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ABSTRACT: Rechargeable lithium—sulfur (Li—S) batteries hold
great potential for high-performance energy storage systems because
they have a high theoretical specific energy, low cost, and are eco-
friendly. However, the structural and morphological changes during
electrochemical reactions are still not well understood. In this Article,
these changes in Li—S batteries are studied in operando by X-ray
diffraction and transmission X-ray microscopy. We show recrystal-
lization of sulfur by the end of the charge cycle is dependent on the

preparation technique of the sulfur cathode. On the other hand, it

was found that crystalline Li,S does not form at the end of discharge for all sulfur cathodes studied. Furthermore, during cycling
the bulk of soluble polysulfides remains trapped within the cathode matrix. Our results differ from previous ex situ results. This
highlights the importance of in operando studies and suggests possible strategies to improve cycle life.

B INTRODUCTION

With the ever increasing demand to move the world’s energy
landscape away from fossil fuels and toward clean, renewable
energy, dramatic improvements in energy storage devices are
essential. Sulfur is an attractive cathode material for recharge-
able batteries due to its high theoretical specific capacity for a
full cell (1673 mA h g™"), and thus high energy density (2600 W h
kg™'), as compared to current state-of-the-art cathode materials
based on oxides and phosphates."” Furthermore, sulfur is earth
abundant, inexpensive, and nontoxic. Although recent work has
demonstrated improved performance in Li-metal sulfur batteries
and the feasibility of Li-ion cells using Li,S as the cathode
material,>* a number of issues continue to hinder the realization of
these batteries for commercial use.

The two primary obstacles are the solubility of long chain
lithium polysulfides, Li,S, (8 < x < 4), formed in the early
stages of the discharge cycle and the pulverization of the
cathode due to volume expansion during discharge.” Dissolved
polysulfide anions are known to diffuse through the separator
to the anode creating parasitic reactions with the lithium metal
resulting in the loss of active material, corrosion of the lithium
anode, shuttling of polysulfides, and self-discharge.® Addition-
ally, polysulfides that are not lost to the negative electrode are
typically thought to reform as an insulating layer of Li,S, which
is no longer in direct contact with the electrically conductive
additive, typically carbon. Efforts to improve these batteries
have included the development of new electrolyte additives,”
gelatin binders,® electrode coating,9’10 novel electroly’tes,u_15
and complex sulfur/carbon morphologies.'®™>*
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To guide the design of a better sulfur electrode, a more
complete understanding of the reaction mechanism is needed.
However, previous X-ray studies of Li—S batteries have been
restricted to ex situ XRD.>® This Article describes the use of
both in operando X-ray diffraction (XRD) and in operando
transmission X-ray microscopy (TXM) to study the structural
and morphological changes in Li—S battery cells during
operation. Such in operando studies are essential because the
same battery is studied throughout the full electrochemical
cycle without the addition of artifacts from post treatments.

Previously reported ex situ XRD typically shows the forma-
tion of crystalline Li,S by the end of the discharge and no oxida-
tion to crystalline sulfur by the end of the charge cycle.'®''*#2¢728
Two outliers to these results are the work done by Wang et al.
using gelatin as a binder, where elemental sulfur diffraction peaks
reappeared after a full charge, even after S0 cycles,® and the work
by Elazari et al. studying Li—S batteries from Sion Power Inc,,
which used electron diffraction to show that crystalline sulfur
remained after full discharge in cells cycled fewer than 10 times
and Li,S was only evident in discharged cells cycled more than
10 times.*

Ex situ tomographic imaging has been used previously to
visualize the 3D microstructure of a porous graphite electrode®
as well as the 3D nanostructure and chemical distribution on a
partially reduced NiO electrode material>' However, only a
handful of in operando microscopy techniques, including TXM>*
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and transmission electron microscopy (TEM),>> have been
demonstrated on battery cells. Moreover, published reports on
imaging of Li—S batteries have been limited to ex situ TEM,
atomic force microscopy (AFM), and scanning electron
microscopy (SEM),” "7 where cycled cells are disas-
sembled and the electrolyte washed away. SEM studies have
shown the dissolution of most or all of the visible solid sulfur
particles into polysulfides by the end of the first plateau region
of the first discharge cycle and the formation of insoluble Li—S
species on the cathode by the end of the first discharge cycle,
often as films that are no longer favorably intermixed with the
conductive carbon.**>® AFM studies of tomography, friction,
and surface conductivity are in agreement with the SEM
findings and show a continued decrease in surface conductivity
of the cathode as the cycle number increases.”

Using synchrotron-based, in operando XRD, we measured
diffraction patterns in real time and found that the recrystal-
lization of sulfur is strongly dependent on the cathode prepara-
tion technique. Conversely, crystalline Li,S never forms at the
end of discharge for all cathodes studied, which is counter to
published ex situ XRD results. Furthermore, with the use of in
operando TXM, we found that the bulk of soluble polysulfides
remain trapped within the carbon, although ex situ SEM studies
on similarly prepared sulfur cathodes suggest a complete or
significant loss of soluble polysulfides to the electrolyte. Both
our XRD and TXM results are significantly different from pre-
vious ex situ findings and demonstrate the importance of in
operando studies.

B EXPERIMENTAL SECTION

Li—S in Operando Cell Construction and Electrochemistry.
X-ray transparent in operando battery pouch cells were designed for
both XRD and TXM. The cells are composed of a lithium metal
anode, a Celgard separator soaked in an electrolyte of (1.0 M) lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in 1,3-dioxolane and 1,2-
dimethoxyethane (volume ratio 1:1), and a cathode of micrometer-
sized sulfur (37.5 wt %; Sigma-Aldrich), Super P carbon black (42.5 wt %;
Timcal Graphite & Carbon), and Kynar PVDF binder (20 wt %;
Arkema Inc.). To prepare the electrode, sulfur particles and Super P
(1:1 by weight) are ball milled 10 min, and then heated to 155 °C.
After being cooled, the composite is mixed with PVDF binder (20 wt %)
and additional Super P (5 wt %) and ball milled another 10 min
before being dispersed in N-methyl-2-pyrrolidone to make a slurry,
which is loaded onto an aluminum current collector. The cells are
assembled inside an argon-filled glovebox and heat-sealed in 0.11 mm
thick polyester pouches (Kapak Co.) with aluminum and copper
current collectors for cathode and anode electrodes, respectively. The
cells for both techniques were identical, except TXM cells were approxi-
mately one-half the size to be compatible with the stricter sample size
restrictions.

The cells were cycled at constant current, with a charge rate of C/8,
unless otherwise noted, assuming a theoretical capacity of 1673 mA h g™
with a MTI eight-channel battery analyzer (0.002—1 mA). The cycling
current for a C/8 charge rate is calculated such that the duration for
full discharge/charge is theoretically 8 h. The voltage range was 2.60—
1.55 V vs Li/Li".

In Operando X-ray Diffraction. XRD measurements were
recorded in operando at 12.74 keV at beamline 11-3 at the Stanford
Synchrotron Radiation Lightsource (SSRL). The diffracted intensities
were recorded on a 2D Mar34S image plate detector (Marresearch
GmbH) with 150 X 150 um?® pixels. Measurements were done in
transmission with a detector distance 145 mm from the sample center.
The incident beam on the sample was approximately 50 X 50 ym®
Figure S1 shows the layout of the experiment. For in operando
measurements, diffraction intensities were collected in S min intervals
with 210 s exposure time. Data were internally calibrated using the
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aluminum diffraction peaks and analyzed with Area Diffraction
Machine.** WinPlotr,*® which is part of the FullProf Suite Program
(1.10), was used for background subtraction.*®

In Operando Transmission X-ray Microscopy. TXM was
performed in operando using a full-field Xradia microscope at SSRL
beamline 6-2¢c. The microscope is optimized to operate between ~$
and 14 keV. For the lithium sulfur batteries, micrographs were taken at
6 keV, an energy that both optimizes the sulfur contrast and the
efficiency of the objective lens. The spatial resolution provided by the
instrument is as fine as 30 nm with a field of view typically around 15—
30 pm. For the in operando microscopy presented here, a total of five
sample positions were imaged at approximately 5 min intervals with a
camera binning of 2. The raster scanning capability of the microscope
was used to image regions of ~40 X 40 ym’. Additional details about
the microscope are found in papers by Andrews et al,*” Liu et al,*®
and Meirer et al.*!

To maintain good electrical contact inside the in operando pouch
cells during imaging, moderate pressure is applied using two parallel
aluminum plates shown in Figure 1, where the pressure can be

Back plate Front plate

Reference hole

Imaging hole

Figure 1. In operando sample holder plates for TXM. The pouch cell
is placed between the plates, and moderate pressure is applied with
four screws. The aluminum plates allow X-ray imaging through the
sample imaging hole as well as the unobstructed reference hole while
maintaining enough pressure for normal operation of the cell. The back
plate has a cut-away to allow for future 3D imaging by tomography, which
requires images to be taken through a large angular range.

controlled by tightening four screws that hold the plates together.
Samples are imaged through a horizontal through-hole, which is
designed with a cut-away to permit X-rays to pass unobstructed even
at large imaging angles. This allows for the capability of future in situ
3D imaging, where 2D images from many viewing angles are required.
Finally, there is an additional through-hole, which is not occluded by
the sample and allows reference images to be taken. Reference images
were taken approximately every 25 min and were used to remove
imaging artifacts due to imperfections in the X-ray beam and detector
system. Micrographs were processed using TXM Wizard.*>*® Analysis
included reference correction, repeated exposure averaging, mosaic
stitching, and alignment of sequential images.

B RESULTS AND DISCUSSION

In Operando X-ray Diffraction. Figure 2 shows the in
operando XRD results on a Li—S cell during the first galvano-
static electrochemical cycle, as a function of specific capacity.
The XRD pattern at the start of the discharge cycle is presented
in Figure 2a with the diffraction peaks associated with crystal-
line S (Q = 1.09, 1.63, 1.82, 1.89, 1.96, 327, and 3.65 A™Y;
JCPDS no. 01-073-5065), Li (Q = 2.53 and 5.07 A7}
JCPDS no. 01-001-1131), and Al (Q = 2.69, 3.10, 4.39, S.15,
and 5.37 A™'; JCPDS no. 01-004-0787) labeled. All unlabeled
peaks are associated with either the polyester pouch or the
polymer separator. Figure 2b contains a magnified view of the
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Figure 2. In operando XRD patterns of a Li—S cell cycled at C/8 and with a cathode prepared as a sulfur/Super P composite: (a) XRD pattern at the
start of the discharge cycle; (b) XRD patterns for the region of Q-space marked by the red box in (a) for points a—j labeled in (c) the corresponding
electrochemical plot. The XRD patterns show the reappearance of sulfur diffraction peaks at the end of the first charge cycle. Sulfur peaks in (b) are
labeled with their Miller indices. Unlabeled peaks are from the polyester pouch and separator. XRD patterns that are blue include sulfur peaks. The
total discharge capacity is 755 mA h g™', and the total charge capacity is 707 mA h g™".
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Figure 3. Integrated diffraction intensities of sulfur peaks for a Li—S cell cycled at C/8 and with a cathode prepared as a sulfur/Super P composite:
(a) electrochemical plot showing the first cycle of the Li—S cell; (b and c) integrated intensity plots for (222), (026) ,and (206) Bragg peaks, which
show the disappearance of crystalline sulfur by the end of the first discharge plateau and its reappearance by the end of the charge cycle. The blue
arrows indicate the specific capacity regions over which the integrated intensities are plotted. The dashed lines emphasize where sulfur peaks
disappear and reappear. The total discharge capacity is 755 mA h g™', and the total charge capacity is 707 mA h g™". Error bars on the integrated
intensities were determined using Levenberg—Marquardt minimization.

section of Q-space indicated by a red box in Figure 2a, as sulfur in Figure 2c. During reduction, the sulfur peaks decrease in
is reduced in accordance with the electrochemical plot shown intensity and disappear completely before the end of the first
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discharge plateau, indicating that all of the crystalline sulfur is
reacting with lithium ions. During the charging cycle, sulfur
peaks reappear toward the end of the cycle, indicating that
polysulfides have oxidized to crystalline sulfur. This phase
evolution is consistent for a cell of the same electrode morpho-
logy cycled at C/20 (Figure S2), suggesting that cycle rate does
not change the phase behavior. These results are contrary to
most previous ex situ results, which report the active material
remains as polysulfides at the end of the charge cycle.! 2628
Nevertheless, other factors such as current density or type of
salt and solvent used, which can modify the phase evolution,
were not explored.

To more clearly establish this behavior, the integrated
intensities of the sulfur (222), (026), and (206) Bragg peaks are
plotted in Figure 3 as a function of specific capacity. To
calculate the integrated intensities, the peaks were fit with
pseudo-Voigt functions. The relative integrated intensities of
the three peaks of the pristine sulfur are different from those at
the end of the charge cycle, which indicates a possible reorien-
tation of the sulfur particles upon recrystallization. Similar
changes in relative sulfur peak intensity are also seen in the cell
cycled at C/20 (Figure S2). This prohibits any estimation of the
amount of crystalline sulfur present after the first charge cycle.

Notably, Figure 2 shows no crystalline Li,S peak at 1.90 A~
(JCPDS no. 01-089-1730) at the end of discharge cycle in
contrast to previous ex situ reports.s’m’l1’14’26_28 Nevertheless,
according to the electrochemical cycle, it is likely that amor-
phous Li,S is forming; however, its existence in an amorphous
state was not confirmed in this study. The presence of an
amorphous rather than the crystalline form could have an
influence on the insulating nature of the Li,S on the cathode.

To explore whether or not the reappearance of crystalline
sulfur and the lack of crystalline Li,S are direct consequences of
the preparation method of the sulfur/Super P composite elec-
trode or the in operando nature of the experiment, two alter-
native preparation methods were investigated at a rate of C/10.
The first alternative was prepared as a slurry of micrometer-
sized sulfur particles mixed with Super P carbon black and
PVDF binder (see the Supporting Information for preparation
details). The second was graphene-wrapped polyethylene
glycol-coated sulfur particles (see Wang et al. for preparation
details).>> SEM micrographs with corresponding energy-
dispersive X-ray spectroscopy (EDS) sulfur maps are given in
Figure S3 for all three preparation methods. For both of these
alternative methods, diffraction peaks of Li,S after discharge
and elemental sulfur after charge were not visible (Figures S4
and S5). It follows that the reappearance of crystalline sulfur is
strongly dependent on the cathode morphology dictated by the
preparation technique. However, all three preparation methods
studied did not form crystalline Li,S during the discharge cycle.

To further test if the absence of crystalline Li,S is due to the
cathode preparation method or the in operando nature of the
experiment, ex situ XRD data were recorded on a discharged
Li—S cell with sulfur/Super P composite electrode. Figure 4
shows ex situ XRD on the electrode with the Li,S peaks at 1.9
and 2.2 A™' (JCPDS no. 01-089-1730) labeled. This suggests
that amorphous Li,S is formed during discharge, and only when
a discharged cell is allowed to rest does crystalline Li,S form.
Further investigations are required to determine the time window
in which crystalline Li,S forms and to verify the existence of amor-
phous Li,S. Nevertheless, these results demonstrate that in oper-
ando XRD is necessary for proper characterization of the Li—S
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Figure 4. Ex situ XRD on an electrode discharge to 1043 mA h g™".
Li,S peaks at 1.9 and 2.2 A™! (JCPDS no. 01-089-1730) are labeled.
Unlabeled peaks are from the polyester pouch.

battery crystalline structure and that the previously observed
Li,S may be an artifact of ex situ XRD.

In Operando Transmission X-ray Microscopy. Figure Sa
shows a TXM micrograph of a pristine Li—S cell with a ~10 ym
sized sulfur/Super P composite particle. Because of the low
absorption of carbon as compared to sulfur at 6 keV, the con-
trast between the sulfur/Super P composite particles and the
background is high. Furthermore, the brighter the particle, the
more sulfur it contains throughout its thickness. This hetero-
geneous mixing of sulfur and Super P carbon into micrometer-sized
particles is typical throughout the electrode as seen in Figure S6a,
which is a mosaic comprised of 2 X 2 TXM micrographs, in which
the bottom left tile contains the particle from Figure Sa.

The nine micrographs shown in Figure 5 are a selection from
those recorded every S min throughout the first electrochemical
cycle of the pouch cell. The frame labels correspond to the
points along the cycle in Figure 6b. Although subtle, the
majority of the morphological changes occur in images a—c,
corresponding to the first discharge plateau where elemental
sulfur reduces to high-order Li polysulfides. During this plateau,
the particle expands slightly, but simultaneously loses some
active material through the dissolution of polysulfides, creating
a slightly smaller particle with a more porous appearance and
an increase in the X-ray absorption of the background. The
green outline around the particle in (a) is replicated in (c) to
show the overall decrease in particle size and increased porosity.
Yellow arrows have been added to draw attention to a smaller
particle that is expanding between (a) and (b). These micro-
graphs suggest that, although some polysulfides diffuse into the
electrolyte, the majority of the active material is not lost.
Considering that the cycle life of these cells remains poor
(Figure S7), even a small amount of polysulfides diffusing into
the electrolyte appears to lead to substantial capacity fading.

The loss of polysulfides to the electrolyte can be monitored
by calculating the contrast between particles and background
throughout the cycle. Figure 6a plots the change in average
contrast of sulfur/Super P composite particles with respect to
specific capacity for five different regions across the electrode.*!
The average contrast drops dramatically in the first discharge
plateau and then remains relatively flat through the remaining
discharge cycle and subsequent charge cycle, which is con-
sistent with the morphological changes visible in Figure S.

According to the previously described in operando XRD
results, and because the morphological changes are consistent
throughout mosaic images taken at five regions across the
electrode (see, for example, Figures S6 and S8), sulfur is re-
duced, but the resulting polysulfides are primarily trapped by
the SuperP carbon matrix. Furthermore, because the particle
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Figure S. In operando TXM micrographs of a sulfur/Super P composite particle during operation, where the letters correspond to points along the
electrochemical cycle labeled a—i in Figure 6. The majority of morphological changes occur between images a and ¢, corresponding to the first
plateau of the discharge. Micrographs were taken at 6 keV and are an average of three 5 s exposures recorded approximately every 5 min with a CCD
binning of 2. The green outline around the particle in (a) is replicated in (c) to show the overall decrease in particle size and increased porosity. The
yellow arrows show a small particle that expands between (a) and (b). The scalebar is 10 ym.

does not grow in size during the second discharge plateau (d—f)
and there is no formation of new particles, the material that is lost
does not solidify onto the existing particle or form new
particles. Instead, the background remains more absorbing, and
isolated regions of low sulfur density form, which are visible as
darker, X-ray transparent regions. This suggests that the
insoluble polysulfides form thin films, which is in agreement
with previous ex situ results. A movie showing the entire cycle
of the particle from Figure 5 is available in the Supporting
Information (movie S1) as well as a second movie on an
additional particle (movie S2).

Ex Situ Scanning Electron Microscopy. To confirm the
interpretation of the in operando TXM results, ex situ SEM
images were recorded on sulfur/Super P composite electrodes.
Figure 7 shows ex situ SEM micrographs and corresponding
sulfur EDS maps of sulfur/Super P composite cathodes in (a,b)
pristine, (c,d) discharged to the end of the first plateau, and
(ef) fully discharged states. The SEM micrograph of the
pristine electrode (a) and EDS sulfur map (b) of the same area
indicate a correlation between particles and increased sulfur con-
centration. The concentration of sulfur in ~5—10 ym-sized par-
ticles agrees with the heterogeneity visible in the TXM images.

The particles visible on the electrode discharged to the end
of the first plateau (c) are approximately the same size as those
sulfur-rich ones visible in the pristine electrode (a), although
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the sulfur EDS signal is very low for this partially discharged
electrode (d). This negligible change in average particle size
agrees with the conclusion that most of the polysulfides that
make up the particles are not lost to the electrolyte; however,
the lack of sulfur EDS signal suggests that the polysulfides trapped
in the carbon matrix are washed away during the SEM preparation.
After discharge (e), the electrode is coated with a film of insoluble
lithium sulfur species, and the EDS map (f) shows a uniform
distribution of sulfur. This uniform film-like plating of insoluble
lithium sulfide species is consistent with TXM results, as it does
not produce an increase in particle size, form new particles, or
improve the particle-to-background contrast.

Higher magnification SEM micrographs are shown in Figure S9
to demonstrate local surface details. These micrographs also sug-
gest that, although the average size of the large sulfur/Super P
composite particles is unchanged (b) after the first discharge
plateau, the trapped polysulfides are washed away during the SEM
preparation. Furthermore, the lithium sulfide film coating the
electrode (c) after discharge has some regular texture.

The in operando TXM micrographs show sulfur species remain
as composite particles throughout the electrochemical cycle. In
contrast, for an electrode discharged to the end of the first plateau,
high magnification SEM micrographs exhibit no visible sulfur,
and the EDS map of the same electrode shows very low sulfur
content. These results highlight the importance of in operando
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Figure 6. (a) Change in average contrast versus specific capacity in
TXM micrographs of a Li—S$ battery cycled at C/8 and (b) the cell
potential. Letters a—i correspond to the capacities at which the
micrographs shown in Figure 5 were recorded. The average contrast
was calculated between the average pixel in a small region within a
particle and a similarly sized region of the background averaged for five
different particles, each with two different chosen particle and
background regions. The inset gives an example of a particle region
in red with the background region in yellow.

Figure 7. Ex situ SEM micrographs and corresponding EDS sulfur
maps of the sulfur/Super P composite cathode: (a,b) uncycled, (c,d)
after the first discharge plateau, and (ef) fully discharged. The
scalebars are 10 ym.

characterization of Li—S batteries to eliminate artifacts intro-
duced during SEM post-treatments.

Using in operando TXM, we have shown that the bulk of the
soluble polysulfides are trapped and not lost to the electrolyte,
which demonstrates the partial efficacy of this morphology for
reducing capacity fade. Nevertheless, the polysulfides that do
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escape solidify as an insulating film, and this loss results in the
observed capacity fade. To completely trap the soluble
polysulfides and thereby improve the Li—S battery lifetime, a
more intricate sulfur/carbon electrode mor}l)hololgy, such as
sulfur-filled mesoporous carbon, is needed.'®'®?*" Future in
operando TXM studies will include verifying the trapping
capability of electrodes utilizing such complex sulfur/carbon
morphologies. Additionally, hard X-ray TXM is not surface
sensitive; thus the entire sulfur contained in a ~10 ym particle
was monitored. This characteristic allows the possibility of
future 3D in situ X-ray imaging to accurately measure volume
and density changes of the sulfur particles.

B SUMMARY AND CONCLUSION

By performing XRD on Li—S cells during operation, the same
cell could be monitored in real time throughout its entire
first cycle. The recrystallization of sulfur after the charge cycle
was found to only occur with the sulfur/Super P composite
electrodes. In operando TXM allows individual particles to be
tracked in real time throughout the electrochemical cycle. Con-
trary to previous ex situ studies, the sulfur/Super P composite
particles were not found to dissolve significantly during the first
discharge plateau. This trapping of the polysulfides may
promote the crystallization of sulfur by the end of the charge
cycle. Nevertheless, even the small amount of polysulfides lost
to the electrolyte appears to have a significant impact on the
cycle life. Finally, in operando XRD showed no formation of
crystalline Li,S during the discharge cycle, which contradicts
previously reported ex situ studies of similar Li—S batteries.

The results shown here highlight the need for in operando
characterization of Li—S batteries. Such experiments reveal new
insights by making observations during the entire electro-
chemical cycle and by eliminating post treatments. Our results
suggest that more complete encapsulation of the sulfur will
result in a Li—S battery with a longer lifetime.

B ASSOCIATED CONTENT
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Discussion of in operando XRD at rate of C/20, description of
micrometer-sized sulfur particle preparation, SEM with EDS
detector experimental information, ex situ XRD experimental
information, image of in operando XRD setup, in operando
XRD of sulfur/Super P composite electrode cycled at C/20,
SEM and EDS images of the three cathode preparation
methods, XRD of the alternative cathode preparation methods,
in operando TXM mosaics, plot of cycle life of Li—S cell with
sulfur/Super P composite cathode, high magnification ex situ
SEM micrographs, and two movies of in operando TXM. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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