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ABSTRACT: Sulfurized polyacrylonitrile (SPAN) has attracted
a lot of attention because of its low cost, high capacity, and
great reversibility. Due to its structural complexity and
amorphous nature, reaction mechanism of SPAN is little
understood. Here we study the structural and interphasial
changes of SPAN using synchrotron-based pair distribution
function (PDF) analysis and soft X-ray absorption spectroscopy
(sXAS). PDF identifies key structural features, including C−S
bond, sulfur dimer, and sulfur chain in SPAN. The sulfur dimer
bridging the pyridine network partially converts to sulfur chain
during the first charging. In the following cycles, sulfur chain
goes through lithiation and delithiation with reversibility
dependent on the electrolytes. SXAS reveals surface changes
of SPAN. After the first cycle, a negatively charged carbon or fused benzene layer is formed, on top of which is another layer
formed by the electrolyte decomposition. The layer formed by localized high concentration electrolyte is stable during cycling.

Lithium−sulfur (Li||S) batteries are one of the most
promising high energy density energy storage systems
because it utilizes multielectron redox reaction and

therefore delivers exceptionally large capacity.1−4 Their
cathodes are based on sulfur, which is cheap and abundant,
having no reliance on the scarce and expensive transition
metals that are needed by oxide cathodes. However, traditional
Li||S battery with elemental sulfur cathode faces stability issues
owing to the polysulfide dissolution and the following shuttling
effect, leading to active material loss, low Coulombic efficiency
(CE) and short cycle life. To address these issues, an
alternative cathode, sulfurized polyacrylonitrile (SPAN), has
been extensively investigated. The SPAN cathode was first
synthesized by Wang et al.5 in 2002 by heating the sulfur and
polyacrylonitrile (PAN) mixture under argon atmosphere. The
obtained SPAN is more electronically conductive and delivers
high capacity. More importantly, it can mitigate the polysulfide
dissolution, providing a much more stable cycle life.
A lot of research efforts have been devoted to understanding

the structure and charge storage mechanism of SPAN. Various
characterization tools such as X-ray photoelectron spectrosco-
py (XPS), Raman spectroscopy, and nuclear magnetic
resonance (NMR) were employed, and many reaction
pathways have been proposed. Zhang et al. used thermogravi-
metric analysis, Raman and other elemental analysis techniques
to characterize SPAN and proposed that the reversible

breaking and reformation of S−S and C−S bonds are
responsible for the capacity delivered.6 Using NMR, electron
paramagnetic resonance and simulation tools, Ming’s group
suggested that S−S bond breaking and reformation take place
only in the first cycle, contributing to the capacity. For the
following cycles, the capacity is from the reversible conversion
between ionic SPAN and radical SPAN.7 Recently, the
combination of XPS, NMR, and Fourier transform infrared
spectroscopy results suggest the breaking and reformation of
N−S bond also contributes to the reversible lithium storage.8

SPAN has considerable irreversible capacity loss in the first
cycle. Its origin has been studied and understood as the
irreversible reactions between lithium and C�C, C�N, or
pyridine rings.9 While these progresses have been made, there
is still a lack of direct structural probe to answer some of the
important questions facing SPAN. For example, are the
changes of C−S and S−S bonds reversible? what is the
linkage between sulfur atoms in the pristine material and how
does that evolve during cycling?
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Much effort has also been devoted to improving the
electrochemical performance of Li||SPAN system by optimiz-
ing the electrolyte.10−12 Unlike the Li||S (elemental sulfur)
system in which ether electrolyte is usually used, Li||SPAN
typically employs carbonate electrolyte which is believed to be
compatible with the SPAN cathode. However, the side
reactions between carbonates and Li metal lead to stability
issues. The widely used ether-based electrolytes in Li||S
batteries are generally stable against lithium metal anode but
suffer from problems of lithium polysulfides dissolution from
the SPAN, resulting in capacity fading. Increasing salt
concentration and introducing additives/cosolvents (i.e.,
fluoroethylene carbonate) can alleviate the shuttling effects.13

Recently, localized high concentration electrolytes (LHCE)
have been designed and used, showing efficient passivation of
the lithium anode and suppression of the polysulfide
dissolution.14,15 To provide rational guidance of the electrolyte
design, it is important to understand the interphase of SPAN in
various electrolytes. Unfortunately, such information is very
limited in the literature.
Herein, synchrotron-based techniques including X-ray pair

distribution function (PDF) and soft X-ray absorption
spectroscopy (sXAS) are utilized to characterize the structure
and the interphase of SPAN. PDF is an ideal tool for analyzing
complicated structures without crystallinity limitation and has
been used for understanding polymer, interphase, as well as
liquid systems.16−18 SXAS probes the surface (1−100 nm)
region of the sample and provides the chemical information.
Using electron yield and fluorescence yield detection modes
simultaneously, sXAS can differentiate the chemical informa-
tion at different depths in the interphase.19,20 We explore the

structural and interphasial properties of SPAN and reveal how
they are dependent on the electrolytes used for the Li||SPAN
cells.
To investigate the structure and interphase of cycled SPAN

cathode, two different electrolyte systems were studied, LHCE
electrolyte (1.8 M LiFSI in DEE/BTFE; LiFSI, lithium
bis(fluorosulfonyl)imide; DEE, diethyl ether; BTFE, bis-
(2,2,2-trifluoroethyl)ether; weight ratio 1:4) and DOL/DME
electrolyte (1 M LiTFSI in DOL/DME; LiTFSI, lithium
bis(trifluoromethanesulfonyl)imide; DOL, 1,3-dioxolane;
DME, 1,2-dimethoxyethane; volume ratio 1:1). The electro-
chemical results are displayed in Figure 1. When LHCE is
used, the Li||SPAN battery shows a reversible charge and
discharge behavior, maintaining a reversible capacity of ∼600
mAh g−1 during the first 50 cycles (Figure 1a). When DOL/
DME electrolyte is used, there are plateaus at ∼2.1 V during
discharge and at ∼2.4 V during charge. This may be due to the
polysulfide shuttling effect as explained in previous SPAN
studies by other research groups6,10,21,22 (Figure 1b).
Interestingly, the feature is different from the typical
polysulfide shutting curve seen in Li−S batteries. A possible
reason may be that the specific chemical nature of the
polysulfides dissolved may be different (for example, the
dissolved polysulfides may have different chain length for
SPAN and for elemental sulfur) and the solvation process
involved may also be different. The cycling stability is shown in
Figure 1c,d, corresponding to LHCE and DOL/DME
electrolyte, respectively. A stable capacity retention of
∼98.4% at the 50th cycle (based on the change capacity of
the first cycle) was achieved when using LHCE electrolyte. In
contrast, the Li||SPAN cell using DOL/DME electrolyte only

Figure 1. Charge−discharge profile of Li||SPAN battery using (a) LHCE and (b) DOL/DME electrolytes. The cycling performance of Li||
SPAN using (c) LHCE and (d) DOL/DME electrolytes.
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delivered a capacity of ∼214 mAh g−1 at the 50th cycle,
corresponding to a capacity retention of less than 30%. The
distinct electrochemical performance suggests SPAN may
experience different structural and interphasial evolution
during cycling, which are systematically investigated and
discussed below.
To understand the bulk structural change of SPAN,

synchrotron-based PDF was utilized. It can monitor the
evolution of bonds and interactions of atom pairs of interest
during electrochemical cycling. In the pristine SPAN material,
there are five peaks between 0.5 to 3.5 Å shown in the PDF
results (Supporting Information (SI), Figure S1). Peaks 1, 4,
and 5 correspond to the direct or indirect C−C/C−N
interactions in the pyridine rings. Peaks 2 (at 1.73 Å) and 3
(at 2.10 Å) are very important for structural analysis as they
correspond to C−S and S−S bonds in the SPAN structure,
respectively, and do not overlap with peaks from other
structural features.
Ex situ PDF results of pristine SPAN and cycled SPAN in

LHCE and DOL/DME systems are shown in Figure 2a. In
both LHCE and DOL/DME systems, C−S bond changes
during cycling. The C−S bond length increases after discharge
as indicated by the peak shifting to larger r values. This is likely
caused by the lithiation process that leads to C−S−Li
interaction. Upon charge, while the length of C−S bond
decreases and mostly returns to the initial value in the pristine
SPAN as indicated by the peak position change, the abundance
of C−S bonds cannot be fully restored at the end of first cycle,
as indicated by the peak intensity change. This suggests that

some of the C−S bonds change into other chemical species
and C−S bond may be associated with the irreversibility of the
first cycle. The abundance of C−S bonds is further decreased
upon cycling, as indicated by the peak intensity decrease.
Combining this with the analysis of other structural changes,
the loss of C−S bonds is likely associated with the sulfur dimer
to sulfur chain conversion during cycling as will be elaborated
later.
Another important structural feature is the S−S bond which

is indicated by the PDF peak at 2.10 Å. In both electrolytes,
the intensity of this peak decreases after first discharge,
indicating the breaking of S−S bonds. This happens as SPAN
is lithiated and lithium is attached to each sulfur belonging to
the original S−S bond or the sulfur dimer. The intensity of the
sulfur dimer peak gradually regains its intensity during
charging, indicating the reformation of S−S bond. Interest-
ingly, a new peak (at 3.3 Å) that is not present in the pristine
SPAN appears after charging to 2.5 V. In the PDF data of
elemental sulfur, it can be seen that the 3.3 Å peak arises from
the presence of the second nearest-neighbor correlation among
sulfur atoms (Figure 2b, and SI, Figure S2). As this structural
feature appears only if sulfur chain is formed, the presence of
the 3.3 Å peak is an effective indicator of sulfur chain
formation. Its appearance indicates that during the first cycle,
sulfur chains (−S−S−S−) which were not present in the
pristine SPAN were formed upon electrochemical delithiation
as illustrated in Figure 2b. It is worth noting that the
development of sulfur chain peak is accompanied by the
decrease of C−S peak, suggesting that sulfur from C−S bonds

Figure 2. (a) PDF results of cycled SPAN cathode using LHCE and DOL/DME electrolytes. (b) (left) Molecular structure of SPAN and S−S
interactions. (right) The PDF results of SPAN powder and elemental sulfur.
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(likely those nonaromatic C−S bond and C�S double bond)
contributes to the formation of sulfur chain during cycling. The
C�S and C−S bonds cannot be well distinguished by PDF
data because their bond lengths are very close. However, the
presence of C�S in the pristine SPAN can be identified by
sulfur K-edge XAS as shown in our previous study.21 It should
be noted that while C�S bond has higher bond energy than
the S−S bond, breaking of C�S bond and formation of S−S
bond do not necessarily mean the net effect is an energy
increase in the material. This is because formation of C�C
bond which has high energy is very likely also involved during
the process and the overall effect is a decrease in the energy of
the SPAN. The right panel of Figure 2b shows the PDF data of
SPAN and elemental sulfur, both in pristine state. It is clear
that the S−S bond length in SPAN (the sulfur dimer
connecting the pyridine networks) is longer than that in the
elemental sulfur. This explains why the S−S bond shortens
after sulfur chain formation as indicated by ex situ PDF data in
Figure 2a. Previously, various pristine SPAN structures were
proposed, including different S chain length and different
bonding configurations (N−Sx−N or C−Sx−C).23,24 Our PDF
results in Figure 2b suggest the absence of sulfur chain in the
pristine SPAN structure. Due to the fact that C−S and N−S
have close bond lengths, the possibility of N−S bond cannot
be validated or disapproved by PDF result. It should be noted
that while conventional SPAN synthesis usually involve
vacuum or Soxhlet extraction steps after obtaining SPAN
powders from the furnace, we skipped these procedures out of

the concern that they may remove some of the short chain
sulfur and lead to reversible capacity loss. Intuitively, this may
give rise to residual elemental sulfur which contains sulfur
chains. However, the whole synthetic process is carried out in a
tube furnace with Ar flow at the temperature of 450 °C. The
excess sulfur, if there is any, would sublime and flow away from
the products during the annealing process. That may explain
the absence of long chain sulfur in the pristine SPAN material
as indicated by the PDF results. These results also suggest that
the structure of SPAN is highly dependent on the synthesis
procedure.
In the first and second cycles, the behaviors of sulfur dimer

and sulfur chain peaks are mostly the same between LHCE and
DOL/DME electrolytes, suggesting the similar reaction
mechanism in these two electrolytes. However, the behaviors
of the two peaks are very different between the two electrolytes
in the following cycles. For LHCE electrolyte, the peak
intensity of S−S dimer remained almost unchanged during
cycling, indicating sulfur inventory is well preserved. In
contrast, for DOL/DME electrolyte, the intensities of S−S
dimer peak gradually decreased after multiple cycling,
suggesting the loss of sulfur. It is also noted that the peak
intensity for the second-nearest-neighbor correlation S−S
chain, which is an indication of short sulfur chains (−S−S−
S−), experience similar evolution as the S−S dimer in these
two electrolytes. For the LHCE electrolyte, the short sulfur
chain is preserved during cycling. However, for the DOL/
DME electrolyte, the loss of sulfur inventory leads to decrease

Figure 3. Carbon K-edge, oxygen K-edge, and fluorine K-edge soft XAS results of pristine and cycled SPAN in TEY mode after using LHCE
(top) and DOL/DME (bottom) electrolytes.
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in availabilities of both sulfur dimer and sulfur chain. The cause
of sulfur loss in the DOL/DME electrolyte is likely the
polysulfide dissolution. As shown in SI, Figure S3, the
separator color changed from clear to yellow when the voltage
reached to 2.5 V in the first cycle, which might be resulted
from sulfur chain formation in SPAN followed by polysulfide
dissolution in the electrolyte. In addition to C−S and S−S
bonds, the peak at ∼2.8 Å, which corresponds to the longest
interaction in the pyridine ring (SI, Figure S1), also changes
during cycling. This is because the size of the ring changes in
response to the lithiation/delithiation process. As a result, the
atomic distance and the corresponding PDF peak position
changes. The ring structures are in general uniform in the
pristine SPAN but gradually lose the uniformity during cycling,
leading to the PDF peak broadening and intensity decrease.
In addition to the bulk structure, the interphase is also

important to the overall electrochemical performance. To
study the interphase, ex situ sXAS was employed. The data was
collected in both total electron yield (TEY) mode and partial
fluorescence yield (PFY) mode which has probing depth of 2−
5 nm and tens of nm, respectively. In the TEY mode (Figure
3), the results demonstrate the chemical information on the
top cathode electrolyte interphase (CEI) on the cycled SPAN
cathode. The evolution of carbon species is revealed in the
carbon K-edge sXAS spectra. In the pristine sample, the peaks
arise from different antibonding orbitals associated with the
pyridine C�C, C−S, and C�O bonds,25,26 which are labeled
in Figure 3. After cycling, the pyridine C�C peak intensity

decreased because of the CEI formation, and a vinyl C�C
peak at lower energy was observed. Carbonyl and small
amount of semicarbonates are also observed in the CEI formed
in the LHCE electrolyte. When the DOL/DME electrolyte is
used, the CEI is dominated by large amount of semicarbonates.
This is probably due to the ring-opening and polymerization of
DOL solvents.27,28 Comparing among different cycles, LHCE
forms a stable CEI even in the formation cycle as the spectra
show little change from first cycle to the 50th cycle. However,
the spectra collected from DOL/DME electrolyte keep
evolving during cycling, suggesting continuous side reactions
on the SPAN surface.
In the oxygen K-edge sXAS results, the pristine SPAN

cathode has a single peak at ∼532 eV which might correspond
to the C�O interactions on the pyridine ring. But it should be
noted that oxygen amount in the pristine SPAN is very small as
demonstrated by the very small edge jump shown in the raw
sXAS data (SI, Figure S4), agreeing with the previous SPAN
elemental analysis results.10 Upon cycling, new peaks arise and
evolve and their ways of evolution is highly dependent on the
electrolyte used. In the LHCE electrolyte system, the salt anion
(FSI−) derived products are the dominant species, which is
suggested by the sXAS of standard LiFSI material (SI, Figure
S5). While in the DOL/DME electrolyte system, the sXAS
spectra are dominated by the peaks corresponding to
semicarbonate species, suggesting CEI is dominated by
products resulting from DOL solvent decomposition. Compar-
ing the spectra from different cycles, it is obvious that LHCE

Figure 4. Carbon K-edge, oxygen K-edge, and fluorine K-edge soft XAS results of pristine and cycled SPAN in PFY mode after using LHCE
(top) and DOL/DME (bottom) electrolytes.
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generated much more stable interphase than DOL/DME
electrolyte as the spectra of the former have little change
during cycling.
The fluorine K-edge sXAS spectra show that for the pristine

state, the signals are exclusively from the polyvinylidene
fluoride (PVDF) binder which contains C−F bond. After the
first cycle, there are additional peaks corresponding to FSI−
derived species in the spectra of SPAN cycled in LHCE
electrolyte. In comparison, the spectra of SPAN cycled in
DOL/DME electrolyte have little change after the first cycle,
suggesting anion is not involved in the interphase formation.
After 2 cycles, more peaks were observed owing to the
fluorine-containing salt (either LiFSI salt in LHCE electrolyte
or LiTFSI salt in DOL/DME electrolyte) or/and solvent
decomposition during battery cycling. The fluorine sXAS
spectra of LiFSI and LiTFSI salts are shown as references in SI,
Figure S6. In the DOL/DME systems, the spectra kept
evolving during cycling. After 50 cycles, the signals from PVDF
in the initial cycles diminished and the spectra become
dominated by TFSI- derivatives and LiF peaks, suggesting the
formation of a LiF-rich CEI. In contrast, LHCE electrolyte
enables a much more stable interphase formation, with the
fluorine sXAS spectra showing minimum change after the
second cycle. Its interphase is dominated by the LiF and FSI−
derived species.
The PFY results in Figure 4 provide the chemical

information in the deeper CEI, with the possibility involving
bulk SPAN cathode if the thickness of CEI is within the
probing depth. It is reported that the nitrogen-rich, aromatic
carbon backbone in the SPAN structure plays a significant role
in enabling the highly reversible redox chemistry.29 To gain
more insights into this, C and N PFY spectra were collected for
understanding the change of carbon and nitrogen in the
structure after electrochemical cycling. In the carbon spectra,
the different shape and peak in PFY and TEY modes suggest
that the carbon species distribution has depth-dependence in
the CEI. For example, the vinyl peaks are much weaker in PFY
than those in TEY, indicating that these species are more likely

on the top layer of CEI and on the side close to the
electrolytes. Instead, negatively charged carbon or fused
benzene signals are present in the PFY spectra, indicating
they are in the bottom layer of CEI or are from the bulk SPAN,
which experience changes after electrochemical cycling.
Because most oxygen and fluorine species are from the
electrolyte decomposition products which accumulate on the
cathode surface, the TEY and PFY of oxygen and fluorine show
similar peak shape and chemical information. Salt-derived
species signals dominate the oxygen and fluorine spectra of
cycled SPAN in LHCE electrolyte, while solvent and salt
decomposition products both contribute to the CEI formed in
the DOL/DME system. In detail, the peak intensities show
some differences. For example, the TEY spectra of SPAN in
DOL/DME electrolyte are dominated by LiF signals, but the
PFY counterparts are dominated by peaks from TFSI− derived
species with minor contributions from LiF. This change
suggests a continuous salt decomposition and LiF accumu-
lation at the surface of SPAN when DOL/DME electrolyte is
used.
Nitrogen K-edge sXAS spectra have also been measured in

both TEY and PFY modes. In the TEY mode (SI, Figure S7a),
the N spectra of SPAN cycled in LHCE electrolyte is
dominated by the FSI− species. In the DOL/DME electrolyte
system, the nitrogen signals are from both TFSI− and pristine
SPAN. SI, Figure S7b, shows the PFY results for two
electrolyte systems. In the pristine SPAN electrode, the
pyridinic peak is observed, in agreement with the proposed
structures in the previous literature.30 After cycling, the
pyridinic peak shoulders experienced some changes as marked
in the shaded region. The higher energy shoulder (400−402
eV) disappears after first discharge but comes back after first
charge. This reversible change is likely associated with the
active role of nitrogen in the charge storage mechanism which
has previously been reported.31 In the lower energy region, the
peaks experience some irreversible change for both LHCE and
DOL/DME electrolytes, which is likely associated with the
CEI formation process during cycling.

Figure 5. Schematic illustration of SPAN structural evolution (top) and interphasial development (bottom) during charging and discharging
process.
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According to the sXAS results, the CEI formed in the LHCE
electrolyte is dominated and stabilized by anion derived species
including both molecule segments (likely amorphous) and LiF
(likely crystalline). In contrast, the CEI formed in the DOL/
DME electrolyte mainly consists of species from the
continuous decomposition of salt and solvent. In comparison,
we also studied the interphase of SPAN formed in the
conventional carbonate electrolyte (1 M LiPF6 in EC/EMC;
EC, ethylene carbonate; EMC, ethyl methyl carbonate; weight
ratio 3:7), which has been considered stable against SPAN
cathode. The electrochemical performance and sXAS results
are shown in SI, Figure S8 and S9, respectively. SI, Figure S8,
shows that stable cycling of SPAN can be achieved using
carbonate electrolyte in the first 50 cycles. In SI, Figure S9,
there are semicarbonate species formed by the solvent
decomposition and PF6− species accumulated on the SPAN
surface during cycling. These results showed that carbonate
electrolyte is not fully stable against SPAN cathode, and the
side reactions lead to continuous electrolyte decomposition,
may cause capacity decay after long-term cycling.
Based on the PDF and sXAS results, the evolution of the

structure and the interphase are summarized in Figure 5. In the
pristine SPAN structure, there are C−S bonds and sulfur
dimers connecting the pyridine networks. After first discharge,
lithiation breaks the S−S bond and forms the −S-Li entities,
contributing to the electrochemical capacity. During the charge
process, the SPAN structure undergoes structural change. The
S−S dimer linking the pyridine rings is now replaced by the
short sulfur chain (−S−S−S−). Such a process is accompanied
by the breaking of nonaromatic C−S bond and C�S double
bond, which supplies the sulfur atom needed in forming sulfur
chains. The formed S−S chain is actively involved in the
reversible lithiation and delithiation in the following cycles. In
addition, the loss of sulfur inventory because of polysulfide
dissolution in the DOL/DME electrolyte was observed. Soft
XAS revealed the chemical composition and their distribution
in the cycled SPAN surface. After cycling in both LHCE and
DOL/DME electrolyte, vinyl species accumulate on the top
CEI, while the negatively charged carbon or fused benzenes
stay close to the bulk SPAN. The FSI− derived interphase was
formed in the LHCE, which was formed after the first/second
cycle and highly stable, experiencing little change during
cycling and effectively protecting SPAN cathode. Because of
the compatibility between LHCE with both Li metal anode
and SPAN cathode, the Li||SPAN battery delivers stable
capacity when using LHCE electrolyte. However, in DOL/
DME system, the unstable CEI generated by solvent and salt
decomposition was not able to passivate SPAN cathode,
resulting in polysulfide dissolution and rapid battery failure.
In this work, the structural and interphasial change of SPAN

cathode in different electrolytes have been investigated. The
synchrotron-based PDF monitored the C−S and S−S bond
change during cycling. Sulfur dimers in the pristine SPAN
convert into short sulfur chains upon electrochemical cycling,
using sulfur atoms originally belonging to the C−S bond.
When LHCE electrolyte is used, sulfur inventory is well
maintained in SPAN and the short chain sulfur contributes to
the capacity reversibly. However, in the case of DOL/DME
electrolyte, polysulfide dissolution leads to sulfur loss from
SPAN and the structure of SPAN cannot be maintained. The
stability and chemical composition of the interphase on the
cycled SPAN is highly dependent on the electrolyte. LHCE
enables a stable and protective salt-derived CEI on the SPAN

cathode, while the unstable interphase formed in DOL/DME
and carbonate systems causes continuous solvent and salt
decomposition. The utilization of PDF and sXAS not only
provide new structural change mechanisms and comprehensive
surface chemical information, but also serve as novel tools to
investigate complicated and amorphous cathode system for
further investigation.
Methods. Electrode and electrolyte preparation: The

SPAN was synthesized by heating the mixture of elemental
sulfur (Alfa Aesar) and polyacrylonitrile (Sigma-Aldrich, Mw =
150 000) in a weight ratio of 4:1 in an argon-flowing tube
furnace at 450 °C for 6 h.21 After cooling to room temperature,
pristine SPAN with sulfur content of 43.03 wt % is obtained.32

The SPAN cathode was prepared by mixing SPAN powder,
conductive carbon, and polyvinylidene fluoride (PVDF) binder
(weight ratio 8:1:1), with the addition of N-methyl-2-
pyrrolidone (NMP) solvent. Afterward, the slurry was casted
onto Al foil and then dried inside the vacuum oven at 80 °C
overnight. The obtained electrodes were cut into 1/2” discs
with a mass loading of 5 mg cm−2 for battery assembly.
Three different electrolytes, 1 M LiPF6 in EC/EMC (3/7 wt

%), 1 M LiTFSI in DOL/DME (1/1 vol %), and 1.8 M LiFSI
in DEE/BTFE (1/4 wt %), were prepared in the glovebox with
controlled oxygen and water level.
Electrochemical measurements: The 2032 type coin cells

were used for the electrochemical performance evaluation. The
Li||SPAN battery was assembled inside the glovebox using Li
foil (thickness: 250 um) as anode and SPAN as cathode
sandwiched by a Celgard 2320 separator. In each cell, 70 μL
electrolyte was used. Galvanostatic cycling of Li||SPAN battery
was conducted within the voltage range of 1−3 V at a current
density of 0.1 A g−1.
Synchrotron characterizations: The cycled SPAN cathode

after certain cycles was collected, washed by electrolyte solvent,
and then dried for advanced characterizations. For PDF
characterizations, the SPAN powder was collected from the
cycled electrode using doctor blade. Then the powder samples
were packed inside the capillary sealed by epoxy to avoid air
contamination. The PDF measurements were carried out at the
28-ID-2 (XPD) beamline of National Synchrotron Light
Source II (NSLS-II) at Brookhaven National Laboratory
(BNL), using a photon wavelength of 0.18475 Å. Each sample
was measured for 20 min to obtain a high-quality data. The
obtained data was integrated using Fit2D software.33 The PDF
and G(r) values were extracted using PDFgetX3 software.34

For sXAS characterizations, the SPAN cathode was cut into 2
× 5 mm2 pieces and attached to the sample holder using
copper tape before it was loaded into the vacuum endstation.
The sXAS experiments were performed at the 23-ID-2 (IOS)
beamline of NSLS-II at BNL. Both TEY (drain current) and
PFY (Vortex EM detector) signals were collected at the
carbon, nitrogen, oxygen, and fluorine K-edges. The obtained
XAS results were analyzed using the Athena software
package.35
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