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ABSTRACT: Sodium-—sulfur batteries are promising energy-dense,
cost-effective energy storage systems. However, a low-resistance
solid electrolyte is necessary to stabilize the sodium anode. While
sulfide-based solid electrolytes offer high ionic conductivity, they
suffer from chemical reactivity when in contact with sodium metal
and are mechanically brittle. This paper implements an in situ cross-
linking reaction to embed sodium-ion-conducting sodium thio-
antimonate in a protective polymer host. The enhanced flexibility
enables the formation of a thin but transferable hybrid electrolyte
film (30 pm in thickness, 65 ohm cm’ room temperature
resistance). Owing to the chemical bonding between sodium
thioantimonate and the polymer, the hybrid electrolyte maintains
a stable interface with sodium when cycling at a current density of
0.5 mA cm 2 The hybrid solid electrolyte protects the sodium
metal from corroding with polysulfide-containing liquid electrolyte and enables the stable operation of a sodium—sulfur
battery using a nonencapsulated sulfur cathode for 90 cycles.

Semi-solid-state
Na-S battery

30 pm-thick solid
electrolyte separator

Single-ion-conducting solid electrolytes can mitigate the
presence of a Na* concentration gradient, regularize sodium
electrodeposition and dissolution mechanisms, and suppress
NaPS crossover.”’ >° Ideal solid electrolytes fulfill the
requirements of low resistance, high mechanical ductility,
and chemical stability. Inorganic-oxide-based solid electrolytes
(p-ALO,) are typically used in high-temperature Na—S battery
systems.”” However, processing thin oxides at scale remains a
considerable challenge due to the high sintering temperature
and low mechanical strength of oxides. Sulfide solid electro-
lytes are more ductile and processable.”*™*° Unfortunately,
most of the reported sulfide solid electrolytes (e.g, Na;PS,,
Na;P,_,As,S,, Na;SbS,) react with the sodium metal. Reacting
elements (P, As, or Sb) in the sulfide solid electrolytes can

(1580 Wh L' theoretical energy density) and cost-

effective ($300—500 kWh™') option for grid-scale
energy storage. ' Commercialized high-temperature Na—S$
batteries usually require an operating temperature above 300
°C with sodium and sulfur in their molten states.” Lowering
the operating temperature can potentially extend their
applications to electric vehicles, portable electronics, and
stationary storage applications.””'* Typically, low-temperature
Na—S batteries employ liquid binary electrolytes. During
discharge, sulfur is reduced in a multistep process to solvated
sodium polysulfides (NaPS) and insoluble Na,S,/Na,S."
While the solvation of NaPS intermediates improves the

S odium—sulfur (Na—S) batteries are an energy-dense

reaction kinetics, NaPS intermediates can transport from the
cathode to the anode (crossover), which limits the overall cell
performance. The sodium anode can reduce the NaPS to
create insoluble byproducts (Na,S,/Na,S), which leads to
irreversible capacity decay. In addition, during charge, irregular
electrodeposition can be amplified at high charge rates because
of the formation of concentration gradients."”w’17 This can lead
to the formation of high-surface-area sodium deposits (mossy
and dendrite), which accelerate side reactions, consume active

sodium, and can potentially short the cell.'*~*°
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create an electronically conducting interphase that impacts
transport and parastic sodium deposition.”’** To mitigate a
decomposition effect, a range of protection approaches are
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Figure 1. Cross-linking sulfide with polymer. (a) Schematic showing the cross-linking of PETEA initiated by Na;SbS,. Step 1 shows the
addition of PETEA to Na;SbS,. Step 2 shows the continuous addition of PETEA caused by the reaction between the enol oxygen anion and
terminal C=C bond of PETEA. (b) Optical photo showing the cross-linking of PETEA initiated by a Na,;SbS, pellet (left: PETEA monomer
was flowable before cross-linking; right: PETEA cross-linked with Na;SbS, and became a solid gel. (c) FTIR of the Na;SbS,/PETEA hybrid
and PETEA monomer. (d) XRD of the Na,SbS,/PETEA hybrid (casted on a Cu foil) and a Na;SbS, pellet.

often implemented. Recent studies on Na;SbS, reveal that a
hybrid sulfide solid surface with a polymer or surface
modification of solid electrolytes can increase the energy
barrier of decomposition. Polymer electrolytes, for example,
those containing poly(ethylene oxide) and sodium salts, can
block electron transport and suppress the direct reduction of
Na;Sbs, by sodium.””**** However, previous studies reported
continuous side reactions between polymer melts and sulfide
solid electrolytes.”® Reacting Na;SbS, with a stabilizing agent,
for example, water, results in a wider electrochemical window
for this type of solid electrolyte due to the formation of a
passivating phase (Na,SbS,-8H,0).*® However, the in situ
reaction on the Na;SbS, surface is challenging to control and
might lead to the formation of the much less conductive
Na;SbS,-9H,0 phase.

Here, we design an in situ cross-linking reaction to combine
Na*-conducting sodium thioantimonate (Na;SbS,) electrolyte
with a flexible gel polymer. The hybrid solid electrolyte
demonstrates higher chemical stability and mechanical
durability than the purely inorganic solid electrolyte. We
reveal that Na;SbS, can initiate the cross-linking of liquid
pentaerythritol tetraacrylate (PETEA) monomer. The cross-
linking approach enables scalable production of a thin (<30
um), transferable hybrid electrolyte film. Meanwhile, the cross-
linking reaction improves the stability of Na;SbS, and
suppresses its dissolution in liquid electrolyte. The sodium
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anode protected with the hybrid solid electrolyte can enable
the stable operation of a Na—S battery with a sulfur loading of
1.0 mg cm? for 90 cycles.

The hybrid Na*-conducting solid electrolyte combines an
inorganic sulfide solid electrolyte and a cross-linkable
monomer. Sodium thioantimonate (Na,SbS,) was chosen as
the inorganic solid electrolyte, because it displays good
transport properties with an ionic conductivity nearing
107*=107% S cm™" at room temperature. Furthermore, sodium
thioantimonate can be synthesized and processed through
facile, solution-based approaches.””*” However, sodium
thioantimonate is not chemically stable and is prone to
dissolution and decomposition when in contact with liquid
electrolyte and sodium metal. The chemical stability of
Na;SbS, was improved by incorporation of a gel polymer,
which served as a protective barrier toward spontaneous
decomposition when in contact with sodium metal. Herein, we
explored pathways to cross-link PETEA directly to the
inorganic solid electrolyte (Figure 1a).>® Na,;SbS, and
PETEA will spontaneously cross-link at elevated temperatures
between 120 and 150 °C, based on the classical thiol—ene
Michael addition mechanism.’”** The reaction mechanism
(Figure 1a) reported here is similar to the traditional base-
catalyzed Michael addition with a few noticeable differences.*’
First, a sodium salt serves as a direct sulfur source, which
alleviates the need for a Lewis base catalyst to dissociate H*

https://dx.doi.org/10.1021/acsenergylett.0c02494
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Figure 2. Protecting sodium with a sulfide/polymer hybrid electrolyte film. (a) Fabrication of Na;SbS,/PETEA—Na, involving blade-casting
and transfer-printing. (b) SEM image of the cross section of Na;SbS,/PETEA—Cu. (c) Arrhenius plot of the ionic conductivity measured
from the Na;SbS,/PETEA hybrid electrolyte and the Na;SbS, solid electrolyte pellet. (d—f) SEM/EDS mapping results of Na;SbS,/PETEA.
(g) Optical photo of Na;SbS,/PETEA—Na with the Cu substrate being peeled off. (h,i) Optical image of the cross section of Na;SbS,/
PETEA—Na (h), and corresponding Raman spectra (i). The marked spots (from A to D) were measured using Raman spectroscopy (1 gm
spatial resolution). The peaks marked by diamonds in the Raman spectra come from the sodium metal.

from the thiol (R—SH) during the addition reaction. Second,
the reaction progresses in a quasi-solid environment, because
the PETEA feedstock exists in liquid form. The reaction can be
observed by submersing a Na;SbS, pellet directly into the
liquid PETEA at 150 °C (Figure 1b). Under these conditions,
Na;SbS, and liquid PETEA cross-link and form a solid gel. The
Lewis basic SbS3™ unit can initiate nucleophilic attack toward
the terminal C=C bond in PETEA (Figure 1a). This step links
Na;SbS, with PETEA and converts the oxygen double bond
into Lewis basic oxonium ions. Oxonium ions will continue to
react with the PETEA monomer and create a gel network.
After the cross-linking reaction, there was a visible intensity
decrease for the vinyl groups at 1308 cm™ (C=C scissoring)
and 708 cm™' (C=C out of plane deformation) in the FTIR
spectra. This suggests that the terminal C=C bonds on the
PETEA reacted (Figure 1c).*® FTIR spectra on different
hybrid electrolytes (Na;SbS,/PETEA) with varying quantities
of PETEA were studied to better understand the reaction
mechanism (Figure S1). Hybrid electrolytes with less PETEA
demonstrate less unreacted PETEA arms. A decrease in the
C=0 peak intensity around 1750 cm™" was observed. This is
likely because the C=0 bond is converted to C—O—Na". The
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latter product could be further converted to C—O—C after
reacting with the C=C bond. In contrast, the peak intensity of
the C—O vibration at 1184 cm™' maintained a relatively high
value. Since the reaction only takes place at the surface of
Na;SbS,, the bulk structure of Na;SbS, remained unchanged
(Figures 1d and S2).

The hybrid-electrolyte-protected sodium foil (Na;SbS,/
PETEA—Na) was processed using a facile two-step approach.
First, the electrolyte was cast onto a foil. In a subsequent step,
the barrier film was transferred directly to the sodium electrode
(Figure 2a). Blade-coated hybrid electrolytes (Na;SbS,/
PETEA) were approximately 30 um in thickness (Figure
2b). Scanning electron microscopy demonstrates that the
inorganic particles are uniformly distributed within the
polymer matrix. The inorganic Na;SbS, particles vary in size
but all exceed S00 nm (Figures S3 and S4). Na* ions can
transport across the connected Na;SbS, network in the hybrid
electrolyte. The 30-um-thick hybrid electrolyte exhibited an
areal resistance of 65 ohm cm?® and an ionic conductivity of
0.047 mS cm™' at room temperature (more details can be
found in Figure SS). This is equivalent to 22% of the ionic
conductivity of the all-inorganic Na;SbS, electrolyte (0.22 mS

https://dx.doi.org/10.1021/acsenergylett.0c02494
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Figure 3. (a) Cyclability of the NalNa;SbS, half cells with different binders (PEG and PETEA). (b) Corresponding voltage profiles of the half
cells. (c,d) Cyclic voltammetry profile for the half cells. (e) Soaking of Na;SbS, and Na;SbS,/PETEA—Cu in liquid electrolyte solvent. (f)

UV—vis of the solvents after soaking.

cm™") (Figure 2c). The Na;SbS, particles are well distributed
within the polymer matrix and form interconnected pathways
for continuous ion transport. Energy dispersive spectroscopy
further confirms the connected nature of the inorganic solid
electrolyte particles (Figures 2d—f and S4). The ionic
conductivity can be improved either through microstructure
control'”*** or using a higher ionic conductivity inorganic
material, e.g, the recently discovered Na;Sb,_,W,S,.*"***
However, this is outside the scope of this study. Compared
with reported methods in literature, the processing approach
described here avoids the use of solvents and enables adequate
adhesion between sulfide and polymer constituents (a detailed
comparison can be found in Table $1).*~* Furthermore, the
approach is compatible with scalable blade-casting processes
that already exist in battery manufacturing plants.

The hybrid solid electrolyte was transferred from the copper
foil to the sodium anode in a secondary process using a
transfer-printing approach (Figure 2g). All-inorganic Na,;SbS,
tends to react with sodium metal. Furthermore, all-inorganic
Na;SbS, does not wet sodium metal well, which leads to
nonuniform contact and irregular, nonuniform ionic flux. In
contrast, the oxygen-rich functional groups in the hybrid solid
electrolyte exhibit a strong adhesion with the sodium metal,
which enables good, continuous contact. After a moderate
pressure is applied, the hybrid electrolyte can strongly adhere
on the sodium metal surface (Figure 2g).>> There also exists a
strong adhesion between the solid electrolyte particles and
polymer matrix due to the covalent bonding, which guarantees
the mechanical integrity of the hybrid electrolyte during the
transfer-printing process (Figure 2g). Optical microscopy and
Raman spectroscopy confirm the intimate contact between
sodium and the hybrid electrolyte. In the Raman spectra, the
peaks representing Na;SbS, and sodium coexist at the interface
region (spot C) (Figure 2h,i).

Na;SbS, exhibits a narrow voltage window (1.55-2.3 V vs
Na/Na*) and is soluble in many electrolyte solvents.’® To
examine the practical stability of Na;SbS, in batteries, we
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fabricated a Na;SbS, working electrode (cathode) using
Na;SbS, as the active material, polyethlyene glycol (PEG,
MW = 1000) as the binder, and carbon nanofiber (CNF) as
the conductive additive. Liquid electrolyte was also added to
fully wet the electrode. The NalNa;SbS, half cell achieved an
initial discharge capacity of 95 mAhgyd,s and constantly
maintained above 100 mAhgyt,s (theoretical capacity 672
mAhgid,s) (Figure 3a). During initial discharge, sodiation of
Na;SbS, created Sb/Na,$ in the first stage (2.3—0.6 V vs Na/
Na*), and Sb alloyed with sodium to form Na,;Sb in the second
stage (0.6—0.01 V vs Na/Na*).”’ During charge, Na,S and
Na;Sb were oxidized to Sb,S; and sulfur. There was formation
of NaPS intermediates during charge, leading to the NaPS$
crossover and charging voltage profile fluctuation (Figure
3b).*"*® Cyclic voltammetry (Figure 3c) clearly distinguishes
the reduction peaks for sulfur redox reactions (2.12 and 1.47
V), conversion from Sb,S; to Sb/Na,S (0.58 V), and the
alloying of Sb (0.35 V). After the first three cycles, the active
sulfur species diffused to the sodium anode side and were
irreversibly consumed. In the following cycles (4—10 cycles),
the residual Sb,Ss in the cathode reversibly uptook/released
sodium (Sb,S; + 16Na* + 16e72NaySb + 5Na,S) without
creating NaP$ intermediates (Figure 3b), leading to a relatively
stable capacity.’’

Cross-linking with PETEA induces a higher energy barrier
for sodiation-induced decomposition. Also, the polymer
insulates against electron transport, which propagates decom-
position.”> When PETEA is replaced with a non-ion-
conducting polymer (PEG binder), a decrease in the initial
capacity was observed (62 mAh gyg,s). A reversible capacity
around 30 mAh gyg,s was observed with PEG over several
cycles (Figure 3a). The charge/discharge (Figure 3b) and
cyclic voltammetry (Figure 3d) behavior was similar to the
blank electrode (fabricated with only CNF and PEG) (Figure
SS). The capacity mainly originated from the intercalation of
Na" into the graphitized CNF, rather than the decomposition
of Na;SbS,.”* The good electrochemical stability enables the

https://dx.doi.org/10.1021/acsenergylett.0c02494
ACS Energy Lett. 2021, 6, 345—353
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Figure 4. Symmetric NalNa cell test. (a) EIS profiles of the symmetric cells using different electrolytes (liquid electrolyte, Na;SbS,, and
Na;SbS,/PETEA). (b,c) Voltage profiles of symmetric cells using Na;SbS, solid electrolyte (b) and Na,;SbS,/PETEA hybrid electrolyte (c).
(d,e) Cyclability of symmetric cell using Na;SbS, solid electrolyte (d) and Na;SbS,/PETEA hybrid electrolyte (e). (f,g) Optical image of
cycled NalNa;SbS, interface (f) and the Raman spectra (g). The Na deposits inside the Na;SbS, are marked by arrows. (h,i) Optical image of
the cycled NalNa,SbS,/PETEA interface (h) and the Raman spectra (i). The marked symbols (from A to D) were measured by Raman
spectroscopy. In the Raman spectra, the peak marked by a dot comes from the Na,Sb alloy.

wide application of the hybrid electrolyte in both the cathode
and anode.

In addition, Na;SbS, is observed to readily dissolve in
tetraglyme (Figure 3e). The electron-rich oxygen from the
solvent molecule exacerbates electrostatic interactions between
the Na* cation from Na;SbS,, resulting in the dissolution of the
solid electrolyte.”® In contrast, the polymer in the hybrid
electrolyte is soluble and anchors the Na;SbS, with covalent
bonds. This results in the suppressed dissolution of Na;SbS,,
as can be confirmed from the UV—vis spectra (Figure 3e,f).

The high stability of Na;SbS,/PETEA enables its use as the
anode protective layer. We assembled a symmetric cell for the
evaluation of the resistances and cycling performance using
different electrolytes (Na;SbS, solid electrolyte, Na;SbS,/
PETEA hybrid electrolyte, and NaClO,/tetraglyme-based
liquid electrolyte). With the use of a 700-um-thick solid

electrolyte, the overall resistance was around 1150 Q cm™,
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with 540 Q cm™ of resistance coming from the interface
(Figure 4a, fitting result can be found in Figure S7). With the
use of the 60-ym-thick Na;SbS,/PETEA hybrid electrolyte, the
symmetric cell exhibited a reasonable overall resistance of 340
Q cm™. In comparison, the symmetric cell using a liquid
electrolyte and a 25-pum-thick porous separator exhibits an
overall resistance of around 230 Q cm’. Thus, the hybrid
electrolyte and liquid electrolyte exhibited a similar combined
interfacial and charge transfer resistances around 730 Q cm?
(Figure S7). The low resistance observed suggests that the
hybrid electrolyte is a promising approach to protect sodium
metal anodes.

The all-inorganic Na;SbS, solid electrolyte pellet demon-
strates significant increases in the cell polarization during
symmetric cell cycling experiments at 0.2 or 0.5 mA cm™> (1 h
charge/discharge for each cycle, Figure 4b,d). The chemical/
electrochemical reduction of Na;SbS, at the sodium surface

https://dx.doi.org/10.1021/acsenergylett.0c02494
ACS Energy Lett. 2021, 6, 345—353
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Figure S. Sodium—sulfur battery tests. (a) Soaking of Na;SbS,/PETEA—Na and bare Na in the liquid electrolyte containing sulfur powder.
(b) Voltage profiles of a Na—S battery with a sulfur loading of 1.0 mg cm ™. (c) Cycling performance with a sulfur loading of 0.5 or 1.0 mg

cm 2 (d) Corresponding EIS profiles over cycling.

creates an interphase region composed of Na;Sb/Na,S
products (Figure 4£,g).°”>* Na,Sb is electronically conductive,
which can lead to the uncontrollable growth of the interphase
region. Uncontrolled interphase growth led to cell shorting
after 45 cycles at 0.5 mA cm™> Symmetric cells using a liquid
electrolyte demonstrated increases in the overpotential during
cycling due to surface passivation, irregular sodium deposition,
and showed a voltage spike after 40 cycles (Figure $7).°*°°
In contrast, the hybrid solid electrolyte cycled over S0 times
(100 h) at 0.2 and 0.5 mA cm > and demonstrated a relatively
flat voltage profile (Figure 4c,e). Hybrid solid electrolytes were
cycled with and without a liquid electrolyte. The liquid
electrolyte was used primarily to achieve intimate contact
between the two hybrid electrolytes as detailed in the
experimental section. However, electrolytes can operate
without liquid if an applied pressure is utilized. Performance
was similar for both cases (Figure S9). The critical current
density of the symmetric cell using the hybrid electrolyte was
0.55 mA cm™* (Figure S10). A large voltage increase was
observed when cycling above the critical current density, which
is likely due to the delamination of sodium from the hybrid
electrolyte. After cycling, the interface between hybrid
electrolyte and sodium metal maintained an intimate contact
over cycling with minor signs of side products (Figures 4h,i
and S10). The Na-metal-Na;SbS, contact area is greatly
diminished in the hybrid form. However, some of Na;SbS, will
undoubtedly react with the sodium metal. This can lead to the
formation of an interphase region, which is composed of
Na;Sb/Na,S as shown in Figure S12. Sodium ions can
transport from the Na;SbS, to the mixed conductive
interphase and deposit at the sodium metal electrode. The
addition of PETEA prevents the continuous growth of a mixed
conductive layer, as Na;SbS,/PETEA is more electrochemi-
cally stable. Compared with literature using sulfide- or
selenide-based solid electrolytes, our work achieved a relatively
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high areal capacity and a low resistance, without the use of any
anode/electrolyte interlayer (Table §2).°*3%%7~>7

The hybrid electrolyte acts as an effective barrier between
sodium metal and soluble NaPS in the sulfur cathode, which is
critical for enabling Na—S batteries. To confirm this, we
immersed the bare Na and Na;SbS,/PETEA—Na in the liquid
electrolyte containing sulfur powder. Using the bare Na, the
liquid electrolyte color turned to dark green and gray after
resting for 4 h due to the formation of high-order NaPS$
(Na,Ss Na,Sg). The high-order NaPS$ is reduced when in
contact with Na metal for a long time and changes color
(Figure 5a).°” In contrast, there was no observable change in
the hybrid electrolyte color when in contact with the sodium
metal. The lack in color change indicates that the liquid
electrolyte cannot penetrate through the hybrid solid electro-
lyte and react with the sodium metal (Figure S13).°"

The protected sodium anode was studied in a full cell with a
nonencapsulated sulfur/carbon nanofiber composite cathode
in the batteries. At a sulfur loading of 1.0 mg cm™?, the battery
achieved around 360, 450, and 850 mAh gs_l at 0.1, 0.5, and
0.25 C (Figure Sb). At a low current density (e.g., 0.25 C), two
discharge plateaus were observed. The upper plateau
represents the conversion from Sg to Na,S,, and the lower
plateau represents the conversion from Na,S, to Na,S,.”" At a
high current density (e.g., 0.1 C), a single plateau was observed
and is attributed to the Sg/Na,S, redox reaction. To avoid the
formation of insulating Na,S, solid at the lower plateau, the
voltage window was constrained, and cycling was run at 0.1 C
(0.11 mA cm™).>" The capacity (discharge) showed a gradual
increase from 0.92 to 0.52 mAh cm™? during 90 cycles. This is
hypothesized to be a result of changing interfacial area due to
the potential pore formation and delamination (Figure Sc).
Over cycling, the overall resistance at room temperature was
maintained below 1000 ohm (Figures Sd and S14). At a
smaller capacity around 0.2 mAh cm™ (sulfur loading 0.5 mg
cm™?, Figure S15) there was less capacity evolution during

https://dx.doi.org/10.1021/acsenergylett.0c02494
ACS Energy Lett. 2021, 6, 345—353



ACS Energy Letters

http://pubs.acs.org/journal/aelccp

cycling. In comparison, the battery with a bare Na anode
decayed to 27.5% at a sulfur loading of 1.0 mg cm™ merely
after 1S cycles (Figure Sc). The sodium—sulfur battery
performance can be further improved in future work via
optimization of the cathode. Herein, we demonstrate a hybrid
solid electrolyte that can effectively stabilize sodium anode at a
higher temperature (e.g, 60 °C). The higher operating
temperature boosts the specific capacity of the sulfur cathode
(Figure S16). The performance of the cathode can be also
improved through using advanced electrolytes and ené%ineering
of the cathode composition and microstructure.®"**

Herein, we implement an in situ cross-linking approach to
achieve a hybrid sodium-ion-conducting solid electrolyte. The
combination of a polymer and an inorganic material enables
protection of both the inorganic and sodium metal and stable
electrodeposition and dissolution reactions. The hybrid
electrolyte decreases consumptive side reactions (NaPS) that
typically occur at the anode interface and enable a long cycle
life for the nonencapsulated sulfur cathode. The hybrid
electrolyte can be generalized to other Na-based anodes,
including porous sodium scaffolds and sodium alloys. The
hybrid solid electrolyte provides a scalable pathway to
integration of thin, flexible, and resilient solid electrolytes
and are thus promising approaches for next generation low-
cost sodium—sulfur batteries.
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