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ABSTRACT: Sulfurized polyacrylonitrile (SPAN) is a promising high-capacity
cathode material. In this work, we use spatially resolved X-ray absorption spectroscopy
combined with X-ray fluorescence (XRF) microscopy, X-ray photoelectron spectros-
copy, and scanning electron microscopy to examine the structural transformation of
SPAN and the critical role of a robust cathode−electrolyte interface (CEI) on the
electrode. LiSx species forms during the cycling of SPAN. However, in carbonate-based
electrolytes and ether-based electrolytes with LiNO3 additives, these species are well
protected by the CEI and do not dissolve into the electrolytes. In contrast, in an ether-
based electrolyte without the LiNO3 additive, LiSx species dissolve into the electrolyte,
resulting in the shuttle effect and capacity loss. Examination of the Li anode by XRF
and SEM reveals dense spherical Li morphology in ether-based electrolytes, but sulfur
is present in the absence of the LiNO3 additive. In contrast, porous dendritic Li is
found in the carbonate electrolyte. These analyses established that an ether-based
electrolyte with LiNO3 is a superior choice that enables stable cycling of both
electrodes. Based on these insights, we successfully demonstrate the stable cycling of high areal loading SPAN cathode (>6.5 mA h
cm−2) with lean electrolyte amounts, showing promising Li∥SPAN cell performance under practical conditions.

KEYWORDS: lithium sulfur batteries, sulfurized polyacrylonitrile, Li metal, X-ray fluorescence microscopy, X-ray absorption spectroscopy,
lean electrolyte, high energy density

1. INTRODUCTION

The demands for low-cost and high-energy-density recharge-
able batteries for both transportation and large-scale stationary
energy storage encourage research to move to “beyond
lithium-ion” battery systems such as metal−sulfur, metal−air,
and multivalent batteries.1−6 Since sulfur is a low-cost and
abundant material with high theoretical capacity, lithium−
sulfur (Li−S) battery chemistry has attracted significant
interest during the past decade. The sulfur electrode in Li−S
batteries undergoes multiple electron transfer processes
associated with long- and short-chain polysulfide (Li2Sx)
intermediates. It is well known that the long-chain polysulfides
can dissolve into electrolytes with aprotic organic solvents and
migrate to the Li anode side. This so-called “shuttle effect” is
considered the main reason for the capacity loss and low
coulombic efficiency of the Li−S system.7,8

Many efforts have been made to overcome the problem of
polysulfide dissolution through advances of sulfur-based
materials9−11 and electrolytes,12,13 as well as cell engineering.14

Sulfurized polyacrylonitrile (SPAN) is a promising material
due to the confinement of the small molecular sulfur in the
conductive polymer network, capable of mitigating polysulfide
shuttling.15 Carbonate electrolytes are widely employed for the
Li∥SPAN battery, exhibiting excellent chemical compatibility

with the SPAN cathode.16−18 However, the use of carbonate
electrolytes results in poor cycling stability of the Li metal
anode.19,20 On the other hand, ether-based electrolytes provide
much more stable Li metal anode cycling; the mixed solvent of
1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL) is
employed in most Li metal anode battery research, including
Li−S batteries.21 However, it has been reported that DME/
DOL-based electrolytes cause the dissolution of lithium
polysulfides from the SPAN and the resulting polysulfide
shuttle effect, effectively negating any benefits offered by
SPAN.22,23 Several attempts have been made to improve the
stability of SPAN in ether electrolytes either by increasing the
salt/solvent ratio or introducing additives.15,22,24−27 For
example, Xing et al.24 reported that a crystalline cathode−
electrolyte interface (CEI) layer composed of LiF and LiNO2
formed by introducing LiNO3 aids in suppressing polysulfide
dissolution in a dilute DME-/DOL-based electrolyte. These
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works mainly focused on improving the performance of
Li∥SPAN cells, with little understanding of the conversion of
sulfur in SPAN during the electrochemical cycling process and
the roles of the electrode−electrolyte interfaces on retaining
the sulfur species in the SPAN cathode.
In this report, we investigate the performance and working

mechanisms of Li∥SPAN batteries in three different electro-
lytes: 1 M LiTFSI in EC/DMC (CarE), 1 M LiTFSI in DME/
DOL (EE), and 1 M LiTFSI and 0.5 M LiNO3 in DME/DOL
(ENE) that enable stable cycling of SPAN, Li, and both SPAN
and Li, respectively. To probe the fate of the sulfur-containing
species in different electrolytes, a spatially resolved X-ray
absorption spectroscopy (XAS) combined with X-ray
fluorescence (XRF) microscopy characterization technique is
utilized. The morphological changes and the redistribution of
sulfur and polysulfide in both the SPAN cathode and lithium
metal anode are monitored through the XRF images, while the
chemical-state changes of the S in SPAN and sulfur-containing
interfacial layer are characterized with XAS. Coupled with X-
ray photoelectron spectroscopy (XPS) and scanning electron
microscopy (SEM), the results in this study provide an in-
depth understanding of the reaction processes and the key
roles of the CEI and SEI for stabilizing the SPAN and Li
electrodes. Besides the enhanced fundamental understandings,
the stable cycling of a high areal loading SPAN cathode (>6.5
mA h cm−2) with a lean electrolyte amount of 3 g A h−1 is
successfully demonstrated in the ENE electrolyte with a LiF-
rich CEI. In contrast, the Li∥SPAN cell using CarE shorted
during its fourth cycle. The excellent performance of our
Li∥SPAN cell paves the way for the development of practical
high-energy-density Li∥SPAN batteries.

2. RESULTS AND DISCUSSION

We first compare the electrochemical performance of SPAN in
three different electrolytes (Figure 1). The areal capacity of the
SPAN electrode is ∼1 mA h cm−2. The volume of the
electrolyte is 75 μL in order to investigate the compatibility
between electrolytes and the SPAN material. SPAN shows
stable cycling in CarE at C/5 between 1 and 3 V, consistent
with previous reports.16 The electrode maintains a reversible
capacity of ∼550 mA h g−1 after 100 cycles (Figure 1b).
However, the SPAN material does not cycle well in the EE
electrolyte. There is a long charge plateau at ∼ 2.4 V,
indicating that the shuttling reaction of Li2Sn takes place in this
ether electrolyte, resulting in active sulfur loss from the SPAN
and low coulombic efficiency (Figures 1c and S1). Within 10
cycles, its capacity decreases from 471 to 309 mA h g−1. With
the addition of 0.5 M LiNO3 to form the ENE electrolyte, the
charge plateau related to the polysulfide shuttle is effectively
eliminated (Figure 1d). The ENE electrolyte shows high
coulombic efficiency toward both the Li anode (>98%) and
SPAN cathode (∼100%), as shown in Figure S2. Besides the
high coulombic efficiency, the cell delivers a capacity of 536
mA h g−1 at its 100th cycle, corresponding to a capacity
retention rate of 93.2% (based on the capacity at the fifth
cycle).
Evidently, the SPAN performs differently in carbonate- and

ether-based electrolytes. We hypothesized that the presence of
a CEI layer on the SPAN cathode is the key to enabling the
stable cycling of SPAN in ENE. XPS was conducted on SPAN
electrodes after five cycles and in a charged (delithiated) state
to examine the compositions of the CEI formed in different
electrolytes. The C 1s spectra (Figure 2a−c) show that the O−
CO and C−O peaks dominate the C 1s region of SPAN

Figure 1. (a) Cycling performance of the SPAN electrode in 1 M LiTFSI-EC/DMC (red dots, CarE), 1 M LiTFSI-DME/DOL (yellow dots, EE),
and 1 M LiTFSI-DME/DOL with 0.5 M LiNO3 (blue dots, ENE). Galvanostatic charge and discharge profiles of Li∥SPAN coin cell throughout
100 cycles using the electrolyte of 1 M LiTFSI in different electrolyte solvents: (b) CarE, (c) EE, and (d) ENE. The cells were cycled at C/5 (1C =
550 mA h g−1).
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cycled in CarE, likely due to the decomposition of carbonate
solvents to form a RCO3Li-rich CEI, where R is an alkyl
group.28,29 In contrast, the decomposition of the ether on the
SPAN cathode is negligible. Both C−F and LiF peaks are
observed in all three cases (Figure 2d−f). The C−F bond is
attributed to the PVdF binder, while the LiF derived from the
LiTFSI salt is the CEI component.30 The SPAN electrode
from the ENE showed a significantly higher LiF concentration
in its CEI layer. A LiF-rich CEI on the SPAN electrode surface
is believed to prevent polysulfide dissolution.24 Figure 2g−i
shows the S 2p spectra of the cycled SPAN electrodes.
Doublets at around 168 and 160 eV are assigned to Li2SOx and
Li2S, which are observed in all three electrolyte systems.24

However, the C−S/S−S signals from SPAN are found only on
the SPAN electrode cycled in EE.31 This indicates that
polysulfide dissolution takes place in EE due to the lack of a
LiF-rich CEI as the protective layer, while the RCO3Li-rich
CEI in the carbonate electrolyte prevents the detection of the
underlying SPAN structure.
To further investigate how the sulfur-based species evolve in

the SPAN electrodes, we utilized a combined XRF and S K-
edge XAS technique, which not only provides global elemental
distribution over the electrode at the millimeter length scale

but also probes the spatially resolved chemical information of
sulfur-based species using the microsized beam. Figure 3a
shows an XRF image of a pristine SPAN cathode (2 × 4 mm2

area) measured at an incident X-ray beam energy of 2480 eV.
An inhomogeneous distribution of sulfur-based species is
observed, as depicted with circles for high- and low-S
concentration areas in Figure 3a. The corresponding XAS
spectra of the selected areas are shown in Figure 3b. The
absorption intensity, so-called the “edge-jump”, indicates the
total absorption of sulfur species at the spot where the
microsized beam [16 μm (horizontal) × 5 μm (vertical)]
shined. For a more detailed investigation of the chemical state,
the XAS plot is normalized, as shown in Figure 3c. A spectral
distortion is observed at the XANES, which should be mainly
caused by self-absorption due to the high sulfur concentration
for the spectrum collected from the high S area. Except for the
spectral distortion, the chemical status of the pristine SPAN
cathode is uniform and only has a slight thickness variation
that might have been induced by the slurry casting process
used for electrode fabrication. Both spectra represent the same
three major peaks as indicated: 1 (2468.5 eV), 2 (2470.8 eV),
and 3 (2472.5 eV) (Figure 3c). These peaks can be attributed
to the transition from S 1s to SC π*, S−S σ*, and S−C σ*

Figure 2. XPS of the cycled SPAN cathode. C 1s spectra in (a) CarE, (b) EE, and (c) ENE. F 1s spectra (d) CarE, (e) EE, and (f) ENE. S 2p
spectra in (g) CarE, (h) EE, and (i) ENE.
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states in the SPAN structure, respectively.32,33 The corre-
sponding bonding structure is displayed with a colored circle
over the SPAN structure in Figure 3d. The proposed structure
in Figure 3d is adopted from the previous report by Fanous et
al.34 We note that this model is only one of several structures
that have been proposed,23,35−37 which might be due to the
variance of the synthesis route and the resulting complexity of
the polymeric structure of SPAN. Although the proposed
structures differ in detail, all of them incorporate covalent
bonding between sulfur and carbon in the SPAN, instead of
the physical absorption of elemental sulfur in carbon. In this
study, we use the structure in Figure 3d for the following
discussions, which is consistent with the observed result from
the XAS data.
Figure 4a shows the XRF images for SPAN cathodes after

five cycles and in a charged (delithiated) state with different
electrolytes. XRF images were collected at two different
incident X-ray energies of 2469 and 2480 eV. The images
collected at 2469 eV represent the chemical states of low
valence S (e.g., SC π*, Li2Sx) only, while the images
collected at 2480 eV are used for representing excitations of all
sulfur states available below 2480 eV. Interestingly, a lower-S-
concentration area (dark blue color region) is observed for the
EE case at the 2469 eV, whereas no noticeable difference is
observed at 2480 eV. This indicates that the transition-allowed
states for the pre-edge region in the EE case are diminished,
which implies a reduced concentration of SC π* (or low
valence state S such as LiSx). The corresponding XAS spectra
for each selected area are shown in Figure 4b, which contain
three distinct peaks featured at around 2469, 2471, and 2478
eV. All the electrodes show a uniform S distribution with
almost no variance in each spectrum, while some variations in
peak developments are observed in different electrolyte
systems.
A more detailed analysis of the chemical states can be

performed with normalized XAS spectra in Figure 4c. By
comparing the spectra with that of pristine SPAN, several

Figure 3. (a) XRF image of pristine SPAN cathode measured at incident X-ray beam energy of 2480 eV with indications of inhomogeneous
distribution of sulfur-containing chemical species, (b) measured S K-edge μXANES spectra at the selected area for low and high S concentration
indicated in the XRF image. (c) Normalized S K-edge μXANES spectra and (d) model structure of SPAN redrawn based on the previous report by
Fanous et al.34 All of the red, yellow, and purple regions indicating that SC, S−S, and S−C bonds exist in the SPAN in this study.

Figure 4. (a) XRF image of SPAN cathodes (4 × 4 mm2 area) cycled
in EC/DMC, DME/DOL, DME/DOL with LiNO3, measured with
an incident beam energy of 2469 and 2480 eV. (b) Corresponding S
K-edge XANES spectra were measured at low and high S
concentration regions chosen from (a). (c) Normalized S K-edge
XANES spectra for comparison with reference spectra of Na2S2 and
Li2S8.

41
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distinct peak changes could be observed. First, the SC π*
peak of SPAN diminishes in all electrolytes after cycling, which
does not fully recover to its initial status, reflecting the
irreversible cleavage of the SC bond. Further investigation
on the irreversible cleavage of the SC was made with the
SPAN electrode at a fully discharged state (at 1.0 V vs Li/Li+)
and fully charged state after the first cycle (at 3.0 V vs Li/Li+)
in EE or ENE. As shown in Figure S3a,b, the peak for the S
C bond disappears, regardless of CEI composition at the fully
discharged state. The SC bond is only partially recovered
during the charging process, which might lead to the
irreversible capacity loss during the first cycle. Additionally,
in contrast to the EE case, a new peak associated with Li2Sx
appeared after first charge for the cases of CarE and ENE.
Notably, the Li2Sx peak is enhanced upon cycling in the
presence of LiNO3 (Figure S3b), indicating the accumulation
of Li2Sx on the SPAN cathode during the cycling. The lack of
Li2Sx for the EE electrolyte implies dissolution of Li2Sx into the
electrolyte rather than being retained in the SPAN cathode.38

This is a direct evidence of the polysulfides Li2Sx dissolution
that might result in polysulfide shuttling. The shuttling of
polysulfide is also confirmed by cross-checking the Li metal
surface, which will be discussed later.
We next analyze the spectra in Figure 4c in the energy range

of around 2471 eV, where the absorption peak intensities of
the S−S bond and S−C bond decrease after five cycles. A
change of these peaks is associated with radical-type SPAN
formation with cleavage of the S−S and S−C bonds in the
SPAN structure during the first cycle.36 A dissolution or loss of
sulfur units from the SPAN molecules may also be involved,
and it appears as a more considerable decrease of the S−S
bond in the XANES spectrum for the electrode cycled in EE.
Finally, a broad peak with a center at around 2478 eV, which
we attribute to the CEI, appears for all the samples. The broad
peak for the CEI over the wide range of energy is attributed to
the transition from the 1s to the S−O σ* state in the oxidized
sulfur species such as −SO3

2− (2477 eV), −COSO2− (2479
eV), and −SO4

2− (2482 eV).39−42

Investigation of cycled SPAN cathodes from different
electrolytes has addressed the following points regarding the
structural changes of SPAN and the role of a LiF-rich CEI in
the ether electrolyte: (1) the first cycle irreversible reaction is
associated with the irreversible cleavage of SC and S−C
bonds in the SPAN structure; (2) lithium polysulfide, Li2Sx,
forms in the cathode after the first full cycle. In the EE
electrolyte, the decrease of the S−S bond and the Li2Sx peak
reveals that the fast capacity degradation of SPAN in EE is
caused by the Li2Sx dissolution and shuttling; (3) in contrast,
the Li2Sx peak is stable in CarE and ENE due to the formation
of a LiF-rich CEI, which explains the stable cycling of SPAN in
these two electrolytes. The LiF-rich CEI serves as a protective
layer for the SPAN cathode to prevent the Li2Sx from
dissolving into the EE.36

In order to probe the effect of electrolytes on the anode, we
also collected XRF images and XAS on the Li electrode
surface. Although the XAS is not a technique capable of
directly probing the Li metal due to the low energy
characteristic of Li, the sulfur-containing solid electrolyte
interface (SEI) layer can be characterized with S K-edge XAS.
Moreover, XRF imaging at 2480 eV can visualize the SEI layer
that reflects the morphology of lithium metal underneath it.
The XRF images for the cycled lithium metal anode in the
different electrolytes are shown in Figure 5a. Nonuniform and
rough shapes of Li deposition are observed for the lithium
anode cycled in CarE, while spherical and relatively uniform Li
deposition is observed in EE and ENE. A schematic sketch of a
cross-sectional view of the lithium metal for each case is shown
in Figure 5b. Figure 5c shows the morphology of lithium after
100 cycles in CarE and ENE electrolytes. The lithium in CarE
developed a mossy appearance, while the lithium in ENE
electrolyte deposited as large grains with a relatively regular
round shape. The better morphology is typically associated
with higher coulombic efficiency of the Li anode43−46 because
a more compact lithium deposition would result in a more
uniform and efficient stripping in the next charging cycle.
The corresponding XAS spectra are plotted in Figure 5d.

The highest-intensity peak at 2479 eV corresponds to the SEI

Figure 5. (a) XRF image of Li metal anodes cycled in CarE, EE, and ENE, measured at an incident beam energy of 2480 eV. (b) Corresponding
schematic sketch of a cross-sectional view of the Li metal anode for each case and (c) SEM images for the Li metal anode after 100 cycles in CarE
and ENE. (d) Normalized S K-XANES measured from the selected area from (a).
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layer, including oxidized sulfur species such as −COSO2, a
product of electrolyte decomposition.40 A small peak of Li2S
appears just below 2473 eV in the case of EE. Li2S, which is the
final product of the conversion of lithiated sulfur, can be
formed only through the shuttling of Li2Sx from the cathode
side. In contrast, the electrode cycled in ENE shows no Li2S
peak. This result confirms that the LiF-rich CEI could
effectively suppress the polysulfide shuttle in the EE electro-
lyte.
The SPAN electrode with an areal capacity of 1 mA h cm−2

shows stable cycling in both CarE and ENE. To further
elucidate the benefits of the ENE electrolyte under a more
realistic battery testing condition, we tested a high-areal-
capacity SPAN electrode under lean electrolyte conditions, an
important step toward realizing cells with high energy density.
As shown in Figure 6a, when the electrolyte amount was
reduced to 3 g A h−1, the cell with CarE initially was unable to
deliver any capacity due to the poor wettability of EC/DMC. It
took 25 cycles to activate the thick SPAN electrode, but its
capacity quickly decayed due to the consumption of the
electrolyte. We also conducted the same experiment with 1 M
LiTFSI-EC/EMC, which shows a significant improvement in
wettability. The cell initially delivered a reversible capacity of 6
mA h cm−2. However, it suffered from soft shorting in the
fourth cycle, as indicated by the fluctuating voltage profile in
Figure 6c.
While the high-loading SPAN cells with lean carbonate

electrolyte either shorted quickly or experienced fast capacity
decay, the lean ENE electrolyte cell with the help of the LiF-
rich CEI showed very stable cycling for 40 cycles, as displayed
in Figure 6d. The electrode delivers an initial reversible
capacity of 6.67 mA h cm−2, which still maintains 6.34 mA h
cm−2 in the 40th cycle. In terms of the voltage profiles, the

CarE electrolyte cell shows rapid polarization increase, while
the ENE one is relatively stable. The amplified difference in
cycling stability arises from the difference in lithium
morphology. When the mossy morphology is formed in the
carbonate electrolyte, the porous lithium requires an electro-
lyte to fill the pores, a major issue with lean electrolyte
conditions. The cell impedance will quickly rise as a
consequence of electrolyte consumption. In addition, the
dendritic morphology in the carbonate electrolyte could also
result in internal shorts, as shown in the 1 M LiTFSI-EC/EMC
electrolyte. The deposition of large lithium grains in the ENE
electrolyte combined with the LiF-rich CEI enabled stable
cycling of the high-areal-capacity SPAN electrode cycled under
lean electrolyte conditions.

3. CONCLUSIONS

In conclusion, we have conducted detailed structural, chemical,
and electrochemical analysis of Li∥SPAN cells with three
electrolytes, CarE that enables stable cycling of SPAN but not
Li, EE that enables stable cycling of Li but not SPAN, and ENE
that allows both electrodes to cycle stably. XPS results have
revealed the formation of a robust LiF-rich CEI layer in the
ENE. The role of the LiF-rich CEI layer has been further
explored with the S K-edge spatially resolved XAS/XRF, which
reveals the formation of Li2Sx on the SPAN cathode after one
discharge−charge cycle. In the EE electrolyte, Li2Sx diffuses to
the Li anode and covers the Li surface in its reduced form of
Li2S. In ENE, a robust LiF-rich CEI on the SPAN cathode
enables effective prevention of Li2Sx shuttling and retaining
Li2Sx on the SPAN cathode, as evidenced by the absence of
Li2S formation on the Li metal anode. Leveraging the good
compatibility between Li and ether-based electrolyte and our

Figure 6. (a) Lean electrolyte (3 g A h−1) cycling performance of a thick SPAN electrode in carbonates and DME/DOL with LiNO3. (b) Voltage
profile in 1 M LiTFSI-EC/DMC. (c) Voltage profile in 1 M LiTFSI-EC/EMC. (d) Voltage profile in 1 M LiTFSI-DME/DOL with 0.5 M LiNO3.
The cells were cycled at C/5 (1C = 550 mA h g−1).
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improved understanding in the role of the LiF-rich CEI, we are
able to realize a stable-cycling and high-energy-density
Li∥SPAN cell with a high areal loading SPAN cathode (>6.5
mA h cm−2) and a lean electrolyte amount of 3 g A h−1 that
shows 40 stable cycles in the ENE electrolyte. Our work proves
the benefits of using an ether electrolyte with nitrate additives
for Li∥SPAN cells under a high-loading, lean-electrolyte
condition and advances the understanding of the critical
roles of electrode/electrolyte interfaces on enabling stable
cycling of SPAN.
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