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KEYWORDS Abstract

In-operando lithium- Understanding the behavior of soluble intermediate lithium polysulfide species is vitally important
sulfur cell; for improving the electrochemical performances of lithium-sulfur batteries. Herein we explore a
Direct \{isualization? simple in-operando lithium-sulfur cell design to enable direct visualization of the formation of the
Polysulfides; soluble polysulfide species and their temporal and spatial distribution over the entire discharge/

Temporal and spatial

IO charge cycle under an optical microscope. Our results reveal detailed evidence of electrochemical
distribution

degradation in lithium-sulfur batteries and help us to understand the improvements in electro-
chemical performances using advanced lithium-sulfur cell designs. As examples, we show that a
cathode consisting of hollow sulfur nanoparticles with a conductive polymer poly(3,4-ethylene-
dioxythiophene) (PEDOT) coating exhibits significantly reduced dissolution of polysulfides into the
electrolyte, and thus superior electrochemical performance could be achieved. Moreover, the
trapping of soluble polysulfide species in the cathode side was also confirmed in our designed in-
operando lithium-sulfur cell with a Nafion modified separator.

© 2014 Elsevier Ltd. All rights reserved.

Introduction
*Corresponding author at: Department of Materials Science and
Engineering, Stanford University, Stanford, California 94305, USA. Lithium-sulfur is an attractive battery chemistry to meet
E-mail address: yicui@stanford.edu (Y. Cui). the increased demand from portable electronics, electrical
"These authors contributed equally to this work. transportation and large-scale stationary energy storage

http://dx.doi.org/10.1016/j.nanoen.2014.11.001
2211-2855/© 2014 Elsevier Ltd. All rights reserved.


dx.doi.org/10.1016/j.nanoen.2014.11.001
dx.doi.org/10.1016/j.nanoen.2014.11.001
dx.doi.org/10.1016/j.nanoen.2014.11.001
dx.doi.org/10.1016/j.nanoen.2014.11.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2014.11.001&domain=pdf
mailto:yicui@stanford.edu
dx.doi.org/10.1016/j.nanoen.2014.11.001

580

Y. Sun et al.

due to its high specific density (2600 Wh/kg), high natural
abundance of sulfur, and low cost potential [1]. However,
several issues still remain to make it a viable technology. A
critical problem is the quick capacity decay upon cycling
due to the dissolution of the intermediates (lithium poly-
sulfides, Li,Sy, 4 < x < 8) into the electrolyte and the “shuttle
effect” of these soluble species [2-5]. To overcome these
problems, extensive research has been conducted with a
focus on engineering the electrode structure and composition
[2]. To date, several important strategies, including nano-
porous carbon-sulfur composites [6-9], graphene (oxide)-
sulfur composites [10-12], conductive polymer-sulfur compo-
sites [13,14], as well as oxide coating/composites [15], have
been explored to encapsulate polysulfides to suppress their
dissolution during cycling. In our group, we also demon-
strated rational internal hollow space design such as hollow
carbon encapsulated sulfur [16,17], sulfur-TiO, yolk-shell
nanoparticles [18] and polymer-encapsulated hollow sulfur
particles [19,20]. Despite these exciting progress, there still
exists appreciable polysulfide dissolution (10-20%) in the
electrolyte as measured by inductively coupled plasma-
optical emission spectroscopy (ICP-OES) [18-20].

Recently there have also been several reports taking the
direction of increasing the utilization of soluble polysulfide
species, including spatial control deposition of polysulfides on
patterned electrodes [21], insertion of a microporous carbon
paper between the cathode and separator [22], modification of
separators (e.g., separators coated with a Nafion film [23] and
a graphene membrane [24]). Moreover, a breakthrough has
been achieved in the electrolytes for lithium-sulfur batteries. It

is found that the dissolution of lithium polysulphide can be
inhibited by using a “solvent-in-salt” electrolyte with ultrahigh
salt concentration and high lithium-ion transference number
[25]. These works demonstrate improved cycling performance
and represent exciting progress as well.

For all the above studies, it is vitally important to under-
stand the behavior of polysulfide species in lithium-sulfur
batteries. To this end, a great deal of work has been done
to examine sulfur cathodes and polysulfides using ex-situ
techniques, including Raman, Fourier transform infrared spec-
troscopy (FTIR), X-ray photoelectron spectra (XPS) and X-ray
diffraction (XRD) [26-28]. Very recently, in-operando Raman
[29] and in-operando X-ray diffraction and imaging [30]
investigations have been carried out, providing valuable
information. Despite all the above achievements, a direct
visualization and full understanding of the spatial and tem-
poral distribution of polysulfides in lithium-sulfur batteries is
still lacking.

Here we demonstrate a simple in-operando lithium-sulfur
cell design, which allows us to directly visualize the spatial
and temporal distribution of lithium polysulfide species over
the entire charge/discharge cycle under an optical micro-
scope. Because of this capability, this in-operando technique
affords an excellent diagnostic tool to determine quickly the
effect of polysulfide encapsulation in sulfur cathodes and
trapping with modified separators. As examples, the effect of
encapsulation of hollow sulfur nanoparticles with a conduc-
tive polymer poly(3,4-ethylenedioxythiophene) (PEDOT) was
confirmed by our technique. The localization of polysulfides
was also directly shown with a Nafion-modified separator.
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Fig. 1

An in-operando lithium-sulfur cell design and its assembly: (a) schematic of an in-operando lihium-sulfur cell, (b) a glass

tube used for housing the in-operando cell, (c) a stainless bolt before (left) and after (right) loading of a sulfur cathode, (d) a lithium
metal counter electrode attached on a stainless bolt, (e) a Celgard 2300 separator (left) and a glass microfiber filter (right), (f) an

assembled in-operando cell working under the optical microscope.
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Experimental
The in-operando lithium-sulfur cell design

Fig. 1a shows the schematic of an in-operando lithium-sulfur
cell. In our design, a small glass pipette with its tip cut off was
used for housing the in-operando cell (Fig. 1b). Stainless steel
bolts with circular cross sections (Fig. 1c, left) were used
as the current collectors and mechanical supports of the sulfur
cathode (Fig. 1c, right) and lithium anode (Fig. 1d). The
Celgard 2300 membrane was used as the separator (Fig. 1e,
left). A glass microfiber filter (GF/A, Watman, Fig. 1e right)
was inserted between the anode and the separator, which can
buffer the mechanical shock to protect the electrodes during
their assembly, adsorb and localize the electrolyte. The
Celgard 2300 membrane is too thin (~25 pm) for focus and
observation under an optical microscope and here the glass
microfiber filter with the thickness of ~0.5 mm functions as a
window to observe the color change of the electrolyte during
the entire charge/discharge cycle. The electrolyte was a
solution of 1 M lithium bis(trifluoromethanesulfonyl)imide in
1:1 (volume ratio) 1,2-dimethoxyethane and 1,3-dioxolane
containing 1 wt% LiNOs. The in-operando cell was sealed with
silver conductive epoxy after its assembly (Fig. 1f).

Preparation of pristine sulfur and sulfur-PEDOT
composite electrodes and lithium counter
electrodes

The pristine sulfur electrodes were prepared by mixing the
sublimed sulfur powder (99.98%, ALDRICH), acetylene black
(Super-P) and polyvinylidene fluoride (PVDF) in a weight ratio
of 60:30:10 in N-methyl-2-pyrrolidinone (NMP). The sulfur-
PEDOT composite was prepared according to our previous
report [20]. The slurry for PEDOT-encapsulated hollow sulfur
nanoparticles comprised of 70 wt% sulfur-PEDOT composite,
20 wt% super-P and 10 wt% PVDF in NMP solvent. After the
slurries were dropped onto the smooth end of stainless steel
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bolts (with diameter of ~3.5mm), the as-prepared sulfur-
based electrodes were dried at 60 °C in vacuum. The mass
loading of the active sulfur was ~0.2 mg/cm? in the as-
prepared electrodes. A lithium foil was attached onto the end
of the steel bolt which was used as the counter electrode in
the in-operando cells.

Preparation of functional separators with Nafion
coating

A Celgard 2300 membrane was used as the cell separator.
For the preparation of polysulfide-blocking functional
separators, a LIQUION solution (Nafion in a mixture of water
and alcohols, LQ-1105-1100 EW at 5 wt%, lon Power) was
directly dropped onto a Celgard 2300 membrane and dried
in the fume hood.

Assembly and electrochemical measurements of
the in-operando lithium-sulfur cells

The in-operando cells were assembled in an argon-filled glove
box. Typically, a sulfur electrode was firstly encapsulated in
the thin glass tube using silver conductive epoxy. After the
silver conductive epoxy solidified, a separator was put onto
the sulfur-based electrode, followed by a glass microfiber
filter. Then 5 pL of electrolytes was dropped onto the glass
microfiber filter. Finally, the as-made lithium counter elec-
trode was sealed in the glass tube from the opposite side of
the cathode with silver conductive epoxy. Galvanostatic
charge/discharge test was performed using a single channel
potentiostat/galvanostat (SP-50, EC-Lab Electrochemical Mea-
surement Instruments) at the current densities of 10 pA with a
fixed potential range of 1.7-2.6V versus Li*/Li at room
temperature. The low current was utilized to maximize the
degree of electrode reactions during the discharge/charge
processes. Instead of a sloping high voltage plateau (2.6-2.1 V)
usually observed in previous works, a flatter plateau was
observed in our lithium-sulfur potential profile due to the
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Fig. 2 (a, b) The discharge and charge curves of the as-made in-operando lithium-sulfur cell at a current density of 10 pA in the
potential range of 1.7-2.6 V and (c, d) the corresponding change of gray level in the electrolyte with DOD and DOC. The inset digital
images show the color change of the electrolyte in different DOD and DOC. The triangles show the positions of the glass microfiber

filters in the in-operando cells.
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much lower current density used [2-5]. Digital and optical
microscopy images were taken synchronously. The in-operando
optical imaging were carried out in the region of glass filters.
The color intensity of the electrolyte is proportional to the
concentration of polysulfides, which is used as the basis for
determining the amount of polysulfides. Similar to the pre-
vious studies of spectra [31], colors of the electrolyte could
only be interpreted in terms of an average stoichiometry of
the dissolved polysulfides. The differences among various
polysulfides were omitted.

Results and discussion

An in-operando cell with a pristine sulfur electrode was cycled
at a current of 10 pA in the potential range of 1.7-2.6 V versus
Li*/Li. Optical and digital images were taken simultaneously
to record the color change at various cell potentials during the
discharge/charge processes. Fig. 2a shows the typical dis-
charge curve of the as-made in-operando cell during the first
cycle. At the high voltage plateau (2.6-2.1V), soluble poly-
sulfide species, including S3~, S2~ and S3~, are produced
(Sg+2e~ —>S3~, 353~ +2e~ —452~, 2S¢~ +2e~ —3557) [2-5].
Subsequently, upon further discharge, a low voltage plateau
at 2.1V was observed, which corresponds to the formation
of insoluble Li,S;, and Li,S (S5~ +4Li* +2e~ —2Li,S,, 2Li,S,+
2Li* +2e~ —2Li,S) [2-5]. The inset of Fig. 2a and Fig. S1
compare the colors of the electrolyte during the initial
discharge process and Fig. 2c shows the corresponding change
of gray level. The evolution of colors and its consistency with
the electrochemical profiles allow us to propose the temporal
distribution of polysulfides over the discharge process. We see
that during discharge at the high voltage plateau (2.6-2.1V),
the electrolyte gradually becomes darker from colorless to
gray to brown-yellow, as shown by an increasing gray level as
well. At the end of the high voltage plateau (2.1V),
corresponding to the depth of discharge (DOD) of ~ 38.9%,
the electrolyte exhibits the darkest color and highest gray
level (Fig. 2c), indicating the maximum concentration of
these soluble polysulfides and the end of the Sg consumption.
This result is consistent with previous studies by Operando X-
ray absorption spectroscopy [32] and electrochemical
impdance spectroscopy [33]. Subsequently, upon further dis-
charge, the electrolyte becomes lighter in color and the gray
level decreases (Fig. 2c). This is due to the conversion of
soluble polysulfide species (S3~, S2~ and S%) into insoluble
Li,S, and Li,S species which precipitate back onto the cathode
surface. In our in-operando lithium-sulfur cell, we see that
the electrolyte still remains light yellow (instead of colorless)
at the end of discharge, indicating that some soluble poly-
sulfides still remain in it. This loss of active material explains
why the discharge capacities of sulfur cathodes in most
reports are always less than of the theoretical limit. Overall,
during the entire discharge process, the color of electrolyte
turns from colorless to gray to dark yellow and back to light
yellow, demonstrating that the content of soluble polysulfides
in the electrolyte initially increases and then decreases. This
result is in accordance with the tested sulfur content in the
electrolyte at various discharge stages using ICP-OES in our
previous work [34,35].

The subsequent charge process from Li,S to Sg was also
studied using our in-operando cell design. A typical sloping

charge potential profile was observed as shown in Fig. 2b. We
see that the color of the electrolyte become increasingly dark
as the charging proceeds (in set of Fig. 2b and Fig. S2),
accompanied by an increase of the corresponding gray level
(Fig. 2d). The digital images also show a similar transition
process (inset of Fig. 2b). This result indicates increasing
amount of soluble long chain polysulfides in the electrolyte
during the charge process. This result is also consistent with
the tested sulfur content in the electrolyte at various charge
stages using ICP-OES in our previous work [34,35]. The
maximum of long chain polysulfides coincides with the voltage
rise, indicating the final oxidation of S3” to Sg. The dark color
in the electrolyte at the end of charge process indicates that
some long chain soluble polysulfides remain in the electro-
lytes, confirming the incomplete conversion from Li,S to Sg
[36-38]. Overall, the schematic in Fig. S3 summarizes the
conversion of sulfur species both in the cathode and electro-
lyte during the charge/discharge processes.

After studying the temporal distribution of soluble polysulfide
species during the discharge/charge process, we next proceeded
to examine their spatial distribution. In order to observe the
spatial distribution, the colors and the corresponding grey levels
in the electrolyte versus the distance from the cathode to the
anode were analyzed. Fig. 3a displays an optical image of the
electrolyte in an as-designed in-operando lithium-sulfur cell at
the DOD of ~38.9%. As mentioned above, the maximum
concentration of soluble polysulfides in the electrolyte was
found at this stage based on the observed gray level, making
it the easiest point for visualization of their spatial distribution.
As can be seen, the color of the electrolyte is brown-yellow. It is
worth noting that there is a color gradient between the cathode
side and the anode side (Fig. 3a). The color near the sulfur
cathode is darker than that near the lithium anode, which
implies the diffusion of soluble polysulfides from the cathode to
anode in the discharge process. Moreover, the corresponding
grey levels (Fig. 3b) clearly indicate the color gradient in the
electrolyte, further validating the spatial distribution of soluble
polysulfides. The diffusion of soluble polysulfide species from the
cathode to the anode leads to the “shuttle” phenomenon,
resulting in low Coulombic efficiency that plagues lithium-sulfur
batteries [2-5]. In addition, the comparison of the color change
and their grey levels in the electrolyte versus the distance from
the cathode to the anode at various DOD were carried out
(Fig. S4). Compared to the case at ~38.9% DOD, the color
gradient versus distance in the electrolyte is much smaller at
the initial and final stages of discharge (2.8% and 100% DOD) due
to the lower contents of soluble polysulfide species. The spatial
distribution of polysulfide species in the electrolyte versus the
distance from the cathode to the anode during the charge
process was also investigated (at the DOC of ~90%). There also
exists a color gradient during the charge process from the
cathode side to the anode side as illustrated in Fig. 3c and d.

To suppress the diffusion of polysulfides, rational design
of the cathode structure is important. In our previous work,
well-defined, PEDOT-encapsulated hollow sulfur nanoparti-
cles were prepared and they showed good long-term cycling
stability compared to their unencapsulated counterparts
[20]. Recently, it was also reported that a well-designed
functional separator with Nafion coating can work as ionic
shield to block the diffusion of these soluble polysulfides to
the anode and localize them on the cathode side, leading to
enhanced cycling performance [23]. In both cases, although
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Fig. 3 The change of colors and the corresponding grey levels in the electrolyte versus the distance from the cathode to the anode
during the (a. b) discharge and (c, d) charge processes. The color gradient indicates the spatial distribution of soluble polysulfides
from the cathode side to anode side. (e) The illustration of the spatial distribution of polysulfides in a lithium-sulfur battery.

the cycling performances are greatly improved, there is no
direct visual evidence of polysulfide trapping. To observe
this for the first time, in-operando lithium-sulfur cells were
assembled by using pristine sulfur electrode, sulfur-PEDOT
composite electrode and a Nafion modified separator,
respectively. The distribution of polysulfides in the electro-
lyte for these in-operando cells in different DOD and DOC
was visualized.

Fig. 4 shows the optical images and their gray levels at
various DOD and DOC during the first cycle for these tested in-
operando lithium-sulfur cells. As shown in Fig. 4a-c, character-
istic potential plateaus of lithium-sulfur batteries are observed
in the discharge/charge potential profiles of the three in-
operando lithium-sulfur cells using a normal separator, sulfur-
PEDOT composite electrode and a Nafion modified separator,
respectively. The electrode consisting of hollow sulfur nanopar-
ticles with a PEDOT shell shows a short potential tail in the
range of 1.8-1.7 V during the first discharge process (Fig. 4b),
different from that of micro-sized sulfur particles (Fig. 4a),

which may arise from the decomposition of LiNOs; in the
electrolyte on the active surface of sulfur-PEDOT nanocompo-
sites [39]. A discharge slope between 2.1-1.7 V and a charge
slope between 2.4-2.6 V are observed for the lithium-sulfur
cell using a Nafion modified separator (Fig. 4c), in accordance
with the previous results [23]. Optical images are selected and
compared at the same DOD and DOC for these tested in-
operando cells (Fig. 4d). As discussed earlier, the in-operando
cell with an unencapsulated sulfur cathode and an ordinary
separator (Celgard 2300) exhibited a dark yellow color at the
DOD of ~38.9%. In contrast, the electrolyte shows a much
lighter color for the in-operando cell with a sulfur-PEDOT
electrode, which indicates a lower degree of polysulfide
dissolution into the electrolyte. This provides direct evidence
of the effect of PEDOT coating on the confinement of
polysulfides within the cathode, which helps us to understand
the superior cycling life of sulfur-PEDOT composite cathode.
Moreover, we also see that with the introduction of a Nafion
coated separator, the color of electrolyte is light yellow at the
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Fig. 4 The first discharge/charge curves of in-operando lithium-sulfur cells with (a) a normal sulfur electrode, (b) sulfur-PEDOT composite
electrode, and (c) a Nafion modified separator, respectively. (d) Optical images and gray levels (e) of the measured in-operando lithium-
sulfur cells at different DOD and DOC. The effect of encapsulation of sulfur with a PEDOT shell on the trapping polysulfide species was
confirmed by our observation. The localization of polysulfides on the cathode side was also directly recorded when a Nafion modified

separator was used.

DOD of ~38.9%, instead of the dark yellow color observed for
the cell using an ordinary separator. These results support the
claim that polysulfides are blocked at the cathode side by the
functional separator with Nafion coating. The grey levels of
all the measured in-operando lithium-sulfur cells are shown in
Fig. 4e. The cells with sulfur-PEDOT composite cathode and a
Nafion coated separator stay at a low level of grey level
during the whole discharge/charge processes. Compared with
the in-operando cell using an ordinary separator and a pristine
sulfur cathode, they exhibit reduced color intensity variation
during the discharge/charge cycle. Therefore, our in-situ
observation provides direct evidence to the effective con-
finement of polysulfides in advanced lithium-sulfur cell
designs with a PEDOT-coated sulfur electrode and a Nafion
modified separator.

Conclusions

In summary, we have explored a simple in-operando lithium-
sulfur cell design for direct visualization of the spatial and
temporal distribution of soluble lithium polysulfides. The as-
made in-operando lithium-sulfur cells were studied under
real-time discharge/charge conditions, and the behavior of
polysulfides were monitored under an optical microscope,
which enabled us to clearly understand the loss of active mass
and the “shuttle effect” in lithium-sulfur batteries, paving
the way for their further improvements in electrochemical

performances. Moreover, the present cell design was success-
fully applied to investigate the trapping of polysulfudes in
lithium-sulfur cells with a sulfur-PEDOT composite cathode
and a functional Nafion modified separator. Additionally, our
in-operando cell is versatile for other in-situ characterizations
(e.g., Raman spectra) and can also be applicable to other
battery systems, which may be helpful for understanding their
electrochemical properties.
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