall cell impedance was
comparable before cycling (Fig. 3C). This increase of interfacial
impedance was quantified by assuming that the intrinsic con-
ductivity of WNSS-16 remains unchanged during cycling, while
the overall “apparent” increased interfacial resistance (Rin)
extracted from fitting the EIS data may involve contributions
from multiple interfacial components which cannot be decon-
voluted from the Nyquist plots. The equivalent circuit model
employed in this analysis was provided in Fig. S8 along with the
summarized results provided in Table S3. The obtained R;, was
plotted over cycles for the two samples (Fig. 3E). The substan-
tial increase in R;,. for sintered WNSS-16 suggests that a more
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Fig. 3 Galvanostatic charge/discharge cycles obtained from Na/WNSS-
16/Na cells when (A) 500 °C sintered and (B) as-synthesized WNSS-16
were used for cell assembly. EIS obtained from the Na/WNSS-16/Na cells
(C) before and (D) following cycles 12, 24, 36, and 48. (E) Apparent
interfacial impedance before and after cycles 12, 24, 36, and 48 in
symmetric cells containing as-synthesized vs. sintered WNSS-16.

intimate contact may be present at the Na/sintered-WNSS-16
interface. Cyclic voltammetry results and the cell impedance
obtained from the same symmetric cells containing as-
synthesized and sintered WNSS-16 were also compared.
Although the cell containing sintered WNSS-16 shows higher
current density at cycle 1 due to the higher ionic conductivity of
electrolytes (Fig. S9), the impedance growth was more signifi-
cant in sintered samples (Fig. S10). At the microscopic level,
this intimate contact can be provided by a smoother pellet
surface or an improved Na wettability. Because the chemical
composition of the pellet surface of the sample was similar
before and after sintering, the pellet morphology likely dom-
inates the microscopic contact area. Aside from the marked
contrast in the overpotential observed during galvanostatic
charge/discharge cycles, an instantaneous voltage spike was
also noted at the beginning of charge and discharge segments,
indicating the formation of a stabilized space charge layer at
the interface after about 10 cycles for both as-synthesized and
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Fig. 4 Galvanostatic charge/discharge curve of cycles 1-2, and 10-11
cycles in Na/WNSS/Na cells containing (A) sintered WNSS and (B) as-
synthesized WNSS, (C) three possible types of potential vs. cycle time
behaviour within one redox half cycle and their correlation with the
decomposition process occurring at the Na/WNSS interface.

sintered samples (Fig. 4). Consistent with previous findings,
Na,S was found as one major interfacial by-product that con-
tributes to the increased cell resistivity (Fig. S11 and S12).

In conclusion, sintering of Nas_,Sb, ,W,S, samples led to a
slight increase in the W solubility from 12% to 16%, as
suggested by lower amounts of WS, secondary phase in sin-
tered WNSS-16. The sintered pellets showed substantially fewer
voids, and this densification was likely the dominating factor
for increased ionic conductivity in all sintered WNSS samples.
Sintering also led to smoother surfaces, which results in
increased contact area between WNSS and the Na electrode;
this phenomenon, in consequence, yields more severe WNSS
reduction at the WNSS/Na interface.

The manuscript was written with the contributions of all
authors. All authors have given approval to the final version of
the manuscript. F. W. conducted materials preparation and
performed XRD, Raman measurements. F. W. and G. X. per-
formed electrochemical characterization and data analysis.
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project.
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