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The investigation of all-solid-state sodium—sulfur batteries (ASSSBs) is still in its early stage, where the
intermediates and mechanism of the complex 16-electron conversion reaction of the sulfur cathode
remain unclear. Herein, this study presents a comprehensive investigation of the sulfur reaction
mechanism in ASSSBs by combining electrochemical measurements, ex situ synchrotron X-ray
absorption spectroscopy (XAS), in situ Raman spectroscopy, and first-principles calculations. This work,
for the first time, proved that the sulfur cathode undergoes an intrinsic three-step solid—solid redox
reaction following the thermodynamic principle under the extreme low rate (C-rates < C/100) or at
high temperature (> 90 °C), where Sg is first reduced to long-chain polysulfides (Na,Ss and Na,S,), then
to Na,S,, and finally to NayS, resulting in a three-plateau voltage profile. However, under conventional
battery test conditions, i.e., temperatures <60 °C and C-rates >C/20, the Na,S; phase is bypassed due
to kinetic limitations, leading to a direct conversion from Na,Ss to NayS, resulting in the commonly

Received 18th July 2024, observed two-plateau voltage profile. First-principles calculations reveal that the formation energy of
Accepted 16th October 2024 NayS, is only 4 meV per atom lower than the two-phase equilibrium of NayS4 and Na,S, explaining its
DOI: 10.1039/d4ee03160a absence under kinetics-limited conditions. This work clarified the thermodynamic and kinetics-limited

pathways of the 16-electron conversion reaction of the sulfur cathode in ASSSBs, providing valuable
rsc.li/ees insights into the solid-state sodium—sulfur reaction mechanisms.

Broader context

The development of advanced energy storage systems with high energy density, low cost, and high safety is paramount for the effective extension of the electric
vehicle, utilization of renewable energy sources, and the reduction of greenhouse gas emissions. All-solid-state batteries (ASSBs) have emerged as one of the
most promising candidates due to their superior safety, higher energy density, and longer life cycle, and the sodium-sulfur (Na-S) system is highly attractive to
the industry due to their natural abundance benefiting the mass production at low cost. This work demonstrates a comprehensive investigation of the sulfur
reaction mechanism in all-solid-state sodium-sulfur batteries (ASSSBs) from both experimental and simulation to address critical challenges in understanding
the complex 16-electron conversion reaction of the sulfur cathode. By elucidating the thermodynamic and kinetics-limited pathways of this reaction, the
research provides vital insights into the sulfur reduction reaction (SRR) in the all-solid-state Na-S system. These fundamental findings not only advance energy
and material science but also benefit the development of high-performance sustainable energy storage solutions. Improved ASSSBs can lead to more efficient
energy storage from portable electronics and electric vehicles to grid stabilization, ultimately supporting the global transition to clean and renewable energy
systems.
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Introduction

Sodium-sulfur (Na-S) batteries have emerged as promising
candidates for next-generation energy storage systems due to
their high theoretical energy density, low cost, and the natural
abundance of sodium and sulfur.”? However, conventional
Na-S batteries with liquid electrolyte (LE) suffer from both
safety concerns due to the flammable nature of the electrolyte
and the shuttle effect, where soluble polysulfide intermediates
diffuse between the electrodes, leading to rapid capacity decay
and poor cycling performance. All-solid-state sodium-sulfur
batteries (ASSSBs), which replace the LE with a solid-state
electrolyte (SE), have the potential to overcome these chal-
lenges, enhance safety, eliminate shuttle effect, and further
promote energy density on the cell level.

Despite the advantages of ASSSBs, the reaction mechanism
of the sulfur cathode in ASSSBs remains inadequately under-
stood. Tatsumisago’s group proved that the final discharge
product of ASSSBs is crystalline Na,S, yet the polysulfide inter-
mediates (Na,S,, n = 2-8) have not been clearly identified.?
Most of the previous research and simulations focusing on
identifying the polysulfide intermediates were based on the
LE-based Na-S system with a solid-liquid-solid two-phase
conversion of the sulfur.® The two-plateau voltage feature
corresponds to the solid-liquid (from Sg to soluble long-chain
polysulfide) and liquid-solid (from soluble long-chain polysul-
fide to insoluble sulfide species) conversion processes, where
solvents played a crucial role.> However, in the ASSSBs, the
absence of solvents results in a different reaction mechanism.

Based on the findings from the all-solid-state lithium-sulfur
batteries (ASLSBs), a one-step solid-solid conversion was
recognized without long-chain polysulfide (Li,S,, n > 4)
formation.®” Nevertheless, in the latest report, the presence
of Li,S, was identified in ASLSBs under the thermodynamic
pathway, and it disappeared due to kinetic reasons.® The all-
solid-state Na-S system is even more complex than the Li-S
system. According to the phase diagram, there are more ther-
modynamically stable solid polysulfides in Na-S than Li-S
system.”' In addition, the larger size of Na compared to Li
results in sluggish kinetics, and its lower charge density makes
it more reducing, facilitating electron loss. What’s more, the
sulfide intermediates in the electrochemical reaction process
may not be stable with uncertain chemical reactions between
the various polysulfide species over time.* Therefore, careful
and delicate investigation driving both thermodynamic and
kinetic factors is important for understanding the sulfur cathode’s
conversion mechanism in ASSSBs. In this process, in situ char-
acterization is necessary to collect the most reliable data during
battery cycling.'*

In this work, we present a comprehensive investigation of
the reaction mechanism of the sulfur cathode in ASSSBs,
combining electrochemical measurements, synchrotron X-ray
absorption spectroscopy (XAS), in situ Raman spectroscopy, and
first-principles calculations. By carefully controlling the operat-
ing conditions, this study identified the intrinsic thermo-
dynamic and the kinetics-controlled electrochemical behaviors
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of the sulfur reactions in ASSSBs. We further investigated
the chemical conversions of the sulfur cathode using ex situ
S K-edge X-ray absorption near-edge structure (XANES) and
in situ Raman spectroscopy. For the first time, this work
identified the intrinsic three-step solid-solid redox reaction of
the sulfur cathode following the thermodynamic principle
under the very low rate (C/100) for both the charge and
discharge process. The three-step solid-solid electrochemical
reaction has never been explored in either LE or SE-based Na-S
systems before. In addition, the in situ Raman investigation
revealed the mechanism of the commonly observed two-plateau
electrochemical reaction: the specific phase (Na,S,) is skipped
over in the conversion process due to slow kinetics. This work
provides valuable insights into the complex polysulfide conver-
sion and the role of intermediates in the sulfur cathode, paving
the way for the optimization of ASSSB performance.

Results & discussion

The diverse properties of Na and Li, as well as the differences
between LE and SE, potentially lead to varied sulfur electro-
chemical reaction mechanisms in ASSSBs and ASLSBs. Ther-
modynamically, lithium sulfide (Li,S) is the only stable solid
phase in the binary Li-S phase diagram (Fig. 1a).° In contrast,
in the Na-S system, sodium sulfide (Na,S), sodium disulfide
(Na,S,), sodium tetrasulfide (Na,S,), and sodium pentasulfide
(Na,Ss) are all thermodynamically stable at room temperature
(Fig. 1b).’° Additionally, the larger atom size of Na than Li
results in sluggish kinetics of Na due to the slower atom
movement. However, the larger atomic radius and lower charge
density of Na facilitate electron loss and hinder electron
attraction, making it more reducing."”> The abovementioned
differences raise questions about the sulfur reaction processes
in ASSSBs (Fig. 1c): what are the chemical intermediates in
ASSSBs? How many conversion steps does sulfur undergo
during charge (oxidation) and discharge (reduction) reactions?
How does kinetics affect these intermediates and conversion
processes?

To answer the above questions, we prepared a composite
sulfur cathode by applying a lab-made high surface area
polyacrylonitrile-derived porous carbon fiber (PPCF) as the
electroconductive additive,"* combined with a sulfur-compa-
tible sulfide-based sodium solid electrolyte, Na;PS,. Na-Sn
alloy (Na;5Sn,, with the electrochemical potential of 0.1 V vs.
Na/Na') as the anode because of its good chemical stability
with the solid electrolyte.’>'® Electrochemical measurements
including galvanostatic charge and discharge under different
temperatures and different rates, cyclic voltammetry (CV) tests,
and galvanostatic intermittent titration technique (GITT) were
performed to explore the intrinsic electrochemical behaviors of
the sulfur cathode in ASSSBs under different temperature and
rate. To identify the sulfide species during the discharging and
charging process, both ex situ and in situ characterization
methods were applied. ex situ S K-edge XANES of the sulfur
cathode operated under different temperatures were collected

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Potential electrochemical reaction pathways in all-solid-state sodium-—sulfur batteries. Phase diagrams of (a) Li-S and (b) Na-S systems
converted from ref. 13. (c) Schematic illustration of the potential solid—solid electrochemical reaction pathways during charge and discharge in ASSSB.

to identify the polysulfide intermediates following the thermo-
dynamic path. In situ Raman was further applied to track
the conversion of the sulfur cathode under kinetic limitations.
For successful in situ Raman testing, we developed a home-
made cell with an open cross-section and stacking pressure,
measured by a Raman instrument in the argon-filled glovebox
(Fig. S1, ESIf)."” Through the combination of electrochemical
measurements, ex situ and in situ characterizations, and first-
principles calculations, we explored the reaction mechanism
of the sulfur cathode in ASSSBs, addressing the questions
raised above.

Electrochemical behavior of sulfur cathode in ASSSBs

The galvanostatic charge and discharge of the ASSSBs were
performed under different temperatures (25, 60, and 90 °C) and
rates (C/20 and C/100) to explore the electrochemical behaviors
of the sulfur cathode under various conditions. At 25 °C and a
rate of C/20 (Fig. 2a), the ASSSB achieved a decent initial
discharge capacity of 1475 mA h g~ ! but a low charge capacity
of 871 mA h g™, resulting in a low initial coulombic efficiency
(ICE) of 59.1%. In the subsequent cycle, the discharge and
charge capacities remained around 870 mA h g ', indicating
limited utilization of the sulfur material. To enhance the sulfur
cathode utilization, the cells were further tested at elevated
temperatures of 60 and 90 °C to reduce the limitations from
kinetics. These temperatures are still below the melting points of
sulfur and other sulfide products, maintaining the all-solid-state

This journal is © The Royal Society of Chemistry 2024

nature of the materials. The cells tested at 60 and 90 °C exhibited
improved initial discharge capacities of 1595 and 1607 mA h g%,
respectively, which are close to the theoretical capacity of sulfur
(1672 mA h g ') (Fig. 2b and c). This indicates that higher
temperatures benefit sulfur utilization in ASSSBs. The charge
capacities of the cells at 60 and 90 °C were 1531 and 1599 mA h g™,
with ICEs of 96.0 and 99.5%, respectively, exhibiting great reversi-
bility of the sulfur cathode in ASSSBs. The second cycles of the cells
at both 60 and 90 °C closely matched the first cycle, demonstrating
the great electrochemical reversibility of the sulfur cathode at high
temperature.

In addition to varying capacity retentions at different tem-
peratures, the number of plateaus on the voltage profiles also
changes. To clearly identify the plateaus of the discharge and
charge profiles, the differential capacity (dQ/dV) curves were
calculated to convert the voltage plateaus of the discharge and
charge profiles to reduction and oxidation peaks (Fig. 2d-f).
At 25 °C, only one pair of reduction and oxidation peaks was
clearly observed at 1.01 and 1.91 V (vs. Na;5Sny/Na') with two
board non-zero regions starting from 1.77 to 1.38 V for the
reduction curve and from 2.13 to 2.57 V for the oxidation curve.
At 60 °C, in addition to the shifting of the first pair of peaks to
1.14 and 1.71 V, respectively, due to the reduced overpotential
at the higher temperature, another pair of reduction and
oxidation peaks emerged at the positions of 1.81 V and 2.08 V,
corresponding with the above-mentioned non-zero regions
observed at 25 °C. For the dQ/dV curve of the cell tested at
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Fig. 2 Electrochemical behavior of sulfur cathode in ASSSBs. Galvanostatic discharge and charge profiles of the all-solid-state sodium sulfur batteries
under C/20 at (a) 25 °C, (b) 60 °C, and (c) 90 °C and corresponding dQ/dV curves (d) 25 °C, (e) 60 °C, and (f) 90 °C. Galvanostatic charge and discharge
profiles of the ASSSBs under C/100 at (g) 25 °C, (h), 60 °C, and (i) 90 °C and corresponding dQ/dV curves (j) 25 °C, (k) 60 °C, and () 90 °C.

90 °C, a third oxidation peak (at 1.79 V) appeared between the
first and second peaks (at 1.62 V and 2.04 V). The cyclic
voltammetry (CV) tests further validated this trend, as shown
in Fig. S2 and S3 (ESIt). These data indicate that the electro-
chemical behavior of the sulfur cathode in the ASSSB varies at
different temperatures. Three redox peaks and higher capacity
are obtained under 90 °C.

Since temperature can affect both the thermodynamics and
kinetics of the electrochemical reaction, to identify the intrinsic
reason for the change in the electrochemical behaviors, we

9258 | Energy Environ. Sci., 2024, 17, 9255-9267

further reduced the rate of the electrochemical reaction to
C/100 at all temperatures, as shown in Fig. 2g-i and calculated
their corresponding dQ/dV curves (Fig. 2j-1). Under the extre-
mely low rate of C/100, the electrochemical behaviors of
the cells operated under 25 and 60 °C are clearly changed.
In addition to an improved charge capacity of the cell operated
under 25 °C (Fig. 2g), the number of the charge/discharge
plateaus or reaction peaks also changed. All three cells show
three oxidation peaks for the charging process (Fig. 2j-1).
Note, the small oxidation peak observed at the high voltage

This journal is © The Royal Society of Chemistry 2024
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range (>2.5 V vs. Na;5Sn,/Na') in Fig. 2k and i is attributed to
the decomposition of the SE (Discussion S1, and Fig. S4, S5,
ESIt). The consistent appearance of the three-peak behavior in
all cells indicates that the three-plateau feature is an intrinsic
electrochemical behavior of the sulfur cathode of the ASSSBs.
To observe the transition from the two-plateau profile to the
three-plateau profile, additional rates (C/10 and C/50) test were
performed at 90 °C and compared with the results at C/20 and
C/100, as shown in Fig. S6 (ESIT). It is clear that with the
reducing of the C-rate, the second plateau gradually formed.

The above results demonstrated that raising the tempera-
ture and reducing the C-rate enhanced the performance of the
sulfur cathode. Firstly, higher temperatures and slower rates
resulted in enhanced sulfur utilization with a capacity closer to
its theoretical value. Additionally, these conditions also pro-
moted better capacity retention over multiple cycles, indicating
improved reversibility of the sulfur cathode. Most notably, the
emergence of the additional voltage plateau and reaction peak
at higher temperatures or lower rates provided strong evidence
for the intrinsic three-plateau feature of the electrochemical
reaction of the sulfur cathode in ASSSBs. These findings under-
score the crucial role of kinetics in the performance and
underlying reaction pathways of the sulfur cathode in ASSSBs.

To further explore the thermodynamic and kinetic informa-
tion of the ASSSBs, the galvanostatic intermittent titration
technique (GITT) tests were performed by discharging and
charging the cells at C/20 (1C = 1672 mA g~ ) for 30 minutes
followed by 4 hours of relaxation at both 90 °C (Fig. 3a) and
60 °C (Fig. S7, ESIY). Fig. 3b presents a zoomed-in view of the
GITT profile, where we can identify the open circuit voltage
(OCV), which is the thermodynamic equilibrium voltage of the
battery, and the overpotential due to kinetic reasons.'® Fig. 3¢
and d show the OCV curves at different depths of discharge
(DOD) and states of charge (SOC) obtained from the GITT
tests at 90 °C and 60 °C, respectively. Both curves exhibit three
plateaus. The three discharge plateaus are at 2.00, 1.71, and
1.42 V vs. Na;5Sn,/Na’, corresponding to 2.10, 1.81, and 1.52 V
vs. Na/Na'. The three charge plateaus are at 2.16, 1.92, and
1.72 V vs. Na/Na'. Notably, the galvanostatic voltage profile
of the ASSSBs operated at 60 °C under C/20 shows only two
plateaus. However, there are three plateaus appeared in the
OCV curve in the GITT test of the cell also operated at 60 °C
under C/20. This phenomenon suggests that under this condition
(60 °C and C/20), the electrochemical reaction corresponding to
the second plateau may not occur during the galvanostatic
discharge and charge process, but the intermediate of this reac-
tion can still be obtained after sufficient rest due to thermo-
dynamic reaction. The phenomena will be further analyzed in the
following section.

Fig. 3e-h present the evaluations of the overpotentials of the
cells during the discharging and charging processes at both
90 °C and 60 °C. At 60 °C, there is a significant overpotential
(~0.2-0.6 V), reflecting the slow kinetics of the sulfur cathode
in ASSSBs. The cell operating at 90 °C has a much smaller
overpotential than the cell at 60 °C, suggesting improved
kinetics at higher temperatures. The overpotential during the

This journal is © The Royal Society of Chemistry 2024
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electrochemical reaction is attributed to two factors: Ohmic
polarization and concentration polarization.'® Ohmic polariza-
tion, also known as iR-drop, where R is the sum of the charge
transfer resistance R, and the other uncompensated resistance
Ry, is primarily related to the overall ionic and electron transfer
within the cell.'"® As shown in Fig. 3e-h, the Ohmic polariza-
tions are relatively stable and account for only a small portion
of the overall overpotential for the cells operated at 90 °C and
60 °C. Most of the overpotential is attributed to concentration
polarization, which is related to the ion diffusion within the
active material.’® Therefore, the kinetic limitation of the sulfur
cathode in ASSSBs primarily arises from the poor ion diffusivity
of the active materials.

The apparent diffusion coefficient was calculated based on
the GITT test through the conventional method based on Fick’s
law, as described in equation (S1) (ESIf) and shown in Fig. 3i
and j. The Na-S system contains several solid polysulfide
phases. In the two-phase region, the ions are transported
through both the movement of the interphase boundary and
the ionic diffusion within each phase.”® Based on the study of
the GITT of the phase transition materials, because of the
mismatch of the ion-transport mechanism with Fick’s law, a
significant reduction of the apparent diffusion coefficient
occurs in the two-phase region, resulting in a U-shaped diffu-
sion coefficient curve.”® In both Fig. 3i and j, three U shapes in
the diffusion coefficient curve were observed for both dischar-
ging and charging processes. On account of this feature, a
three-step phase transformation process can be initially identi-
fied, corresponding to the three-plateau feature of the charge/
discharge profile. By converting the DOD and SOC to the degree
of sodiumization of sulfur (x in Na,S,), we can anticipate that
the three-phase transformation processes could be Sg to Na,Ss
or Na,S,, Na,Ss or Na,S, to Na,S,, and Na,S, to Na,S. Specific
intermediaries will be identified in the following study.

We also evaluated the cycling performance of the ASSSBs at
60 °C, as shown in Fig. S8 (ESIY). The cell was initially cycled at
C/20 and then further cycled at C/3. The discharge capacity at
C/3 increased from 921 mA h g~' to 1125 mA h g™ " in the first
15 cycles and then gradually decayed. The increase of the
capacity is a common phenomenon of sulfur cathodes in all-
solid-state batteries, resulting from the gradual activation of
the sulfur cathode.*"** Fig. S9 (ESIf) provided the voltage
profiles, indicating the highly reversible electrochemical
reactions of the sulfur cathode in ASSSBs.

Ex situ XANES investigation of polysulfide intermediates at
various SOC and DOD

To identify the reaction intermediates during the charge and
discharge process in ASSSBs, we employed XAS for its high
sensitivity to sodium-sulfur compounds. Fig. 4a shows the
reference S K-edge XANES spectra of Na,S, Na,S,, Na,S,, and
Sg, while Fig. S10 (ESIt) displays the spectrum for NazPS,.
All spectra were calibrated using a standard sulfur (Sg) sample,
with the absorption edge set to 2472.0 eV. In the calibrated
spectra, the sulfur “white line” feature appears at 2472.7 eV,
attributing to the S 1s to S-S m* state transition of elemental

Energy Environ. Sci., 2024,17, 9255-9267 | 9259
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sulfur. The XANES spectra of long-chain polysulfides, Na,S,
(x = 4, 5), exhibit similar features at 2472.7 eV from the long-
chain S-S bond and a low-energy shoulder feature at 2471.0 eV,
which is assigned to the S 1s to ©* state transition associated
with linear polysulfides.>> We only obtained the standard
sample of Na,S,, not Na,Ss; (Fig. 4a). The intensity of the
shoulder feature is related to the strength of sulfur species
coordination with the other ions, thus Na,Ss has a slightly
weaker shoulder feature than Na,S,.”* However, due to the
similar features, it is challenging to clearly identify the specific
species of long-chain polysulfides by this single technique,

9260 | Energy Environ. Sci., 2024,17, 9255-9267

which will be further identified in the in situ Raman study.
For Na,S,, the pre-edge becomes the main feature and shifts
negligibly to 2470.9 eV, while the feature at 2472.0 eV nearly
disappears. The final reduction product, Na,S, exhibits two
features at 2472.3 eV and 2474.7 eV.

The ex situ S K-edge XANES spectra of the sulfur cathodes at
different DOD and SOC states operated at 25, 60, and 90 °C
under the rate of C/20 are shown in Fig. 4b-d. Due to the nature
of the ex situ test, all cells are rested for more than 48 hours
before the XAS measurements. As discussed in the GITT test,
(Fig. 3c and d), the rest period allows the cathode active

This journal is © The Royal Society of Chemistry 2024
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material to reach the OCV with the three-plateau feature.
Therefore, the ex situ XANES measurements provided chemical
information on the three-plateau feature of the sulfur cathode
under different DOD and SOC.

The XANES spectrum recorded for the pristine composite
cathode (Fig. 4b) shows one clear feature at 2472.7 eV related to
the cathode active material, Sg. No features arising from the SE
component, Na;PS,, were observed. However, the presence of
SE caused a negligible shift of the absorption edge to lower
energy for the pristine cathode spectrum when compared with
the standard Sg sample (Fig. S11, ESIf). At 25 °C, during the
discharge process from pristine to 75% DOD, the “white line”
intensity decreased gradually with a low-energy pre-edge
feature arising, attributed to the transition of 1s electron to
the lowest available unoccupied S 3p o* antibonding states
hybridized with 3d metal (e, states). This change corresponds
to the reduction of the long-chain S-S bonds and formation of
the Na-S bonds, indicating the conversion from Sg to long-
chain polysulfides, Na,S, (x = 4 or 5), and then to Na,S,
(Fig. 4b). From 75% to 100% DOD, two features at 2472.3

This journal is © The Royal Society of Chemistry 2024

and 2474.7 eV gradually appeared, indicating that the final
reduction product of the sulfur cathode in ASSSBs is Na,S.
Nevertheless, the XANES spectrum of the 100% DOD at 25 °C
still has the shoulder feature at 2471.0 eV and a feature
at 2472.7 eV, indicating there are still polysulfide species
retained due to the insufficient electrochemical reaction
corresponding with the limited discharge capacity of
1475 mA h g~ " at 25 °C compared with 1595 and 1607 mA h g *
obtained at 60 and 90 °C. The charging process is the reverse
of the discharge process from Na,S to Na,S, and further
converts to Na,S, (x = 4 or 5). However, the XANES spectrum
recorded of 100% SOC is more similar to the XANES spectrum
of 25% DOD rather than that of the pristine state (Fig. S12,
ESIt), indicating that the final charging product of the ASSSBs
operated at 25 °C has the long-chain S-S structure but not fully
revert to Sg.

The XANES spectra of the sulfur cathodes operated at 60 °C
and 90 °C show a similar trend with that at 25 °C for the initial
discharge process from pristine to 75% DOD, indicating the
reduction process of Sg to Na,S, (x =4 or 5), to Na,S,, and finally

Energy Environ. Sci., 2024,17, 9255-9267 | 9261
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to Na,S. At 100% DOD, only two features at 2472.3 eV and
2474.7 eV are clearly observed, indicating a more complete
electrochemical reaction to Na,S than 25 °C. Additionally, at
100% SOC, the cathodes of the cell operated at 60 °C and 90 °C
successfully converted back to Sg (Fig. S13, ESIt), which corre-
sponded well with the great ICEs of 96.0 and 99.5% obtained
from the electrochemical tests.

Since the cell operated at 90 °C exhibited a more complete
reaction, a visual intensity mapping of the XANES spectra was
created for the samples tested at 90 °C alongside the corres-
ponding voltage profile (Fig. 4e). In addition to the appearance
and disappearance of the features related to Sg, Na,S, (x = 4,5),
Na,S,, and Na,S, we also observed the shift of the absorption
edge position. The lowest absorption edge at 50% DOD and
SOC further indicates the formation of Na,S,. Since XANES
spectra of both Na,S, and Na,S, have the feature around
2471 eV, we further did the linear combination fitting of the
sample at 50% SOC to quantitatively identify the content of
them. Based on the fitting result as shown in Fig. S14 (ESIt),
65.5 wt% of the sulfur element in the composite cathode
belongs to Na,S,, and only 17.2% of them belong to Na,S,. The
rest of the signal comes from our SE (NazSP,). Furthermore,
sulfide species of the electrochemical reactions corresponded well
to the voltage plateaus and the capacities, where Sg converted to
Na,S, through the first plateau with 4 electron transfer (account-
ing for 25% of the total capacity), and further reduced to Na,$S, in
the second plateau with additional 4 electron transfer (accounting
for additional 25% of the total capacity), and finally converted to
Na,S with addition 8 electrons transfer (accounting for the last
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50% of the total capacity) in the third plateau, completing the 16
electrons transfer from Sg to Na,S.

In situ Raman spectroscopy reveals the mechanism of the
absence of the second electrochemical reaction plateau

Although we identified the intermediate and the final product
of the sulfur cathode in ASSSBs through the ex situ XAS study,
the kinetic effects and the reason for the change in plateau
numbers under relatively low temperatures and high rates
remain unclear. To address this, we further conducted the
in situ Raman measurement for the ASSSB operated at room
temperature (20-25 °C) at the current density of 0.09 mA cm >
(approximately C/12). Since the Raman spectrum has high
space resolution, we focused the laser on the area with the
strongest sulfur signal and the weakest SE signal (Fig. S15,
ESIT). Due to the lack of pressure on the topmost surface layer
of the cross-section in the in situ cell, the sulfur cathode on the
topmost surface has difficulty engaging in the reaction during
cycling (Fig. S16, ESIt). Consequently, we scratched the surface
layer after each hour of charge and discharge and collected the
Raman spectra for the freshly exposed sulfur cathode layer. The
results are shown in Fig. 5.

During the initial discharge process (Fig. 5b), Na,Ss and
Na,S, were identified by the Raman peaks at 450 cm " for
Na,S; and 443 cm ™ and 482 cm ™" for Na,S,.>* As discharging
progressed, Na,S; gradually disappeared while Na,S, remained.
Subsequently, peaks at 459 and 478 cm ™' emerged, indicating
the formation of Na,S. In the following process, Na,S, grad-
ually converted to Na,S, and there was no Raman signal from
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Na,S, detected. Fig. 5c presents a waterfall plot of the in situ
Raman spectra, where S; first converts to Na,Ss and Na,S,, and
then Na,S, is directly reduced to Na,S without the formation of
Na,S,. During the charging process (Fig. 5d-f), Na,S oxidized to
Na,S, through a one-step reaction without the formation of
Na,S,. Due to the limitation of the in situ cell, no Sg was
detected after charging because the large overpotential caused
an early termination of the electrochemical reaction during the
charging process.

We further examined the final product of the charging
process under different temperatures under C/20 by ex situ
Raman spectroscopy (Fig. S17, ESIT). At 25 °C and C/20 rate,
charging capacity limited to 870 mA h g~ resulted in Na,S, as
the final product, whereas at 60 °C and 90 °C, complete
conversion to Sg was achieved. Combined with the electroche-
mical data (Fig. 2a and g), S; is confirmed as the fully charged
product of ASSSBs from the thermodynamic side, but the big
overpotential caused by the sluggish kinetics under low tem-
perature or high rate will cause an early termination of the
electrochemical reaction.

Note, that the presence of Na,S, in the ex situ XANES
measurement (Fig. 4b) and its absence in the in situ Raman
spectrum (Fig. 5b and e) tested under 25 °C can be attributed to
differences in the samples caused by the preparation process of
the ex situ and in situ characterization techniques. The ex situ
nature allows a long rest time, enabling the sample to get a
more thermodynamically stable state. As discussed in the GITT
section, resting during the GITT test can form a three-plateau
OCV curve instead of the two-plateau voltage profile in the
galvanostatic test. In addition, a recent report on the LE-based
Li-S system demonstrated that the formation of Li,Se results
from a chemical reaction between Li,Sg and Li,S, rather than
the electrochemical reactions.?® Therefore, the in situ Raman
spectroscopy provides real-time, dynamic information about
the species present during the two-plateau electrochemical
reaction, while ex situ XANES provides the chemical informa-
tion of the three-plateau OVC curve. The absence of Na,S, in
the Raman spectra suggests that this phase is not formed as
part of the electrochemical reaction at 25 °C and C/12 rate.
Given the higher reliability of in situ measurements and the
evidence from the electrochemical tests, we conclude that
Na,S, is not a significant intermediate in the electrochemical
reaction at 25 °C and the rate of C/12, which explains the
absence of the second plateau and the formed the formation of
the two-plateau voltage profile.

In summary, the in situ Raman data confirmed the long-
chain polysulfide species, specifically Na,Ss and Na,S,, and
revealed that the reaction proceeds directly from Na,S, to Na,S
without forming Na,S, under room temperature. This direct
reaction pathway is responsible for the two-plateau feature in
the voltage profile under kinetically limited conditions instead
of the three-plateau feature following the thermodynamic path.

First-principles calculations for all-solid-state Na-S system

In order to understand the fundamental mechanism of the
findings above, we further conducted the first-principles

This journal is © The Royal Society of Chemistry 2024
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calculations. We calculated the crystal structures of Na,Ss,
Na,S,, Na,S,, and Na,S in the Na-S phase diagram, depending
on the Na concentration. The crystal structures, including
lattice constants and internal atomic positions, were fully
optimized using DFT calculations. Fig. 6a presents the crystal
structures of Sg and Na,S, (x = 5, 4, 2, and 1) polysulfides,
highlighting the interesting S-S chain structures that vary with
composition, such as the S5 (Na,S;) and S, (Na,S,) chains, and
the S, dimers (Na,S,). Na,S features Na-S bonds with Na in a
tetrahedral coordination.

Table S1 (ESIf) presents the lattice constants and unit
cell volumes fully optimized using DFT calculations with the
r2scan functional (details provided in the Methods section)
alongside experimental values from the literature.”®** The
calculated lattice constants show good agreement with the
experimental values, with an overestimation in the range of
0.2 to 2.0%. The calculated volumes per atom are 22.954,
21.810, 22.414, and 23.041 A® per atom for Na,S, Na,S,,
Na,S,, and Na,S; respectively, which are 16.4-20.8% smaller
than the 27.56 A® per atom for Sg. For comparison, Na metal in
its hexagonal structure has a calculated equilibrium volume of
36.738 A® per atom.

Fig. 6b shows the formation energy per atom of the
Na-S system. The formation energy E; (eV per atom) at 0 K
temperature is calculated by using total free energies of Na,S,
[E(Na,S,)] and of the elemental phases of bec Na [E(Na)] and S
[E(S)] as:

B - E(NasSy) —2E(Na) — xE(S)
t 24 x

All four considered polysulfides, Na,S, (x = 5, 4, 2, and 1), are
thermodynamically stable at the three evaluated temperatures
(0K, 300 K, and 400 K), as shown in Fig. 6b. Among these, Na,S
is the most stable, having the lowest formation energy. The
calculated formation energies at 0 K (—1.224, —0.976, —0.687,
and —0.591 eV per atom for Na,S, Na,S,, Na,S,;, and Na,Ss,
respectively) are in good agreement with our experimental
values. Fig. 6c illustrates the depth of the energy convex
hull for the four intermediate phases, defined as the difference
between the formation energy of the Na,S, polysulfide and
the two-polysulfide mixture of its neighboring structure. For
example, Na,Ss has a depth of —67 meV per atom relative to
the two-polysulfide mixture of S and Na,S,, and Na,S, has a
depth of —14 meV per atom relative to the two-polysulfide
mixture of Na,Ss and Na,S,. Similarly, Na,S, is the shallowest,
with a value of —4 meV per atom compared to the two-
polysulfide mixture of Na,S, and Na,S, while Na,S is the
deepest, with —512 meV per atom lower than the two-
polysulfide mixture of Na,S, and Na.

We further calculated the OCV of the ASSSBs. Assuming a
pristine S cathode reacts with Na during discharge, all the Na-S
polysulfides shown in Fig. 6a are experienced depending on the
Na concentration in the cathode. The final product at the end
of discharge should be Na,S (2Na + S — Na,S), which can be
further broken down into concentration-dependent reactions

Energy Environ. Sci., 2024, 17, 9255-9267 | 9263
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as follows:

8 1 3 1 1
2Na + S — gNa + gNazSS — ENa + ZNaQS4 — Na + zNaZSQ

— NaQS

The open circuit voltage associated with each intermediate
polysulfide formation reaction can be estimated by using the
DFT calculated total energies (E) of the phases before and after
the reaction as:

Vs, = —3lE(NaxSs) — 26(Na) — SE(S)],

1
VN3254 = —E[SE(Na2$4) — 2E(Nd) — 4E(Na2SS)},

1

2[2E(N32S2) — 2E(Na) — E(N32S4)},

VN'szz =
1
VNays = —E[ZE(NaZS) —2E(Na) — E(Na,S,)],

As shown in Fig. 6d, the calculated OCV is 2.07 V for the Na
content 0-2/7 producing Na,Ss and decreases to 2.03 V for the
Na content 2/7-1/3 for polysulfide Na,S,. The calculated voltage
decreases to 1.84 V for the lower Na content between 1/3 and
1/2 leading to Na,S,, and further to 1.72 V between 1/2 to 2/3 to
structure Na,S. Calculated OCvs. for Na,Ss and Na,S, are very
close, leading to a merged single plateau for the two reactions

9264 | Energy Environ. Sci., 2024, 17, 9255-9267

in experimental voltage—-capacity curves. Therefore, we conclude
from these theoretical findings that three plateaus will be observed
in the voltage profile for ASSSBs, if the reactions proceed until the
Na,S formations in accordance with the Na-S phase diagram at
temperatures lower than the melting points of these species. The
results are well aligned with our experimental findings.

Based on the calculated OCV, we further went back to check
the Galvanostatic discharge voltage profiles of the cells under a
rate of C/20 and lower temperature (<60 °C) (Fig. 2a and b).
Due to the large polarization, the operating voltage of the
second plateau (<1.60 V vs. Na/Na') is not only lower than
the theoretical potential of the chemical reaction from Na,S, to
Na,S, (1.84 V) but also lower than that from Na,S, to Na,S,
(1.72 V). In addition, the calculated formation energy of Na,S,
is very close to the two-polysulfide value of Na,S, and Na,S,
(with a value of —4 meV per atom), indicating that this
structure can be easily bypassed during the cycling of the
Na-S system when kinetic factors are considered. This result
remains qualitatively unchanged at finite temperatures, with
the Na,S, polysulfide being the easiest to skip. Overall, under
the kinetic limitation condition, the Na,S, phase was skipped
in the electrochemical reaction of the sulfur cathode and cause
the observed two-plateau voltage profile of the ASSSBs instead
of the three-plateau voltage profile.

Sulfur reaction pathways: thermodynamic equilibrium and
kinetic limitations in ASSSBs

The solid electrochemical reactions of sulfur in ASSSBs were
thoroughly investigated through both experimental and

This journal is © The Royal Society of Chemistry 2024
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theoretical studies. The three-plateau voltage profile represents
the intrinsic thermodynamic equilibrium path of the sulfur
cathode in ASSSBs, where Sg is first reduced to Na,S; and Na,S,
in the first plateau, and further converted to Na,S, in the
second plateau, and finally reduced to Na,S in the third plateau
(Fig. 7a). However, due to the sluggish kinetics at low tempera-
tures (<60 °C) and under the common rates (> C/20), the sulfur
reduction pathway is altered, in addition to the increase at the
overpotential. In this kinetically limited scenario, the Na,S,
phase is skipped, resulting in a conversion directly from Na,S,
to Na,S during discharge and from Na,S to Na,S4 during
charge. This change in the reaction pathway leads to a two-
plateau voltage profile. Furthermore, the incomplete conver-
sion from Na,S, to Sg during the charging process due to the
sluggish kinetics at room temperature results in a low charging
capacity in the first cycle, which subsequently affects the
capacity in the following cycles (Fig. 7b).

While the final reduction product of the sulfur cathode in
ASSSBs is Na,S with 16 electron transfer under different tem-
peratures, the sluggish kinetics cause a big overpotential dur-
ing discharge and charge and further impede the full
utilization and reaction of the sulfur active materials, causing
low coulombic efficiency. In the kinetic limited scenario, the
conversion between different polysulfides is not the major
barrier, especially during the SRR. The major obstacle of the
kinetics is the slow sodium diffusion in the cathode material.
Reducing the size or increasing the surface area of sulfur and
adding highly ionic conductors remain effective strategies to
address the kinetic limitations in ASSSBs.

Conclusions

In summary, our study presented a comprehensive investiga-
tion into the reaction mechanism of sulfur cathodes in ASSSBs
using electrochemical measurements, ex situ S K-edge XANES,
in situ Raman spectroscopy, and first-principles calculations.
Starting with electrochemical measurements, we explored the

This journal is © The Royal Society of Chemistry 2024

different electrochemical behaviors at various temperatures
and C-rates. The intrinsic thermodynamic path was first
explored by providing a high temperature of 90 °C and a longer
reaction time at a low rate of C/100 as well as the GITT test. For
the first time, the three-plateau voltage profile has been con-
firmed as the intrinsic thermodynamic behavior of the sulfur
cathode in ASSSBs. Ex situ XANES identified the species of the
polysulfide intermediates. During the SRRs of the sulfur cath-
ode, Sy is first reduced to long-chain polysulfide, Na,S, (x = 4,5),
further converted to Na,S,, and finally reduced to Na,S. In situ
Raman further investigated the conversion pathway of the
sulfur cathode under the kinetic limitations condition, reveal-
ing that the Na,S, phase was skipped from the reduction
reaction from Na,S, to Na,S, resulting in a two-plateau voltage
profile during charge and discharge. The first principal calcula-
tion proved that Na,Ss, Na,S,, Na,S,, and Na,S are thermo-
dynamic stable in the Na-S system. However, the formation
energy of Na,S, is only 4 meV per atom less than the inter-
mediates of Na,S, and Na,S. Therefore, under kinetic limited
conditions (such as at 25 °C and rate > C/20), the Na,S, phase
is bypassed during the electrochemical reaction due to the
sluggish kinetics. This study offers insights into the reaction
mechanism of the sulfur cathode in ASSSBs considering both
the thermodynamics-favored and kinetics-limited conditions
through a combination of experimental and theoretical com-
putation, inspiring the understanding and development of
high-performance ASSSBs.

Experimental
Preparation of the sulfur composite cathode

The sulfur cathode was composed of 35 wt% of sulfur (Sigma,
99.98%), 15 wt% of carbon additive, and 50 wt% of solid
electrolyte-Na;PS,. The synthesis of the carbon additive,
polyacrylonitrile-derived porous carbon fibers (PPCF), was
reported in our previous work.'* A high surface area with a
dense core of PPCF can provide intimate contact with sulfur
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and excellent electrical conductivity. The solid electrolyte,
NasPS,, was prepared by the dry method. Na,S (Thermo Scien-
tific, anhydrous) and P,S; (Sigma, 99%) were mixed with the
mole ratio of 3:1 and further ball milled at 500 rpm for
10 hours followed by annealing at 270 °C for 2 hours.*
To prepare the sulfur composite cathode, the sulfur-carbon
(S-C) composite was first prepared by a melt-diffusion
method, in which sulfur and PPCF were mixed by ball milling
and followed with heating to 155 °C for 12 hours under
vacuum. Solid electrolyte, Na;PS,, was further mixed with the
S-C composite by ball milling at 400 rpm for 2 hours to produce
the final product of sulfur composite cathode.

Preparation of Na-Sn-C anode

Na-Sn-C composite was used as the anode material for the all-
solid-state Na-S battery because of the good compatibility with
Na3PS4 solid electrolyte."® Na (Sigma, >99.9%, cubes) and Sn
(Sigma, >99%, powder) were mixed with a mole ratio of 15:4
by ball milling, and 10 wt% of carbon black was added to
improve the electron conductivity.

Fabrication of all-solid-state sodium-sulfur batteries

The all-solid-state sodium-sulfur batteries (ASSSBs) were fabri-
cated by the cold pressing method in the argon-filled glovebox.
126 mg of NazPS, was first pre-pressed into the cell with a
diameter of 12.7 mm. 2 mg of sulfur composites cathode and
15 mg of Na-Sn-C anode were added to two sides of the solid
electrolyte separately. Aluminum foil was used as the current
collector for both sides. All cells were rested for 5 hours
before tests.

Electrochemical measurement

For the galvanostatic charge and discharge and cycling tests, all
cells were discharged and charged between 0.7 to 2.8 V (vs.
Na,5Sn,/Na") by the battery tester (Landt Instrument, China) at
different temperatures. The galvanostatic intermittent titration
technique (GITT) test was conducted on the battery tester
(Landt Instrument, China) with 30 mins constant-current dis-
charge/charge at the rate of C/20 followed by 4 hours rest. The
cyclic voltammetry (CV) test was scanned on the potentiostat
(BioLogic, SP-150) from 0.5 V to 3 V at different temperatures
with various scan speeds.

X-ray absorption spectroscopy (XAS) measurement of the sulfur
cathode

The XAS samples of the sulfur cathode at different depths of
discharge (DoD) and states of charge (SoC) were prepared by
discharging and charging the battery to different cut-off vol-
tages. The cut-off voltages were determined by the voltage at the
different DoDs and SoCs of the charge and discharge profile of
the first cycle of the ASSSB cycled at C/20. After discharging
and charging the cell to different DoDs and SoCs, the whole cell
pellet was moved out of the PEEK case and removed the
aluminum current at the cathode side to explore the cathode
material. The pellet was sealed using a polypropylene film.
Sulfur K-edge XAS of the sulfur cathode were collected in
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fluorescence mode using a silicon drift detector (Canberra) at
the tender energy X-ray absorption spectroscopy (TES, 8-BM)
beamline of the National Synchrotron Light Source II (NSLS-II)
at Brookhaven National Laboratory. The Athena software from
the Demeter software package was utilized to process the XAS
data.*®

In situ Raman measurement

A special all-solid-state sodium-sulfur cell with a removable
side wall was assembled for the in situ Raman test with the
same method as mentioned for the regular ASSSBs. 70 mg
of NazPS,, 1.2 mg of sulfur composites cathode, and 10 mg of
Na-Sn-C anode were used. After assembling the cell, a side wall
was opened to explore the cross-section of the ASSSB for the
in situ Raman measurement. The in situ Raman cell was
discharged at the current density of 0.09 mA cm™> to 0.7 V
and then charged to 2.8 V with a voltage hold at 2.8 V for one
hour. After every one-hour discharge and charge, the surface of
the cross-section was gently scratched by a glass sheet. Raman
spectra were collected at room temperature in a backscattering
geometry using a commercial Raman instrument (WiTec) in an
argon-filled glovebox with a 532 nm leaser at the power of
300 uW and a 1800 cm ™' grating. For the best quality, each
Raman spectrum acquisition took 60 seconds and averaged
3 times.

First-principles calculations

Density functional theory (DFT) calculations within the projec-
tor augmented wave (PAW) formalism were performed, as
implemented in the Vienna ab initio simulation package
(VASP).>” We employed a higher-fidelity calculation with the
meta-GGA functional (r2SCAN).*® Each calculation was per-
formed with an energy cut-off of 680 eV. K-Point grid scheme
are different depending on the calculated phase: 3 x 3 x 3 for
Na,S, 5 x 5 x 2 for Na,S,, 4 x 4 x 4 for Na,S,;,and 4 x 3 x 1 for
Na,Ss.

Phonon calculations at finite temperatures

The phonopy package®” is used in combination with VASP to
produce phonon frequencies. To obtain the force constants
(FCs) in phonopy, the atoms are manually displaced in the
center cell by Ax in the three directions, and then calculate the
IFCs of the perturbed structure.
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