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In this study, a novel cross-sectional battery cell was developed to characterize lithium-sulfur batteries using X-ray spectromicroscopy.
Chemically sensitive X-ray maps were collected operando at energies relevant to the expected sulfur species and were used to correlate
changes in sulfur species with electrochemistry. Significant changes in the sulfur/carbon composite electrode were observed from
cycle to cycle including rearrangement of the elemental sulfur matrix and PEO;oLiTFSI binder. Polysulfide concentration and area
of spatial diffusion increased with cycling, indicating that some polysulfide dissolution is irreversible, leading to polysulfide shuttle.
Fitting of the maps using standard sulfur and polysulfide XANES spectra indicated that upon subsequent discharge/charge cycles,
the initial sulfur concentration was not fully recovered; polysulfides and lithium sulfide remained at the cathodes with higher order
polysulfides as the primary species in the region of interest. Quantification of the polysulfide concentration across the electrolyte and
electrode interfaces shows that the polysulfide concentration before the first discharge and after the third charge is constant within
the electrolyte, but while cycling, a significant increase in polysulfides and a gradient toward the lithium metal anode forms. This
chemically and spatially sensitive characterization and analysis provides a foundation for further operando spectromicroscopy of
lithium-sulfur batteries.
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New “beyond lithium-ion” battery chemistries are essential to meet
the increasing demand for long-lasting, high capacity energy storage
in portable electronics and electric vehicles. Lithium-sulfur (Li-S)
batteries are an attractive Li-ion alternative that provides large ca-
pacity (1672 mAh g~') and energy density (2500 Wh kg~!) while
also being low cost, earth-abundant, and lightweight.! Li-S batter-
ies have a unique chemistry that achieves high capacity via chemical
transformation rather than Li intercalation. Elemental sulfur (Sg) is
reduced through a series of soluble Li polysulfides (Li,Sy, 2 < x < 8)
to a final solid discharge product (Li,S), and the process is reversed
upon charging.** However, Li-S suffers from unrealized theoretical
capacity and rapid capacity fade due to loss processes that are not
well-understood.’

While many advances in electrode and electrolyte engineering have
been made in an attempt mitigate these performance issues,®'* a gap
remains in the mechanistic understanding of Li-S battery operation.
Several mechanisms for reduced capacity and capacity fade have been
proposed. Lithium polysulfides, which are necessary for operation,
dissolve into the liquid electrolyte, remain dissolved, and “shuttle”
between the electrodes rather than participating in the electrochemi-
cal reactions, decreasing the amount of active material available.>'>-'8
Low sulfur utilization results in initially low capacity that then contin-
ues to decrease with subsequent cycles.'*! Batteries are spatially and
chemically heterogeneous, and deciphering the speciation and distri-
bution of dissolved polysulfides in the anode, cathode, and especially
the electrolyte during cycling is critical for realizing the potential of
Li-S.

The best way to capture an accurate picture of battery electro-
chemistry is using operando or in situ characterization.’>** Ex situ
methods, while useful, do not provide the direct, in situ knowledge
of the dissolved polysulfides that is required to determine where and
when specific species form. Polysulfides can disproportionate with
time,”*>> and so capturing the species immediately after they form is
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critical to determining battery behavior. Because of the unique insight
they provide, operando techniques are critical to understanding all
energy storage systems but especially the chemistry of Li-S batteries.

Methods such as nuclear magnetic resonance,’®?” Raman®*?* and
UV/Vis*®3! spectroscopy have been used to characterize lithium poly-
sulfides both ex situ and in situ. X-ray diffraction®’>* and X-ray ab-
sorption spectroscopy (XAS)3-*° have been used for operando exper-
iments that focus on polysulfides, giving bulk, non-spatially resolved
information. Transmission X-ray microscopy*** provides spatially-
resolved microstructural information but lacks the ability to provide
chemical information at the sulfur K-edge due to the hard X-ray en-
ergies needed for imaging. Methods such as first principles have been
used to generate “standard” polysulfide X-ray spectra to isolate in-
dividual species before disproportionation*'*> as a complement to
operando studies and verification of experimental data. Microprobe
XAS, which uses a beam size on the order of microns rather than
millimeters, as is commonly the case for XAS, can provide more
targeted, spatially resolved information. Several of these spectra can
be stitched together to create a spatially sensitive picture, yet this
method does not provide a visualization of the chemistry that can be
directly correlated to the structure and chemistry of the battery elec-
trode. In addition, most X-ray characterization is performed through
the thickness of the battery electrodes, giving an average of the chem-
istry throughout the cell. While some cross-sectional work has been
done,**% it has been limited to XAS rather than spectromicroscopy
experiments.

In this paper, we present X-ray spectromicroscopy of a cross-
sectional Li-S battery that presents a spatially resolved chemical pic-
ture of the electrodes and electrolyte during galvanostatic cycling.
From these measurements, the condition of the electrode at different
states of charge can be qualitatively compared; furthermore, with the
use of standards and image processing methods, the concentrations of
sulfur species can be quantitatively analyzed. We find that the species
present at five representative time points during cycling vary dramat-
ically but ultimately confirm the mechanistic picture of polysulfide
reduction and oxidation. Additionally, a concentration gradient from
the cathode to the anode forms during cycling but disappears after the
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Figure 1. X-ray spectromicroscopy map (a) and scanning electron microscope
images ((b) and (c)) of the as-prepared electrode. The electrode is laterally ho-
mogeneous on a scale relevant to this experiment although the sulfur coverage
is non-uniform.

final cycle. Ultimately, we can conclude that polysulfide dissolution
is not completely reversible and that higher order polysulfides are the
primary species after the final charge.

Experimental

Electrode preparation.—The sulfur/PEO,(LiTFSI cathodes were
prepared according to the following procedure. Using a mortar and
pestle, 80 wt% sulfur (Aldrich) was combined with 20 wt% 10-20 nm
bulk carbon nanotubes (CNT) and mixed thoroughly. The mixture was
added to a round bottom flask and was evacuated to less than 50 mTorr.
The round bottom flask was then placed in an oven and heated to 150°C
for a minimum of 18 h. The resulting S/CNT composite was reground
in a mortar and pestle to break up large particulates and then ball
milled in a planetary mill for a minimum of 18 h. The PEO,(LiTFSI
binder was prepared by first mixing 60 wt% 4M mw poly(ethylene
oxide) (PEO, Aldrich) with 40 wt% bis(trifluoromethane)sulfonimide
lithium salt (LiTFSI, Aldrich), and then sufficient acetonitrile (ACN,
Aldrich) was added to produce a maximum of 4 wt% solution (based
on total mass of PEO+LiTFSI). Cathode slurries were prepared by
mixing 80 wt% S/CNT, 10 wt% PEO(LiTFSI, and 10 wt% Super
P carbon black (TIMCAL) in ACN and in a Cowles mixer/blender
until homogenized. The slurry was coated onto a carbon coated alu-
minum foil current collector (Intellicoat) using a doctor blade with
an elcometer. Films were coated at 500 wm wet film thickness, dried
overnight in atmosphere, and then placed under vacuum overnight.
The resulting coatings have an average loading of 6 mg cm~? sulfur
and a composition of 64 wt% S/26 wt% carbon/10 wt% binder. The
electrodes were examined using scanning electron microscopy (SEM,
Zeiss) and X-ray spectromicroscopy to determine the quality of the
film. These images are shown in Figure 1. In the spectromicroscopy
image Figure la, areas of red indicate higher sulfur concentration,
and areas of dark blue indicate less sulfur. The SEM image at the
same scale as the X-ray image is shown in Figure 1b with a higher
resolution image of the carbon matrix shown in Figure 1c. In Figures
la and 1b, it can be seen that the sulfur loading in not continuous, but
the film is laterally homogeneous. Figure 1c¢ shows the carbon matrix
is well-connected and homogeneous. Thus, the film is homogeneous
on the scale relevant to this experiment even if the sulfur is not con-
tinuous. The dried thickness of the film is ~90 wm as confirmed by
micrometer measurements.

Operando cell design & battery fabrication.—The cross-sectional
geometry of the cell is critical to this experiment because it provides
insight into the diffusion of sulfur species in a unique way that cannot
be captured in more conventional pouch or coin cells. The goal of
this sample design is to obtain the electrochemistry of a coin cell
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while maintaining the X-ray compatibility of a pouch cell. Thus, the
fabrication of the cell needed to be adjusted accordingly for the new
geometry.

The sulfur electrode was cut into a rectangle (active area = 0.63
cm?) using a razor blade. An equivalent size of lithium foil (Sigma-
Aldrich) was used as the counter electrode. The electrolyte solution
consisted of 1 M lithium perchlorate (LiC10,, Sigma-Aldrich) and 0.2
M lithium nitrate (LiNOs, Sigma-Aldrich) in a 1:1 mixture by vol-
ume of 1,3-dioxolane and 1,2-dimethoxyethane (DOL/DME, Sigma-
Aldrich).

The cell was assembled in a cross-sectional geometry using a
custom-designed polyether ether ketone (PEEK) electrochemical cell.
Schematic drawings and photos of the front (a, c), inside (b, d), and
top (e) of the cell are shown in Figure 2. A 1 mm square, 100 nm thick
silicon nitride membrane on a 10 mm square silicon frame (TEMwin-
dows) was affixed to the PEEK cell using a polyolefin adhesive (Su-
perchlon). Silicon nitride windows were used because they offer very
high X-ray transmission in the tender X-ray regime between roughly
1500 eV and 5000 eV where the sulfur K-edge (2472 eV) falls. The
window was mounted with the silicon nitride membrane facing the
battery assembly to prevent the lithiation of the silicon frame hold-
ing the membrane. The cell was assembled in an argon glove box
containing < 0.5 ppm H,O and < 0.20 ppm O,. The battery was
oriented so that the sulfur cathode was on the left-hand side and the
lithium was on the right-hand side when looking through the X-ray
window from the front of the cell. Two glass fiber separators (What-
man GF/C) were used instead of one separator to maximize the area
for mapping between the electrodes and to increase the pressure on the
battery assembly. Stainless steel screws were used to apply pressure
for electrode contact as well as to act as current collectors/electrical
contacts. Electrolyte was injected using a syringe through the ports on
the top of the cell. Once assembled, the cell was sealed in argon before
being removed from the glove box. The sample was transferred to a
helium sample environment at the beamline with minimal exposure
to air.

Electrochemical characterization.—The cross-sectional cell was
cycled under a constant current of 0.38 mA cm™2 (nominal C/20 rate
based on theoretical capacity of Li-S) between voltage cutoffs of 1.5
and 3.4 V using a potentiostat (SP150, Bio-Logic Science Instru-
ments) and the EC-Lab software package. The open circuit voltage
(OCV) of the cell was 2.42 V, which is within the range of 2.3-2.6 V
that is reported in literature.**** Three discharge/charge cycles were
completed on the beamline during a 24 h period.

X-ray characterization.—X-ray absorption spectroscopy (XAS)
was performed at beamline 14-3 at the Stanford Synchrotron Radia-
tion Lightsource of SLAC National Accelerator Laboratory. X-ray ab-
sorption near edge structure (XANES) and X-ray spectromicroscopy
were performed at the sulfur K-edge using a Vortex detector (Hitachi)
in a fluorescence geometry. A helium sample environment increased
the incident beam by decreasing X-ray absorption from air. By maxi-
mizing the incident beam, fewer scans are required to obtain adequate
signal, which mitigates beam damage. Additionally, beam damage
was assessed by continuously exposing one region to the X-ray beam
and monitoring for changes. No damage was observed. Maps were
collected with a 15 pm step size, 50 ms dwell time, and 5 pm spot
size. The sample was scanned from left to right, starting in the lower
left-hand corner of the image and ending in the upper right-hand cor-
ner. During cycling, multi-energy maps were collected at five selected
energies to allow for species identification. All energies were col-
lected for one line in the image before moving to the next line, and
each set of five maps took approximately 80 minutes to collect. Spec-
tromicroscopy maps were analyzed using the MicroAnalysis Toolkit
(Sam’s Microprobe Analysis Kit, or SMAK),* and XANES spec-
tra were analyzed using the Athena X-ray absorption spectroscopy
program.*

Downloaded on 2017-11-07 to IP 134.79.164.249 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 165 (1) A6043-A6050 (2018)

Electrolyte
Ports

Window

Silicon Nitride Sealing

A6045

Battery Cell
Assembly

Current
Collector
Screws

(e) Current Sealing
Collector gic [Electrolyte . Screws
Screws Electrode

Electrode /

Electrolyte
Ports

\ silicon

X-ray Nitride
Beam

Window

Figure 2. Schematic drawings and photos of the front ((a) and (c)), inside ((b) and (d)), and top (e) of the cross-sectional cell design used for X-ray spectro-
microscopy. The view from the top of the cell (e) also shows the incident X-ray beam on the silicon nitride window as well as the cross-section of the cell

assembly.

Results and Discussion

Operando imaging & electrochemistry.—Maps were collected at
2470.35 eV, 2472.6 eV, 2480.6 eV, and 2500 eV to represent poly-
sulfides, elemental sulfur, the sulfonyl (sulfur atom double bonded
to two oxygen atoms) group in LiTFSI included in the binder, and
“total” sulfur (a value above the edge where all sulfur species are
excited), respectively. An additional map was collected at 2477.5 eV,
which corresponds to a higher order polysulfide spectral feature, to aid
in fitting (discussed in the “XANES Fitting” section). These values
were taken from literature’>—"#! as well as from spectra taken in this
experiment at various points on the battery cell before cycling. These
energies are denoted on an Sg standard spectrum in Figure 3. Although
LiTFSI is often used as the electrolyte salt in the Li-S system, here
LiClOy salt was used instead so that it is known that any sulfur sig-
nal originates from the electrode or binder rather than the salt. This
chemistry has been demonstrated previously with X-ray absorption
spectroscopy experiments.3¢37

The discharge and charge curves of the battery are presented in
Figure 4. The points at which maps were collected are marked with
dots of corresponding color on each curve and labeled (a) through
(r) in order of collection. A schematic of the cell with the lines that
show the layers of the battery stack is also shown. Images (a) through
(i) in Figure 4 (below the voltage vs. capacity graph) are the maps
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taken at 2470.35 eV, representative of soluble polysulfides, during the
first discharge/charge cycle and demonstrate the significant changes
that occur during cycling. The discontinuities observed in images
(c) through (h) are real effects caused by chemical processes in the
electrode occurring at a faster rate than the 15 pm step size and 50 ms
dwell time could capture. This observation was present in every energy
at a given time point and was verified by examining the signal of the
incident X-ray beam, which was uninterrupted during data collection.
Thus, the effect originated in the sample and not the experimental
setup.

The maximum capacity of the cross-sectional cell on the first dis-
charge cycle is 570 mAh g~!. Because the current collector screws are
applying pressure to an area smaller than the total area of the electrode
(i.e. just the area of the screw bottom and any pressure that was ap-
plied to the stack during cell assembly), it is possible that the contact
area between the electrodes is smaller than the assumed 0.63 cm? total
area of the electrode. Thus, less active material may be available to
participate in the reaction, leading to reduced capacity and decreased
cycling time. Additionally, the plateaus during discharge appear at 2.0
and 1.8 V, which is lower than the typically observed 2.4 and 2.1 V.
However, two plateaus are still observed without additional features
in the curve, indicating that the two expected polysulfide reduction
processes are present, likely without additional side reactions.
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Figure 4. Charge/discharge curves from operando characterization of the
cross-sectional cell. Points at which maps were collected are marked with
colored dots labeled (a) through (r). Maps taken at 2470.35 eV representing
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curve, images (a) through (f)) and charge (orange curve, images (g) through
(i)). The approximate location of the battery stack components in the images
are shown in the lower right-hand corner.
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In previous reports,*’ increased porosity of the electrode was found
to decrease the voltage plateaus in the discharge curves for the same
discharge rates; additionally, overall capacity decreased, likely due
to higher resistances and lower conductivity resulting from a more
porous film. As seen in Figure 1, the electrode has some regions where
the film coverage is not as uniform, which may be an explanation for
our electrochemical observations. Additionally, the higher porosity
electrodes resulted in a larger “ohmic drop,” the initial decrease from
the OCV to the beginning of the discharge plateau,*’ due to higher
internal resistance. This feature is observed in the electrochemistry
shown in Figure 4. Higher current values used for cycling can result
in lower discharge plateaus in both Li-ion*® and Li-S*° batteries. If the
sulfur loading of the film is more heterogeneous than we can see with
the X-ray and SEM analysis, then it is possible that there are local
pockets of an effective higher current. This effect may also contribute
to the depressed plateaus. To be sure of the cause, further investigation
is required and will be pursued in future work.

Figure 5 shows the evolution of the polysulfides, elemental sulfur,
and PEO;(LiTFSI binder during the first discharge (Points (a) and (f))
and charge (Points (g) and (i)) as well as the final state after three
discharge/charge cycles (Point (r)). The spatial extent of the sulfur
species, specifically the polysulfides, increases from the initial state
at Point (a) to the end of the first discharge at Point (f). Also, at Points
(f) and (g), discontinuities in the electrode are observed, indicating
structural changes that are not captured by the data acquisition rate.
At the end of the first charge, labeled Point (i), most of the electrode
structure of elemental sulfur and binder has been restored. However,
the area of polysulfide diffusion remains expanded, indicating that the
sulfur species remain dissolved in the electrolyte and trapped in the
separator, even upon charge. This expansion is additional evidence
of the polysulfide shuttle effect that is believed to cause capacity
to fade.

After cycling, the sulfur electrode shows significant, irreversible
changes in structure without any discontinuities. At Point (1), the
electrode is no longer homogeneous and shows areas of high sulfur
concentration and areas of little or no sulfur signal. The loss of active
material in the maps correlates to the loss of capacity that is observed
in second and third cycles.

XANES fitting.—Sulfur (Sg), lithium sulfide (Li,S), and lithium
polysulfide (Li,Sy, x = 4, 6, 8) standards were collected at the same
beamline to create a series of spectra for XANES fitting. Using a
non-negative least squares fitting routine in SMAK, the maps taken at
Points (a), (f), (g), (i), and (r) were fit using four normalized standards.

Downloaded on 2017-11-07 to IP 134.79.164.249 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 165 (1) A6043-A6050 (2018)

2470.35eV 2472.6 eV 2480.6 eV

PEO,,LiTFSI

Li,S, S;

Point (a)
initial

Point (f)
discharge

Point (g)
charge

Point (i)
charge

Point (r)
final

Figure 5. X-ray fluorescence maps of the first discharge (Point (a) and (f)),
first charge (Point (g) and (i)), and final state after three cycles (Point (r)). Left to
right, energies shown in each column correspond to polysulfides (2470.35 eV),
elemental sulfur (2472.6 eV), and PEOoLiTFSI (2480.6 eV), respectively.
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In order to provide a true representation of our observations and to
avoid overfitting the data, the chemically similar Li,S4 and Li,S¢ spec-
tra were averaged, allowing four standards (Sg, Li,Sg, LirS¢+LiS4,
Li,S) to be fit to five energy-specific maps (2470.35 eV, 2472.6 eV,
2477.5 eV, 2480.6 eV, 2500 eV) at each time point.

The fitting results are summarized in Figure 6. The map of “total”
sulfur at 2500 eV where all sulfur species are excited is shown for ref-
erence on the left while the residual from fitting (error) is shown at the
right. Fitting resulted in less than 2% residual in pixel intensity across
all maps, showing excellent description of the data by our model. At
Point (a), before the battery begins discharging, the majority species
is Sg. Simply from resting between the time of battery fabrication
and the beginning of X-ray characterization, some higher order poly-
sulfides have formed as evidenced by the intensity in the Li,Sg and
Li,S¢+Li,S, standard maps; however, Li,S has not yet formed in any
significant amount. From Point (a) to (f), more Li,S appears, which
is expected, as Li,S forms when the battery discharges. However, the
Li,S signal continues to increase from Point (f) to Point (g), the first
point taken in the charge cycle, indicating a lag in formation of the
polysulfide species with respect to the electrochemistry. That is, the
conversion of long chain polysulfides to shorter chain polysulfides and
lithium sulfide continues for a short period after the current is reversed,
as the chemistry begins to catch up to the reversed electrochemistry.
At the end of the first charge cycle, Point (i), some of the Sg is recov-
ered, but the XANES fitting indicates mostly Li, Sy is present. Because
not all of the initial Sg intensity is recovered, it can be observed that
the reaction is only quasi-reversible rather than fully reversible. This
finding agrees qualitatively with previous X-ray studies'> as well as
studies made by other methods such as UV-Vis.’! At the end of the
third charge cycle, the majority of the species present are Li,Sg with
residual Li;S¢+Li,S4, Li,S, and some Sg. Even when the battery is
charged, the Li,S end product does not entirely disappear, which is
further evidence of the quasi-reversible nature of the reaction.

Li,S; + Li,S,

Li,S Fit Error

0064

Figure 6. Fitting results from the first discharge (Points (a) and (f))/charge (Points (g) and (i)) cycle and the final state after three cycles (Point (r)). The “total”
sulfur map at 2500 eV is shown at the left for reference, and the fit residual for each time point is shown at the right.
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Figure 7. Polysulfide distribution across the electrolyte/separator region during cycling. Three locations were chosen (denoted upper (a), middle (b), and lower
(c)) to compare the horizontal polysulfide distributions at different vertical locations, indicated in the filtered image of initial polysulfide distribution (d). The

lithium foil surface is located at ~0.75 mm on the sample location axis.

Sulfur quantification.—The concentration of sulfur species was
quantified using a CuSy thin film standard that was mapped at the
same energy, pixel size, and dwell time as the sulfur maps taken
during cycling. All maps were normalized to the incoming X-ray
beam hitting the sample to eliminate variations in pixel intensity due
to incident beam intensity fluctuations. Because the CuS, standard
was measured in pg cm~2, the sulfur concentration is reported by
area (i.e. mass/unit area). Area is used rather than volume because it
cannot be assumed that the battery cell is homogeneous in depth, and
the penetration depth is smaller than the depth of the battery cavity.

This limited penetration depth also accounts for some differences in
concentration because sulfur species may be diffusing in and out of
the penetration depth of the X-ray beam.

The maps were smoothed using SMAK’s blur filtering algorithm
with a filter size of three pixels and a blur standard deviation of one
pixel. This method keeps the larger changes in concentration across
the image while minimizing noise from individual high intensity pix-
els. After converting from intensity to concentration, three line cuts
were taken in the polysulfide (2470.35 eV) maps, designated as up-
per, middle, and lower regions in Figures 7a, 7b, and 7c, respectively.
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These graphs show the concentration of polysulfides across the sep-
arator and electrolyte region at Points (a), (f), (g), (i), and (r) in the
cycling data. The line cuts plotted at the left are shown as a box
in the image of initial polysulfide concentration from Point (a) in
Figure 7d.

AtPoint (a), the concentration of polysulfides across the electrolyte
is approximately constant in the upper, middle, and lower regions. At
the end of the first discharge, Point (f), the concentration gradient
slopes from a high value in the cathode to an elevated level closer to
the lithium surface, located at ~0.75 mm on the sample location axis.
In the upper region (Figure 7a), the concentration is approximately
level in the middle of the separator. At Point (g), the beginning of the
first charge, the concentration distribution is similar to that at Point (f)
due to the electrochemical lag experienced by the cell when switching
from discharge to charge that was also observed in the XANES fitting.
However, there appears to be a slight decrease in the concentration at
the edge of the electrode face in the middle region (Figure 7b). At the
end of the first charge, Point (i), the relative concentrations at each
interface again seem to level out across the electrolyte in the upper
and middle regions (Figures 7a and 7b) but not in the lower region
(Figure 7c); however, the absolute concentration has increased in all
three areas. Again, this increase may be due to diffusion perpendicular
to the plane of view. At the end of the third charge, Point (r), where
the electrodes have lost most of their structure, the polysulfide con-
centration is once again minimized and approximately constant across
the electrolyte. From these observations, we can conclude that while
cycling, the polysulfide concentration remains higher in the sulfur
cathode and decreases toward the lithium anode, even upon charging.
The concentration returns to its initial state after the third cycle as the
polysulfides begin to diffuse and equalize across the electrolyte.

Conclusions

In this work, we demonstrated cross-sectional operando chemical
mapping of lithium-sulfur batteries via a newly designed electrochem-
ical cell. Using X-ray spectromicroscopy and a unique cell design, a
spatially resolved picture of the changes in sulfur speciation was
captured over three discharge/charge cycles. Observations included
significant degradation of the electrode microstructure during cycling
with substantial loss of active material at the end of three cycles. The
area of polysulfide diffusion expands during the first discharge cy-
cle and remains expanded throughout subsequent cycles, providing
evidence that the sulfur species remain dissolved in the electrolyte
and trapped in the separator, a potential cause of polysulfide shuttle.
Additionally, XANES fitting showed that not all of the initial sul-
fur intensity was recovered upon charging and that polysulfides and
lithium sulfide remain during additional cycles. At the end of the third
charge, the primary species was Li,Sg with some residual Li,S and
minimal Sg, suggesting that the reaction is only quasi-reversible and
further proving the polysulfide shuttle effect.

Further work will include improvement of the cross-sectional cell
electrochemistry to increase capacity as well as better time and spatial
resolution for X-ray data collection to eliminate discontinuities in the
maps. Because the area of interest for polysulfide diffusion in the
cross-sectional design is between the sulfur electrode and the lithium
metal, a more targeted mapping strategy with a finer step size in
the glass fiber separator region will be used. The work presented here
provides insight into the significant changes that can occur in a lithium-
sulfur battery even during a few cycles. The chemistry of lithium-
sulfur batteries is complex, and it is necessary to fully understand this
chemistry to garner the true power of the lithium-sulfur system.
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