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ABSTRACT

Room-temperature sodium-sulfur (RT Na-S) batteries are emerging as promising next-generation energy storage systems owing

to their high theoretical capacity and environmental friendliness. Nevertheless, the intrinsic insulating nature of elemental sulfur

and the polysulfide shuttle effect significantly limit the widespread practical and large-scale applications of RT Na-S batteries.

Sulfurized polyacrylonitrile (SPAN) is a potential cathode candidate for Na-S batteries, which provides efficient charge transfer

due to the conjugated structure of SPAN and avoids the formation of long-chain polysulfide by its structure that only has a short

sulfur-sulfur chain. However, the decay mechanism of the SPAN positive electrode in ether-based electrolyte RT Na-S batteries

remains poorly understood. In this study, SPAN was studied as a cathode material in ether-based RT Na-S cells. The focus was

on the structural evolution of the material during the first few cycles and on variations at different depths of discharge (DOD).

This work reveals that deep discharge below 1.0 V affects the structure of SPAN, the equilibrium of polysulfides in the electrolyte,

and the growth of sodium dendrites at the negative electrode. On this basis, to enhance the cycling stability and rate performance,

carbon-coated functionalized separators are incorporated in the cell.

1 | Introduction

Nowadays, energy has become an urgent global concern. The next
round of a high-quality and sustainable global economy is based
on the premise of reasonably addressing climate challenges and
steering energy conversion and storage toward green, low-carbon
solutions [1]. “Carbon neutrality” has emerged as a central goal
of energy planning worldwide [2]. In addition to intermittent
energy sources, such as wind and solar energy, the integration

of secondary batteries as a sustainable and stable energy storage
system is an inevitable requirement [3]. At the same time, the
development of electric vehicles requires batteries with higher
energy and improved sustainability. Indeed, rechargeable batter-
ies play a crucial role in the transformation of traditional energy
infrastructure into new, cleaner energy systems [4].

Room-temperature sodium-sulfur (RT Na-S) batteries, particu-
larly those with ether-based electrolytes, are an area of active
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research as they offer the potential to operate at ambient temper-
atures, unlike traditional high-temperature Na-S batteries [5]. RT
Na-S batteries leverage the properties of ether-based electrolytes,
such as tetraethylene glycol dimethyl ether (TEGDME) or 1,3-
dioxolane, for lower-temperature operation. These electrolytes
can generate dense solid electrolyte interphase (SEI) layers
for sodium metal anodes, achieving enhanced cycling stability
compared to ester-based electrolytes [6]. However, RT Na-S
batteries are still at their early stage of development and still
face a number of challenges that hinder their practical applica-
tion. [7] Compared with lithium-sulfur batteries, sodium sulfur
batteries produce sodium polysulfide with higher solubility in
the electrolyte, which can diffuse to the sodium metal anode
side to cause more severe “shuttle effect” and result in stronger
capacity fading. Meanwhile, sodium polysulfide is thermody-
namically more stable than lithium polysulfide, which leads to
slower reaction kinetics. The sodium anode suffers from a less
stable solid-electrolyte interphase (SEI) and more pronounced
dendritic growth than its lithium counterpart when operated in
ether-based electrolytes. The high reactivity between the sodium
surface and the electrolyte results in the formation of an SEI of
a different nature than the analogue lithium SEI. This fragile
SEI layer is prone to breaking down, resulting in continuous
side reactions, the sodium dendrite formation, and ultimately a
shortened cycle life [8].

This not only leads to self-discharge and low coulombic efficiency,
but also causes severe capacity fading over time [9]. Additionally,
electrolyte degradation poses a significant barrier to long-term
performance. Ether solvents are not entirely stable against
reactive sodium polysulfides, and their gradual chemical degra-
dation generates by-products that increase the internal resistance
and reduce the cell’s long-term stability and performance [10].
Moreover, under high current densities, RT Na-S batteries face
additional challenges due to their low ion conductivity, high
electrochemical polarization, severe shuttle effect, and rapid
growth of sodium dendrites. Altogether, the above challenges lead
to low reversible capacity and rapid capacity decay, highlighting
the need for improved materials and cell designs to unlock the
full potential of RT Na-S battery technologies [11].

Rationale cathode design is crucial to address the above-
mentioned challenges [5]. One widely adopted strategy involves
engineering porous cathodes or incorporating sulfur into conduc-
tive carbon matrices, which can physically anchor polysulfides,
thereby reducing their dissolution into the electrolyte and mit-
igating the shuttle effect [12-14]. Among various sulfur-based
cathode materials [15], the sulfurized polyacrylonitrile (SPAN)
contains short-chain sulfur species (S,;) that are covalently
bonded to the polyacrylonitrile (PAN) backbone. This short-chain
sulfur can effectively prevent the formation of soluble long-
chain polysulfides, thereby fundamentally aiding in solving the
shuttle effect [16]. In addition, the thermal treatment used during
the SPAN synthesis induces partial conjugation along the PAN
backbone [17]. This conjugated structure significantly stabilizes
the structure of SPAN, transforming it into a better electronic
conductor compared to elemental sulfur, which is inherently
insulating. Thus, the combination of structural stability and
improved conductivity makes SPAN a compelling cathode mate-
rial for metal-sulfur batteries. However, despite its proven efficacy
in Li-S systems and ester-based Na-S batteries [18], the applica-

tion of SPAN in ether-based electrolyte Na-S batteries remains
relatively unexplored, offering an exciting and timely opportunity
for research [15]. At the same time, the degradation mechanism
of SPAN positive electrode in ether-based electrolyte RT Na-S
batteries remains poorly understood. Therefore, it is essential to
elucidate the structural and electrochemical changes occurring
during the initial charge-discharge cycle of the SPAN cathode, as
this understanding can serve as a blueprint for cathode structure
design and electrode optimization. Subsequently, in this study,
SPAN is used as the cathode material in RT sodium-sulfur battery
with ether-based electrolytes (i.e.,1.0 M NaCF;SO; in TEGDME)
under high current density conditions. The decay mechanism
occurring during the initial few cycles is explained. In addition,
cycle tests at different depths of discharge and post-mortem
studies are conducted to provide insights into the evolution of
interfacial reactions within the SPAN-sodium cell. On this basis,
to further enhance stability and rate capability, carbon functional
separator configurations are explored and evaluated.

2 | Experimental

2.1 | Synthesis of Sulfurized Polyacrylonitrile
(SPAN)

In a typical process, excess of elemental sulfur (S, Alfa Aeasar,
99.98%) and polyacrylonitrile polymer powder (Sigma Aldrich,
average M,, = 150 000) were mixed thoroughly in agate mortar
with a mass ratio of 10:1. Subsequently, the mixture was hated in
a tubular furnace at a ramp rate of 2°C min™ to 270°C and held at
that temperature for 6 h under Nitrogen atmosphere. Unreacted
elemental sulfur is removed from the nitrogen stream during the
cooling process. The dark powder SPAN, approximately 5 g, was
obtained upon cooling to 25°C. The sulfur content of SPAN is
44.3% (measured by elemental analysis).

2.2 | Electrodes Preparation

All electrodes were prepared by a classical slurry coating: For
SPAN-based cathodes, the active material (SPAN), conductive
agent (C65, MTI Corporation), and binder (LA133, MSE Supplies)
were mixed in a mass ratio of 60:30:10. The detailed procedure
is as follow: The LA133 binder was at first prepared as 3% (mass
ratio) solution in a H,O/ethanol (V: V = 1:1). The SPAN powder
and C65 powder was at first mixed in agate mortar for 10 min, then
LA133 solution was add into mixed materials. The components
were dispersed evenly in a H,O/ethanol (V:V = 1:1) solution and
stirred continuously for 12 h on a magnetic stirrer to obtain a
uniform black slurry. This slurry was then coated onto aluminum
foil (Haeberle, 30 um, used as the current collector) using the
Doctor Blade technique, with a wet thickness of 200 um. The
coated films were first dried at room temperature until the surface
of the coating layer was completely dry; after that, the electrode
was dried at 60°C under vacuum for 12 h to further remove
any residual solvent. Subsequently, circular electrodes with a
diameter of 12 mm were punched from the dried films, yielding
a sulfur loading of 0.5 mg + 0.1 cm™%; SPAN loading was 1.13
mg + 0.1 cm~2. For comparison, elemental sulfur cathodes were
prepared using elemental sulfur as active material, mixed with
C65 and LA133 in the same mass ratio of 60:30:10. The slurry
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was similarly prepared in H,0/ethanol (V:V = 1:1) solution and
coated, subsequently dried under identical conditions. The sulfur
loading was matched to that of SPAN-based electrodes to enable
direct comparison.

2.3 | Fabrication of Carbon-Modified Separator
(C65 separator)

The carbon-modified separator was fabricated using the Doctor
Blade technique. A slurry consisting of carbon 65 and LA133 with
a mass ratio of 7:3 was prepared in H,0/ethanol solution (V:V =
1:1) at room temperature; the solvent/solid material ratio was 10:1
(in mass ratio). The resulting slurry was stirred with a magnetic
stirrer for 24 h at room temperature. Then, this slurry was blade-
coated onto one side of the separator with a wet thickness of
150 ym (Whatman, Glass fiber-D). The solvent was removed by
drying the coated separator at 60°C under vacuum for 12 h.
Subsequently, discs with a diameter of 12 mm were punched
out for cell assembly. The mass loading of the C65 coating layer

(containing binder) on the separator is about 1.77 mg + 0.1 cm ™2,

and the C65 in the coating layer loading is 1.24 mg + 0.1 cm 2.

2.4 | Electrochemical Cells Assembly

The three-electrode Swagelok cell was assembled in an argon-
filled glove box (O,< 0.5 ppm, H,0<0.5 ppm). The sulfur-
containing polymer cathode was used as the working electrode,
while sodium discs (10 mm diameter discs) served as the
counter and reference electrodes. The electrolyte was composed
of 1.0 M NaCF;SO; (Tokyo Chemical Industry, >98.0%) dissolved
in TEGDME (Thermo Fisher, 99%), with a fixed volume of 75 uL
per cell.

2.5 | Materials Characterization
2.5.1 | X-Ray Diffraction

The XRD patterns of SPAN were collected and recorded on a
STOE STADI P COMBI diffractometer with Mo-Kal-radiation
(A = 0.7093 A with focusing Ge 111 monochromator) in Debye-
Scherrer geometry at room temperature. The Rietveld analysis of
the XRD pattern was performed using the FullProf Suit package,
including WinPLOTR, and the diffractogram was collected from
2 to 50°

2.5.2 | Elemental Analysis

Elemental analysis was performed with an Elementar Vario
EL device (Elementar, Germany), under an Argon atmosphere,
and three parallel tests were conducted on each sample for
reproducibility.

2.5.3 | InSitu Raman Spectroscopy

In situ Raman spectroscopy was used to analyze the SPAN
cathode. Raman spectroscopy was performed in situ with a

532 nm focused laser beam and a 10x objective lens (LadRAM
HR Evolution, HORIBAJobin Yvon). This experiment used an in
situ cell with a sapphire window on the anode side, the sodium
negative electrode, glass fiber separator, and SPAN positive
electrode were punched to create a small hole in the center for the
excitation beam. Data were collected at 15 min intervals during
the charge-discharge process. Baseline calibration was taken for
all data.

2.6 | Electrochemical Characterization

The electrochemical experiments were conducted using a VMP-
3 potentiostat (BioLogic Science Instruments). Galvanostatic
charge and discharge were performed in different voltage win-
dows between 0.5 and 2.7 V (vs Nat/Na), 1.2-2.7 V (vs Na*/Na),
and 1.4-2.7 V (vs Na*/Na). Cyclic voltammetry (CV) was per-
formed at 1.2-2.7, 1.4-2.7, 1.6-2.7, 1.8-2.7 V under scanning rate
of 0.1, 0.2, 0.5, and 0.8 mV s~'. All cells were tested in a climate
chamber at 25°C. The rate performance was evaluated at specific
currents of 500, 1000, 2000 between 1.2 and 2.7 V. The long-term
cycling was tested at a constant current of 500 mA g™ for 200
cycles between 1.2 and 2.7 V. All capacity is calculated by mass of
sulfur in cathode, for SPAN it is calculated by sulfur content of
SPAN.

3 | Result and Discussion
3.1 | Synthesis and Characterization of Materials

To validate the synthesis, elemental analysis was used to deter-
mine the sulfur content, which was found to be 44.3% (Table
S1). Additionally, an X-ray diffractometer (XRD) was employed
to confirm the structural characteristics of SPAN [19]. The XRD
pattern reveals that SPAN is amorphous without any diffraction
peaks from crystalline domains of Sg, indicating that elemental
sulfur had successfully bonded with PAN to form a sulfur-
containing polymer network [20] (Figure S1).

3.2 | Electrochemical Behavior of SPAN

CV is used to study the electrochemical behavior of SPAN
between 0.5 and 2.7 V (vs Na*/Na). As shown in Figure 1la,
during the initial reduction process, SPAN exhibits a reduction
peak centered at 1.2-1.5 V. This peak is generally associated with
the sodiation of short sulfur chains covalently bonded within
the SPAN framework, leading to the formation of short-chain
polysulfides and Na,S [21]. Owing to the absence of free Sg
or long sulfur chains in pristine SPAN, no distinct reduction
features related to long-chain polysulfides are observed in the
initial discharge process [22]. In the subsequent anodic scan, a
pronounced oxidation peak appears at around 1.7-1.9 V, which
can be attributed to the partial desodiation of Na,S and the
regeneration of sulfur species confined within the SPAN structure
[23]. In addition, a weak and broad oxidation feature located
between 2.2 and 2.5 V is observed in the first cycle. This feature
hasbeen reported in previous studies and is commonly associated
with the oxidation of higher-order polysulfide species [24].
However, its low intensity suggests that only a limited amount
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of such species may be involved [25]. After the first cycle, a new
cathodic peak appears at around 2.0 V. The appearance of this
peak indicates a change in the reduction behavior after the initial
electrochemical activation. This phenomenon can be attributed
to the incomplete reincorporation of sulfur species formed during
the first cycle into the SPAN backbone, giving rise to weakly
confined or electrolyte-accessible polysulfides that participate in
subsequent redox processes [26]. Notably, after three cycles, the
broad and small oxidation peak in the 2.2-2.5 V range disappears
and does not reappear in subsequent cycles with higher scan rates
(as shown in Figure 1b).

To clarify the reasons for the disappearance of the small and
broad peak between 2.2 and 2.5 V, CV curves (Figure 2a) were
recorded within varying potential ranges (i.e., 1.4-2.7,1.5-2.7, 1.6-
2.7,1.7-2.7, and 1.8-2.7 V). It is worth noting that after repeated
cycles within a small range, the small peak between 2.2 and

2.5V remains unchanged. This result indicates that the reduction
reactions occurring below 1.4 V cause the disappearance of
the small high-voltage oxidation peak. To further support this
conclusion, narrow range CV tests were conducted from the
direction high to low potential using the same SPAN//Na cell
to avoid the impact of possible irreversible reactions on further
cycles that may exist at lower potentials (Figure 2b).

Figure 2b shows that by pushing the potential progressively to
lower values (i.e., by pushing the reduction reaction), the broad
oxidation peak between 2.2 and 2.4 V increases, indicating that
this oxidation process is a response to the reduction reaction.
However, when the voltage drops down to 1.0 V (as shown in
Figure 3), the small peak between 2.2 and 2.4 V becomes broader
and hidden by the capacitive current. However, when the lower
cut-off voltage increases from 1.0 to 1.2V, the small oxidation peak
between 2.2 and 2.4 V can be clearly observed again and becomes
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between 2.1-2.4 V.

more pronounced when the lower cut-off voltage rises to 1.8 V.
This result indicates that the deep discharge in the low-voltage
region eventually inhibits the oxidation reaction between 2.2 and
24 V.

In order to further observe the reaction during the deep dis-
charge process of the SPAN cell, in-situ Raman spectroscopy was
conducted during the complete discharge-charge process of the
SPAN cell from 0.5 to 2.7 V. As shown in Figure 4a, the peaks
observed at 313, 370, 394, and 805 cm™ in the SPAN spectrum
correspond to the vibrations of C-S bonds, confirming the
presence of covalent carbon-sulfur linkages within the polymer
structure. Furthermore, additional peaks detected at 473 and 936
cm™! are attributed to the ring-stretching modes of S-S bonds.
Finally, the most intense signals at 1345 and 1550 cm™ were
assigned to the D and G bands typical of carbonaceous materials
[25]. After cell assembly, the SPAN electrode exhibits a modified
spectrum due to slight sulfur dissolution. A decrease in the
intensity of the C-S bond signals is observed, along with the
emergence of characteristic dissolution products, including long-
chain polysulfide ions (S,) at 483 cm™ and S;~ species at 534
cm™L. It is worth noting that a distinct signal is present at 534
cm™! from the very beginning. This feature may arise from the
stacking background associated with S-S bonds, which typically
appear in the 430-550 cm! [27]. The D and G bands disappear
after the electrode comes into contact with the electrolyte because
a passivating cathode electrolyte interphase (CEI) forms. After
sodiation to 0.57 V, the D band becomes visible again. This
reappearance occurs because sodium ions begin to interact with
and insert into the carbonaceous SPAN framework once the
CEI has already formed, and this insertion induces increased
structural changes that restore the Raman activity associated
with the D band. At the beginning of discharge, the Raman
spectrum exhibits a Raman peak located at 460 cm™, which
usually corresponds to short-chain sulfur in SPAN. During the
discharge to 0.5V, this signal gradually weakens, corresponding
to the breakage and reduction of short-chain sulfur in SPAN.
When the potential is below 1.0 V, a significant increase in Raman
signals was observed at 423 cm™! (C-S), 534 cm™ (S;~ species),

and 1345 cm™ (D band) (Figure 4b,c) [28]. The above results
indicate that during low-voltage discharge (below 1.0 V), sodium
ions form irreversible interactions with the C or N atoms within
the SPAN. This process increased structural disorder within the
carbonaceous framework, which contributes to the enhancement
of the D-band signal [29, 30]. Meanwhile, the enhanced C-
S vibrational signal from the presence of short-chain sulfur
fragments transiently adsorbed at defect-rich carbon sites. This
demonstrates that deep discharge can accumulate free S;~ ions
in the electrolyte, resulting in the reconstruction of the SPAN
structure.

During the charge process at around 2.0 V, the Raman signal
in the range of 400-500 cm™! remained at high intensity, which
corresponds to polysulfides (Na,S,, 2<x<6) [28]. This indicates
that the polysulfides do not reversibly oxidize back, and they are
accumulating as soluble species consistently (Figure 4b,c).

The soluble species can react with sodium at the subsequent
discharge and show a new reduction peak around 2.0 V in CV
(Figure 1a). At the same time, compared to the initial discharge
state, the Raman peak intensity at 460 cm™ (corresponding to
sulfur-sulfur chain in SPAN) decreased significantly at the cut-
off charge voltage (2.7 V) (Figure 4d). This result can further
indicate that the sulfur-sulfur chain in SPAN cathode is unable
to comprehensively reform in the charge process after deep
discharge, which is due to the sulfur loss caused by accumu-
lation and shuttle effect of S; ions in electrolyte. This behavior
directly explains the evolution of the 2.2-2.4 V oxidation peak
in CV (Figure 3). This peak corresponds mainly to the oxidation
of surface-anchored intermediate-valence sulfur species, rather
than soluble S;~. Under shallow discharge (higher than 1.0 V),
sulfur is partially reduced and confined near the SPAN surface.
Therefore, these species can be re-oxidized during charging,
showing a distinct peak at 2.2-2.4 V. In contrast, most sulfur is
converted into highly soluble S;~ species under deep discharge
(lower than 1.0 V), which dissolve into the ether electrolyte
and undergo polysulfide shuttling. With continued cycling, the
amount of polysulfides that remain at the cathode surface and are
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electrochemically accessible for oxidation at 2.2-2.4 V gradually
decreases and eventually becomes negligible. As a result, the 2.2—
2.4 V peak progressively disappears with increasing discharge
depth. Galvanostatic charge and discharge cycles were performed
between 0.5 and 2.7 V at 500 mA g~', and the curves are shown
in Figure 5a. After a few cycles between 0.5 and 2.7 V, the
SPAN electrode exhibits an abnormal plateau at approximately
2.0-2.2 V, unable to continue rising, which indicates a possible
internal micro-short circuit due to local dendrite formations. This
could be due to the polysulfides formed at such a low potential
(proved by Raman test in Figure 4), which could shuttle to the
sodium anode where they react [31]. This may consequently cause
a large amount of sodium sulfide to cover and block the sodium
surface, and therefore make the sodium anode locally inactive.
In this situation, the current cannot be evenly distributed on the
surface of the sodium electrode, and it will accumulate only at
sites where sodium is not covered by sodium sulfide. This also
means that the current is locally higher, and that the probability
of dendrite growth at these sites is much higher. The uneven
distribution of current leads to easier dendrite growth, which can
cause the occurrence of micro short circuits and therefore the
impossibility to charge [32].

On this basis, the charging step was stopped and the current
reversed. After discharge, the electrode can undergo further
cycling, pointing towards the partial dissolution of the Na den-
drites. However, with repeated deep charge discharge processes,
the shuttle effect and the regeneration of soft sodium dendrites
may occur again, resulting in the observed abnormal charging
curves at around 2.0 V (Figure 5b).

In order to avoid effects due to the deep discharge, a fresh SPAN
electrode was cycled between 1.4 and 2.7 V, and the results are
shown in Figure S3a. In the first discharge, the SPAN electrode
delivers 315mAh g at a specific current of 500 mA g™, but it only
exhibits a capacity of about 50 mAh g~! during the first charge,
a value that remains stable in subsequent cycles. This result
indicates that when the lower potential cut-offis limited to 1.4V, a
part of the reaction is strongly irreversible, which makes capacity
decay between the first and second cycle, and the conversion of
short-chain polysulfides to sodium sulfide is incomplete, which
obviously leads to a drastic decrease in capacity [33]. This result
indicates that even if the reduction of the potential window may
improve the electrode stability, this has the drawback of very low

capacity.
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In another experiment, the SPAN cell in Figure 5, which was
first pre-cycled between 0.5 and 2.7 V at 500 mA g for 9
cycles (and showed an abnormal charge curve due to the soft
dendrites), was further cycled in the restricted voltage range
between 1.4 and 2.7 V at 500 mA g~ (Figure S3). This pre-cycled
cell now shows stable and reversible charge-discharge curves
in the range 1.4-2.7 V at various current densities. This further
supports the conclusion that the dissolution of sodium micro
dendrites during the discharge process can alleviate microshort
circuits; moreover, avoiding a deep discharge can effectively
prevent the formation of irreversible polysulfide products and
the occurrence of sodium dendrites. Furthermore, this pre-cycled
cell delivers higher capacity than the cell cycled directly between
1.4 and 2.7 V. This could be ascribed to the fact that polysulfide
accumulated in the electrolyte at low potential can participate
in subsequent reactions, providing capacity. This is consistent
with the conclusion that polysulfides accumulated during deep
discharge can be partially reversed during the charging process.
It is worth noting that the cells pre-cycled between 0.5 and 2.7 V
have coulombic efficiency (CE) closer to 100% during the first 10
cycles between 1.4 and 2.7 V, while the cell without pre-cycling
has CE about 110%. This can be due to the irreversible reactions
that have already occurred during pre-cycling. This kind of “pre-
irreversible reactions” may be associated with the irreversible
interaction between sodium ions and the SPAN [34], which can
help the cell to reach a reversible reaction during subsequent
cycles. It can be observed from the CE of the 10" cycle to the
20" cycle and from the 30" cycle to the 40™ cycle. Between the
range of 10™ cycle to 20™ cycle, the cell without pre-cycling has
CE of about 102%, and between the range of 30th cycle to 40th
cycle, the cell without pre-cycling has CE about 107%. This result
can indicate irreversible reaction in each cycle, while the cell with
pre-cycling has CE of about 100% in the above two ranges (Figure
S3e) [35].

3.21 | Electrochemical Performance Comparison at a
Reasonable Cut-Off Voltage

Considering the previous experiments, where we observed that
deep discharge to 0.5 V may be detrimental, and a too shallow

discharge down to 1.4 V does not provide enough capacity, in
the following experiments, we decided to cycle the cell between
1.2 and 2.7 V and compared the SPAN electrode with elemental
sulfur cathode (sulfur loading = 1 mg cm™2, carbon content =
30%, prepare by slurry coating). The cells have been cycled at
currents between 500 and 2000 mAh g™'. Clearly, the SPAN
electrode delivers higher capacity at all currents (Figure 6a) and
longer stability (Figure 6b) than the sulfur cathode, probably due
to the conjugated structures in SPAN and the short sulfur chain.
The initial capacity of the SPAN electrode is 550mAh g™! at the
first cycle at 500 mA g}, and it decays to 250 mAh g! at the
second cycle. After 100 cycles, 200 mAh g of capacity is retained.
The comparison of the coulombic efficiency (Figure S4) further
proves that SPAN can provide a more reversible sulfur conversion
reaction by reasonable selection of the potential window, and
the short-chain sulfur in SPAN can prevent the generation of
long-chain polysulfides.

The SPAN//Na cell has a coulombic efficiency of around 99.86%
during the first 20 cycles and stays at 100% during the last 80 cycles
at 500 mA g'. In contrast, the coulombic efficiency of the sulfur
cathode is only 60-80%. This is because the shuttle effect caused
by the polysulfides inside the cell causes continuous loss of sulfur
[36]. At the same time, electron transfer on the cathode side may
be hindered by the insulating properties of sulfur, which has a
carbon content of 30% (similar to SPAN cathodes), resulting in
high polarization and low reversibility of the cell [37]. Compared
with sulfur, the SPAN cathode has high conductivity of 107* S
cm™, which is much higher than the conductivity of the sulfur
cathode, which is 1073 S cm™! [38, 39]. Such high conductivity
can [40] reduce the polarization of the cell and improve the
reversibility of the reaction between sulfur and sodium [41].

Figure S5 shows the charge-discharge curve of SPAN and sulfur.
During the discharge process, the sulfur cathode exhibits a
typical dual-platform feature, with the two platforms corre-
sponding to the Na,S; —Na,S,/Na,S, conversion process and
the Na,S,— Na,S,/Na,S conversion process, respectively [42].
In contrast, the SPAN cathode only exhibits a sloped curve,
which indicates a one-step reaction without phase transitions
rather than the Na,S; —Na,S;/Na,S, conversion process: the
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short-chain polysulfides are directly converted into sodium
sulfide through a solid-state transformation [43]. During the
charging process, the sulfur cathode exhibits a charging capacity
that far exceeds the discharge capacity, which is attributed to
the overcharge effect caused by polysulfides [44]. At the same
time, the high potential difference between the charge and the
discharge curves indicates the high cell polarization [45]. In
contrast, the SPAN cathode exhibits a charging capacity that is
almost identical to the discharge capacity, indicating an orderly
and highly reversible sulfur-sodium conversion reaction, and
significantly lower polarization [46]. However, one drawback
is that the average voltage of the SPAN//Na cell is generally
lower than that of sulfur//Na cell, which leads to lower energy
density.

Figure S6 shows the Raman spectra of a fresh SPAN electrode
compared t a SPAN electrode after two cycles and four cycles
between 1.2 and 2.7 V. Two Raman peaks can be observed at 312
and 372 cm™, which belong to the C-S bond in SPAN [47, 48].
Meanwhile, the Raman peak observed at 477 cm™ belongs to the
S-S bond in SPAN [49]. After two complete charge-discharge
cycles (ending at 2.7 V), the Raman signal intensity of C-S and
S-S bonds decreased, indicating that the reformation of C-S and
S-S bonds is not completely reversible in the first cycle [50].
Then, the cell cycled for two cycles was compared with the
cell after four complete charge-discharge cycles, and the signal
strength of the C-S bond and the S-S bond remained the same.
This indicates that under shallow discharge conditions (1.2 V),
the absence of significant S;~ accumulation prevents sulfur loss
through polysulfide shuttling. As a result, the C-S and S-S
signals remain well preserved after cycling. Further investigation
on the structural evolution of SPAN between 1.2 and 2.7 V is
provided by in situ Raman spectroscopy. As shown in Figure 7c,
the D-band signal near 1350 cm™ did not exhibit noticeable
enhancement during the charge-discharge process, suggesting
that the carbon backbone of SPAN remained structurally stable.
Moreover, enhancement of the signal associated with S;~ species
was not observed at the end of discharge (1.2 V), which is
different compared to the behavior during deep discharge to 0.5V
(Figure 7b).

To further optimize the SPAN//Na cell, a carbon-modified
functional separator (as a polysulfide blocking layer) was imple-
mented and discussed in the next section.

3.2.2 | Application of a Functional Separator to Improve
Capacity Retention

Carbon functional separator with a high specific surface area
and porous structure can inhibit shuttle effects by physically
adsorbing soluble polysulfides [51, 52]. Moreover, it can provide
an electron transport path for the positive electrode, thereby
accelerating the conversion reaction kinetics and enhancing the
utilization rate of active materials [53]. For this research, C65
was used as a functional carbon layer for the separator, which
has a high surface area (62 m? g™) and high conductivity [54].
To exclude the contribution to the capacity by the carbon layer
(C65:LA133 = 7:3 in mass ratio) applied to the separator, elec-
trochemical tests were performed by sandwiching the separator
between an Al current collector and the Na counter electrode. The
carbon layer of the separator is directly contacting the Al current
collector. As shown in Figure S2, it can be seen that the C65 |
Na cell delivers only 0.045 mAh g capacity at 500 mA g~ and
rapidly decays to 0.03 mAh g! during charging, indicating that
no additional capacity is contributed by the material coated on
the functional separator.

Figure 8a shows the charge and discharge curves of SPAN with
the CGFD separator and the GFD separator at 500 mA g™'. The
cell with the CGFD separator shows higher capacity. The SPAN
with the CGFD separator delivers reversible capacity 1202 mAh
g!in the first cycle at 500 mA g~!, which indicates that the CGFD
separators can significantly inhibit the shuttle effect in the cell to
improve the capacity [55-57].

Figure 8b shows the significantly improved rate performance of
the cell containing the CGFD separator. The cell with the CGFD-
based cell exhibits specific capacities 0f 1787, 598, and 318 mAh g~!
at 500, 1000, and 2000 mAh g™'. At the same time, it also shows
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474 mAh g! after cycling under different rates, which reflects the
help of the CGFD separator in impeding the shuttling.

The two cells were compared in terms of long cycling stability
at 500 mA g~'. The cell with the CGFD separator shows a high
capacity of 2186 mAh g™ in the first cycle, and can get a higher
capacity than the battery with the GFD separator after 100 cycles.
Nevertheless, the capacity of the modified separator decays faster
than that of the cell with GFD. Apparently, the CGFD separator
can help in the initial cycles, but is not suitable for stabilizing the
electrochemical reaction between SPAN and sodium. The same
conclusion can be proved by CE. Figure 6d shows the coulombic
efficiency (CE) of cells with the CGFD separator and the GFD
separator. Compared to the GFD cell, the CGFD cell exhibits a
CE of 98.92% at the first cycle, and then increases to 100% after 5
cycles. At the 32™ cycle, the CE suddenly decreased to 72.42%,
and back to 100% at the 33 cycle. The same sudden decrease
can be observed at the 44™ and 48" cycles. This can indicate
that the side reaction happened in the cell with CGFD, and

the application of carbon functional separators still needs to be
optimized.

4 | Conclusion

This study demonstrated the electrochemical performance of
sulfurized polyacrylonitrile (SPAN) as a positive electrode mate-
rial for room-temperature sodium-sulfu (RT Na-S) batteries with
ether-based electrolytes under high current density. In ether-
based electrolytes, deep discharge (e.g., down to 0.5 V) can
lead to accumulation of S;~. It causes accumulation of soluble
polysulfides in the electrolyte. This accumulation exacerbates the
shuttle effect and the generation of inactive sites on the sodium
negative electrode, which leads to uneven current distribution
at the negative electrode interface. Uneven current distribution
can facilitate the development of sodium dendrites, leading to the
formation of micro-short circuits in the battery. This conclusion
indicates the necessity of avoiding deep discharge in ether-based
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SPAN-sodium batteries. However, it should be noted that a
much higher cut-off voltage is also not necessarily better, and a
reasonable cut-off voltage should be chosen. Excessively high cut-
off voltage (such as 1.4 V) can lead to incomplete sulfur-sodium
reaction, resulting in a significantly lower capacity. According to
our findings, the most suitable discharge cut-off voltage is 1.2 V,
which can avoid micro short circuits and the generation of a
large amount of soluble polysulfides. As a further improvement, a
carbon functional separator can help SPAN electrodes to achieve
higher capacity due to confinement of the reduced species to the
cathode side of the cell. However, although a positive effect of the
functional separator has been observed, further optimization is
required to achieve better stability.
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