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Table of entry: A dissolving-recrystallizing strategy for fabricating binder-free flexible sulfur
cathodes integrated with dual-functional separators is reported.



Page 3 of 27

Nanoscale

Abstract

Developing flexible, robust and lightweight sulfur cathodes by rationally designing their
structures and configurations through a viable and scalable strategy is a critical enabler for
fulfilling flexible lithium-sulfur (Li-S) batteries. However, besides the requirements for
cathode flexibility, intrinsic limitations from shuttling of lithium polysulfides and growth of Li
dendrites have retarded widespread implementations of Li-S batteries. Here, we report a wet-
processed strategy by dissolving-and-recrystallizing S in a proper solvent to fabricate a flexible,
binder-free S cathode. Integrating the resulting S cathode with a dual-functional separator has
demonstrated to be able to suppress both the shuttle effect and growth of dendritic Li. The wet-
processed strategy not only enables the fabrication of flexible and binder-free S-nanomat
cathodes, but also facilitates the deposition of the cathodes on the separators. Meanwhile, a
dual-functional separator made by vapor-phase polymerization of polypyrrole (PPy) coating
on both surfaces of the commercial separator is fabricated, which leads to reduction of shuttle
effect and suppression of dendritic Li simultaneously. As a result, by integrating the S-nanomat
and the dual-functional separator, the cathode yields exceptional mechanical properties and
electrochemical performance. Li-S pouch cells are further demonstrated to show stable cycling
performance at bending state, indicating the feasibility of the integrated S cathode for flexible

Li-S batteries.

Keywords: flexible batteries, integrated electrode, dissolution-recrystallization, shuttle effect,

Li dendrite
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1. Introduction

Flexible and wearable electronics have emerged as advanced and next-generation
energy storage devices that require decent mechanical flexibility. Among various types of
energy storage systems, lithium-sulfur (Li-S) batteries have received increasing interest in
recent years because of their exceptional attributes including high theoretical capacity of sulfur
(1675 mAh/g), high energy density (2600 Wh/kg) and low cost.['** To achieve self-powered
flexible Li-S batteries, fabrication of robust and flexible sulfur cathodes is a fundamental
enabler. However, conventional electrode fabrication via casting slurries on metallic current
collectors increases the overall battery weight and then decreases the gravimetric energy
density.>~71 Therefore, to develop advanced future electronics, there is an urgent need for
designing robust, flexible, and lightweight sulfur cathodes without compromising the

electrochemical performance.

Despite that Li-S batteries are promising rechargeable battery systems, their practical
use is still limited by the weakness from the intrinsic properties and electrochemistry of the
sulfur active material. It is known that the low electrical conductivity of sulfur, the shuttle effect
of soluble lithium polysulfides (Li,S,, 3 <n <8), the large volume deformation, and the growth
of Li dendrites are the typical issues that degrade the battery performance and even pose severe
safety concerns.[®-1'JAmong these obstacles, resolving the shuttle effect and the growth of Li
dendrites are believed to be the principal tasks to realize a safe and high-performance Li-S
battery.['2-16] In an effort of creating flexible and lightweight Li-S batteries with improved
performance, numerous studies have excluded the use of current collectors and created flexible
free-standing sulfur cathodes by incorporating sulfur into conductive hosts such as carbon
nanotubes!!7-1°1 graphenel?°21], Ti;C,T, paper!??], TiN/C naonfibers[?], etc. The conductive

hosts could not only buffer the strain from volume expansion, but also increase the electrical
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conductivity and help refrain the diffusion of lithium polysulfides.[*425]1 However, more efforts
are needed to further improve the mechanical properties of the free-standing sulfur cathodes in

order to afford long-term deformations.

As an alternative to free-standing sulfur cathodes, integration of sulfur cathode and
separator represents an attractive configuration design. Benefiting from the intrinsically good
mechanical flexibility of separators, recently emerging studies have directly deposited sulfur
cathodes on separators as the substrates. The seamless cathode-separator configuration reduced
the interfacial resistance and improved structural stability.[?627] It has been revealed that the
rational integration of the sulfur cathode and separator could lead to highly flexible Li-S
batteries being able to withstand mechanical deformations. For example, Zhou et al.?”] cast
sulfur-graphene slurries on a separator, resulting in excellent flexibility and high-energy-
density Li-S batteries. Hsich et al.[?8] integrated sulfur cathodes with plasma-treated separators,
which showed good mechanical integrity. In addition, with the aim of inhibiting the shuttle
effect, many efforts have been made to modify the separator by incorporating an interlayer
made of carbon nanofibers (CNFs)?°], MnO,/CNTsl?%], etc., between the cathode and separator
to prevent the diffusion of lithium polysulfides. The aforementioned research provided
significant insight into the design of integrated sulfur cathode-separator configurations leading
to high-performance flexible Li-S batteries. The interlayers in these studies showed
effectiveness in inhibiting the shuttle effect, but the inability of suppressing the growth of Li

dendrites still remains a drawback.

To endow safety to the flexible Li-S batteries for making a leap to practical applications,
developing effective strategies to stabilizing Li metal anode should be taken into consideration.
Tremendous efforts have been devoted to suppressing the growth of Li dendrites by optimizing
electrolytes39-32, creating artificial solid electrolyte interphase (SEI)133-3%], building composite

Li metal anodes**-38], modifying separatorsB3°-411 etc. Among these methods, modifying the
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separator would be a very appealing and durable solution, because the separator as a crucial
interfacial component strongly impacts not only the diffusion of molecules (e.g. lithium
polysulfides) but also the ion deposition kinetics. Therefore, adding the two functions (i.e.
refraining the shuttle effect and suppressing the growth of Li dendrites) to the separators is
expected to be able to enhance the electrochemical performance and safety of the batteries

simultaneously.

In this study, we report a simple and scalable wet-processed strategy, i.e. dissolution-
recrystallization strategy, for fabricating flexible and binder-free sulfur cathodes integrated
with dual-functional separators capable of suppressing the shuttle effect and stabilizing Li
metal anode. The wet-processed strategy not only enables the fabrication of flexible binder-
free sulfur-CNT nanomat as the cathode, but also facilitates the deposition of the cathode on
the separator. The CNT bundles are prone to form 3D networked structure under proper
treatment, which is a benefit to generate flexible sulfur cathodes. Meanwhile, the high electrical
conductivity of CNTs helps increase the overall conductivity of the resulting sulfur cathodes.
Moreover, a dual-functional separator modified with polypyrrole (PPy) coating on both
surfaces of the commercial separator is fabricated via a vapor-phase polymerization method.
This is because PPy as a conductive polymer possesses advantages in inhibiting both the shuttle
effectl*>4 and growth of Li dendrites*], as well as facile synthesis. As a result, the sulfur
nanomat-dual functional separator integrated cathode shows exceptional mechanical properties
and electrochemical performance. In addition, a flexible Li-S battery is demonstrated to show
stable cycling performance at bending state, benefiting from the good mechanical flexibility of

the integrated sulfur cathode.

2. Results and discussion
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To fulfill an integrated cathode-separator configuration, a facile and scalable strategy
derived from dissolution-recrystallization process of sulfur followed by vacuum filtration was
adopted in this study (Figure 1 (a)). Specifically, sulfur was first dissolved in N-Methyl-2-
pyrrolidone (NMP) solvent at 120 °C, which promptly formed an orange solution as shown in
Figure 1 (a). The totally dissolved sulfur facilities the formation of homogeneous sulfur
electrode composites with conductive agents. CNTs were then dispersed in the sulfur solution,
in which the sulfur molecules were thoroughly adsorbed by the CNT bundles. When cooling
down the mixture solution, sulfur is recrystallized and deposited on CNTs. In the meantime, a
commercial separator (CS), Celgard® 2400, was soaked in a FeCl; solution and then subject to
the vapor of pyrrole for initiating polymerization, which eventually resulted in the formation
of conductive PPy coating on both sides of the separator (PPy@CS). The S/CNT mixture
dispersion was vacuum filtrated on the PPy@CS to generate the binder-free flexible S@WCNT
nanomat-PPy@CS integrated cathode. Figure 1 (b) illustrates the dual roles that the PPy@CS
plays in the resulting batteries. As illustrated, conventional Li-S batteries suffer from the
shuttling of polysulfides and the uncontrollable growth of dendritic Li due to the unstable
deposition of Li* ionsl4647], To synchronously relieve these two issues, a dual-functional
separator, PPy@CS, was backed up with the S@CNT nanomat to result in the integrated sulfur
cathode. The PPy that was grown on the surface of the separator helped to trap and convert the
polysulfides while regulated the Li" ion flux to stabilize the Li metal anode, which will be

discussed in detail later.
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Figure 1. Schematic illustration of the fabrication of S@CNT nanomat integrated with a
dual-functional separator. (a) Fabrication of the integrated sulfur cathode. The sulfur cathode
is fabricated via a dissolution-recrystallization strategy in which sulfur uniformly binds with
the CNTs resulting in sulfur-CNT nanomat (S@CNT). The dual-functional separator is
fabricated by vapor-phase polymerization of PPy on both surfaces of the separator. The final
integrated sulfur cathode is achieved by vacuum filtrating the S@CNT dispersion on the dual-
functional separator. (b) Schematic showing the impacts of the dual-functional separator on

trapping polysulfides and suppressing the growth of Li dendrites.

Figure 2 (a) shows the XRD patterns of wet-processed sulfur in comparison with the
pristine sulfur particles. The pristine orthorhombic sulfur and the wet-processed sulfur share
the same diffraction peaks in XRD patterns, which indicates that the dissolution-

recrystallization process of sulfur does not change the crystalline structure of sulfur. Typical
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crystalline planes (113), (222), and (044) can be clearly found at the 20 positions of 15.7°,
23.3° and 31.7°48], respectively, for both samples. In addition, the CNTs exhibit a broad peak
at around 26° indexed to the (002) peakl*]. For the S@CNT, it can be seen that some typical
peaks such as the (222) peak from sulfur are still present, but the peaks in the range of 30° to
70° disappear, which may result from the shielding effect by CNTs. This result indicates that
most sulfur is deposited into the CNT bundles. The SEM images in Figure 2 (b) indicate that
the CNT bundles intertwine together forming a porous networked structure. If we take a closer
look, the sulfur successfully coats on the CNT surface acting as a binder linking the CNT
bundles, which warrants the film formation ability of the S@CNT nanomat. This is because in
fabrication process, CNTs are all dispersed in sulfur solution with excessive amount of sulfur;
therefore, some sulfur molecules are inevitably adsorbed on the CNT surface. It is worth noting
that the entire S@CNT system is binder-free; thus, the unique sulfur-binded CNT networks
help maintain the structural integrity of the resulting cathode. The EDX mapping also confirms
that sulfur is uniformly distributed throughout the CNT networks, which is facilitated in the

dissolution-recrystallization process.

To reveal the loading of sulfur in the S@CNT nanomat, TGA analysis was carried out
and the result is shown in Figure 2 (¢). As shown, compared with CNTs without notable weight
loss in the entire testing, the S@CNT nanomat undergoes a gradual weight loss starting from
ca. 90 °C due to the loss of moisture, followed by a substantial weight loss ranged from ca. 150
°C to ca. 290 °C caused by the subliming of sulfurl®®l. Therefore, the loading of sulfur in the
S@CNT nanomat is determined to be ca. 75 wt%. Meanwhile, a conventional sulfur cathode
with the same weight ratio of sulfur/CNTs made by slurry-casting is fabricated for comparison
(see details in Experimental section), which is designated as S-CNT mixture in the following
text. As shown in Figure 2 (d), the S@CNT nanomat exhibits a much higher electrical

conductivity of 16.7 S/m than that of the S-CNT mixture (8.5 S/m). This results from the good
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structural uniformity of the S@CNT nanomat and the stable connection of the CNT conductive

networks.
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Figure 2. Morphological features and electrical properties of S@ CNT nanomat. (a) XRD
patterns of wet-processed sulfur and S@CNT. (b) SEM images and EDX mapping of S@CNT
nanomat. (¢) TGA curves of S@CNT compared with pure CNTs. (d) Electrical conductivity

of S@WCNT compared with conventional S-CNT mixture cathode.

To simultaneously solve the two issues: shuttle effect and growth of Li dendrites, a
dual-functional separator modified by PPy coating is designed and fabricated. As shown in
Figure 3 (a), the pristine commercial separator (CS) shows a nanoporous structure with a pore
size of about 100 — 200 nm. For the PPy@CS, it can be clearly seen that a coating layer is
formed on the surface and the porous structure is still maintained, which warrants the smooth

transfer of ions. To confirm the presence of PPy, FTIR spectra are recorded and shown in

10
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Figure 3 (b). For the pristine CS made of polypropylene (PP), characteristic peaks at 1459 and
1374 cm! correspond to the C-H bending vibration of PPB!U. After modification by PPy,
several typical peaks at such as 1554, 1451 and 1044 cm™' contributed by vibration of Py ring,
C-C stretching, and C-H in-plane vibration can be observed?31, verifying the successful
formation of PPy on the separator. It is interestingly found that the PPy coating improves the
thermal stability of the separator. As shown in Figure 3 (¢), pristine CS severely shrinks after
exposure at 150 °C for 30 min, because the melting point of PP is about 160 °C[*. On the
contrary, the PPy@CS exhibits much more slight shrinkage subject to the same thermal
treatment. This suggests that the PPy coating helps resist the thermal shrinkage because the
melting point of PPy (> 300 °CI3]) is much higher than that of PP. The increased thermal
stability of PPy@CS will allow the operation of the batteries at elevated temperatures and also

improve the battery safety under the condition of thermal runaway.
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Figure 3. Physical and electrochemical properties of PPy@CS. (a) Cross-sectional SEM
images of pristine CS and PPy@CS. (b) FTIR spectra of pristine CS and PPy@CS. (c) Digital
photos showing the thermal shrinkage of the two separators. (d) Diffusion testing of lithium
polysulfides with a pristine CS and a PPy@CS. (e) Nyquist plots showing the ionic
conductivity of the two separators conducted in stainless steel/separator/stainless steel
configurations. (f) Nyquist plots showing the interfacial stability of the two separators against

Li metal conducted in Li/separator/Li configurations.

In addition, it is revealed that the PPy@CS significantly reduces the shuttling of lithium
polysulfides. A visualized diffusion testing is performed for the two separators in Figure 3 (d).
As shown, the lithium polysulfides quickly diffuse from the bottle filled with lithium
polysulfide-containing electrolytes to the clean electrolyte side within only 5 minutes. The
color of the clean electrolytes increases over time, which indicates that the lithium polysulfides
continuously diffuse through the pristine CS because of the inability of CS to suppress the
shuttling of lithium polysulfides. By contrast, for the PPy@CS system the diffusion of lithium
polysulfides can be inhibited in the first 3 hours by the PPy@CS, and the lithium polysulfides
start to penetrate the PPy@CS after 6 hours. This comparison implies that PPy@CS plays a
critical role in reducing the diffusion of lithium polysulfides due to the fact that PPy shows
strong chemisorption of lithium polysulfides. This is because the nitrogen-containing groups
of PPy can form Li-N interactions with lithium polysulfides.[*?] Moreover, the ionic
conductivity of the PPy@CS compared with the pure CS is displayed in Figure 3 (e). The ionic
conductivity of the PPy@CS is determined to be 2.1 x 10 S/cm that is higher than that of the
CS (1.2 x 10* S/cm). The improved ionic conductivity of PPy@CS can be attributed to PPy’s
good affinity with Li* ions, because Li* ions can bind with the pyrrole ring via forming cation—n
interactions.[*3] The large conjugated system of PPy also allows the formation of continuous

binding sites with Li* ions along the polymer chains, and therefore facilitates the transport of

12
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Li" ions. Benefiting from the good affinity with Li* ions, the interfacial stability against Li

metal is also improved by the PPy@CS. Figure 3 (f) shows the Nyquist plots of Li/separator/Li

cells, consisting of a semicircle at high-to-medium frequency region and a straight line at low

frequency region. The diameter of the semicircles on the real axis indicates the interfacial

charge-transfer resistance of the separators. As shown, the PPy@CS shows a lower interfacial

charge-transfer resistance of ca. 22.3 Q compared with 24.8 Q for CS. The above results

indicate that the PPy@CS is capable of suppressing the diffusion of lithium polysulfides and

promoting the ion-transport process.
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Figure 4. Electrochemical performance of Li-S batteries with PPy@CS. (a) CV curves of

different Li-S battery systems. (b) CV curves of Li-S batteries with the integrated sulfur

cathode: S@CNT/PPy@CS. (c) Nyquist plots of different Li-S battery systems. (d) Voltage
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profiles of different Li-S battery systems at 0.1 A/g. (e) Voltage profiles of S@CNT/PPy@CS
at varying current densities. (f) Voltage profiles of S@CNT/PPy@CS in different cycling
numbers at 1 A/g. (g) Rate performance and (h) cycling stability of different Li-S battery

systems.

The electrochemical performance of the flexible and binder-free integrated sulfur
cathode, S@CNT/PPy@CS, is evaluated in Li-S batteries. For comparison, the conventional
sulfur cathode (S-CNT mixture) is also assembled into batteries. The representative cyclic
voltammetry (CV) curves of the three sets of cells with different cathodes are shown in Figure
4 (a). In cathodic scan, two reduction peaks can be observed due to the reduction of Sg to long-
chain lithium polysulfides (Li,S,, 4 <n < 8), and further reduction to short-chain ones (Li,S,
or Li,S), respectively.’%37] In anodic scan, two relatively close oxidation peaks are present,
which are aroused from the reverse transformation from insoluble short-chain lithium
polysulfides to soluble long-chain ones and then to Sg, respectively.’8391 It can be seen that the
three cells all display well-defined reduction/oxidation peaks, indicating reversible
electrochemical reactions. Specifically, the S@CNT/PPy@CS cell shows a pair of reduction
peaks at 2.33 V and 2.03 V, and a pair of oxidation peaks at 2.33 V and 2.40 V, while the
corresponding reduction and oxidation peaks of S@CNT/CS cell are at 2.31, 2.01, 2.38, and
2.42 V, respectively. The difference between corresponding reduction and oxidation potentials
of S@WCNT/PPy@CS cell is much smaller than that of the S@CNT/CS cell, suggesting a better
reaction reversibility and smaller polarization. This result indicates that the PPy@CS is able to
promote the electrochemical reactions due to its higher ionic conductivity and effectiveness in
suppressing the shuttle effect. However, it should also be noted that compared with the
conventional sulfur cathode made of S-CNT mixture, two S@CNT cathodes yield higher
reduction potentials and lower oxidation potentials and therefore better reaction reversibility,

which indicates that the wet-processed binder-free integrated sulfur cathodes are advantageous

14
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in delivering smooth electrochemical reactions. Figure 4 (b) displays the CV curves of the
S@CNT/PPy@CS cell at varying scan rates. It can be seen that the peak currents increase with
the scan rate with slight deviation of peak potentials, and the peaks are still evidently present
even at a high scan rate of 0.5 mV/s. This indicates that the cell affords stable and reversible

electrochemical reactions at varying scan rates.

Figure 4 (c) shows the Nyquist plots of the various Li-S cells. It clearly shows that the
two S@CNT cells have significantly smaller charge-transfer resistance compared with the S-
CNT mixture cathode, as indicated by the diameter of the semicircle across the real axis. In
specific, the S@CNT/PPy@CS shows the lowest charge-transfer resistance of ca. 8.4 Q among
the S@CNT/CS (19.7 Q) and S-CNT mixture (84.3 Q) cells. This result implies that the higher
electrical conductivity of the two S@CNT cathodes as discussed above effectively reduces the
interfacial resistance. Meanwhile, the PPy@CS is another enabler for further improving the
kinetics of ion-transport owing to its high ionic conductivity and good interfacial stability with
Li metal. The low charge-transfer resistance of the S@CNT/PPy@CS cell is a benefit for

yielding high electrochemical performance especially rate performance.

The voltage profiles of the various cells are presented in Figure 4 (d). At 0.1 A/g, the
S@CNT/PPy@CS cell delivers the highest discharge capacity of 1308 mAh/g compared with
the S@CNT/CS cell (1170 mAh/g) and the S-CNT mixture cell (1038 mAh/g). This indicates
that as compared with the S-CNT mixture cathode, the good structural uniformity and high
electrical conductivity of the two S@CNT cathodes lead to higher utilization of sulfur active
materials. More importantly, the PPy@CS is effective in alleviating the diffusion of lithium
polysulfides such that the capacity is increased, which is in good agreement with the above
result in Figure 3 (d). The voltage profiles of the S@CNT/PPy@CS cell at various current
densities are shown in Figure 4 (e). It is found that from 0.1 to 1 A/g, the second discharge
plateaus only slightly drop down and are still smooth. Interestingly, at increased current rates

15



Nanoscale

such as 0.2 A/g, the polarization even decreases compared with the case of 0.1 A/g. It is
speculated that the PPy@CS may need a longer time to be fully wetted, and thus the
S@CNT/PPy@CS cell needs a longer activation time. As further increasing the current density
to 2 A/g, the flat discharge plateau decreases to ca. 1.9 V. This result indicates that the
S@CNT/PPy@CS cell affords stable and reversible electrochemical reactions even at high
current densities, benefiting from its good structural properties, fast charge-transfer and
suppressed shuttling of lithium polysulfides. To further prove this point, the various cycling
numbers of voltage profiles at a high current density of 1 A/g are present in Figure 4 (f). As
shown, from the first to the 500t cycles, the voltage profiles having good overlap are very
smooth and show slight capacity decay, which suggests a stable long-term charging-

discharging process.

The rate performance of the Li-S cells is compared to further reveal the advantages of
the S@WCNT/PPy@CS cell. It is clearly seen that the S@CNT/PPy@CS cell shows the highest
capacities at all tested current densities among the three cells. To be more specific, the
capacities of the S@WCNT/PPy@CS cell are 1110, 1039, 961, 808 and 662 mAh/g at 0.2, 0.3,
0.5, 1 and 2 A/g, respectively, compared with 883, 805, 742, 695 and 544 mAh/g for the
S@CNT/CS cell. The S-CNT mixture cathode is even inferior to the S@CNT/CS cell. When
switching the current density back to 1 A/g, a reversible capacity of 807 mAh/g is achieved for
the S@WCNT/PPy@CS cell, which suggests that the cell can deliver high capacities without
notable capacity loss over varying current densities. Moreover, the S@CNT/PPy@CS cell
shows exceptional cycling performance in Figure 4 (h). In comparison of the cells with S-CNT
mixture and S@CNT/CS, the S@CNT/PPy@CS yields the highest and stable capacities in 500
cycles at 1 A/g. On the contrary, the cell with the S@CNT/CS shows evidently continuous
capacity decay during cycling process, which is caused by the gradual diffusion of lithium

polysulfides out of the cathode. The CNT frameworks though have some effect in suppressing

16
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the diffusion of lithium polysulfides, the long-term performance remains an issue without a
“secondary-guard”. Thus, the S-CNT mixture cell experiences a dramatic capacity loss in the
first 20 cycles and then the capacities stabilize at around 540 mAh/g. This is because the lithium
polysulfides quickly dissolve and diffuse in the electrolytes causing a great loss of sulfur, and
then the equilibrium state is reached. The capacity decay rate of the S@WCNT/PPy@CS cell is
as low as 0.037% as compared with 0.12% and 0.084% for S@CNT/CS and S-CNT mixture
cells, respectively. The average Coulombic efficiencies of the S@WCNT/PPy@CS, S@CNT/CS
and S-CNT mixture cells are 99.2%, 98.1% and 98.3%, respectively. The superior cycling
stability and Coulombic efficiency of the S@CNT/PPy@CS cell are contributed by the
synergistic effect from the CNT-intertwined networked structure of the S@CNT cathode and

the polysulfide-adsorption function of the PPy@CS.
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Figure 5. Li plating/stripping behavior studies of PPy@CS. (a) Voltage profiles of Li
plating/stripping behavior in Li/Cu cells with different separators. (b) Coulombic efficiency of
Li/Cu cells with different separators. (¢) — (d) Voltage profiles of Li/Cu cells at the 10t and the

25t ¢ycles. () SEM images of Cu electrode after 30 cycles.
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To demonstrate the effectiveness of the PPy@CS in suppressing the growth of li
dendrites, the Li plating/stripping behaviors of the two separators are studied in Li/Cu cells. As
shown in Figure 5 (a), at a current rate of 0.5 mA/cm?and a deposition capacity of 1 mAh/cm?,
the cell with the pristine CS shows fluctuated voltage profiles, indicating unstable deposition
of Li on Cu electrode.[®061] In contrast, the PPy@CS cell yields much more stable voltage
profiles and lower polarization for ca. 320 hours, which suggests that the deposition of Li on
Cu electrode is stable leading to formation of thin and uniform SEI. Meanwhile, the Coulombic
efficiency of the PPy@CS cell (about 97%) is much higher and more stable than that of the CS
cell in Figure 5 (b), implying that the deposited Li on the Cu electrode can be almost
completely stripped without breaking the SEI layer. Furthermore, regarding the specific voltage
profiles of the cells at certain cycles, one finds that both PPy@CS and CS cells show smooth
plating/stripping plateaus (Figure S (¢) — (d)). However, it clearly shows that the potential
hysteresis of the PPy@CS cell is much lower than that of the CS cell. For example, at the 25%
cycle (Figure 5 (d)), the potential hysteresis of the PPy@CS cell is only ca. 44 mV, compared
with ca. 154 mV for the CS cell. The much lower potential hysteresis of the PPy@CS cell

results from the homogeneous ion-deposition and formation of thin and stable SEI layer!62:63],

After cycling testing, the cells were disassembled, and the morphologies of the cycled
Cu electrode were examined. As shown in Figure 5 (e), the Cu electrode with CS shows
numerous dendritic Li and dead Li species, and many cracks are generated on the surface. On
the contrary, the Cu surface is much smoother without cracks or Li dendrites for the case of
PPy@CS, which indicates that the SEI layer is stable and the continuous plating/stripping of
Li does not destroy the SEI layer. The stable Li plating/stripping performance of PPy@CS cell
can be contributed by the role of PPy in regulating and stabilizing Li" ion flux. As discussed
above, the PPy coating on the separator is able to bind with Li" ions to not only facilitate the

transport of Li" ions, but also regulate the ion flux passing through the separator. As a result,
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the PPy@CS plays a critical role in stabilizing the deposition of Li* ions and therefore

suppressing the growth of Li dendrites.
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Figure 6. Electrochemical performance of flexible Li-S batteries. (a) Strain-stress curves of
S@CNT/CS and S@CNT/PPy@CS cathodes. (b) Normalized electrical conductivity of the
S@CNT/PPy@CS versus bending times. (c) Voltage profiles of the flexible Li-S battery at flat

and bent state. (d) Cycling performance of the flexible Li-S battery at bending state.

Good mechanical properties of the integrated sulfur cathode are a guarantee for
sustaining the continuous mechanical deformations of flexible Li-S batteries. The strain-stress
curves of the integrated sulfur cathodes testing the machine direction are shown in Figure 6
(a). Both the S@CNT/PPy@CS and S@CNT/CS samples undergo a linear elastic deformation
in the first step. The two electrode samples can withstand a stress higher than 20 MPa. The

elastic strain of the S@WCNT/PPy@CS is 6.2% while the value of the S@CNT/CS is slightly
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higher: 8.6%. The fracture stress and strain of the two samples are quite comparative, which
are about 84.7 MPa and 38.3% for the S@CNT/PPy@CS, and 83.1 MPa and 38.5% for the
S@CNT/CS. The high mechanical properties of the integrated electrodes are mainly
contributed by the beneficial separator providing robust mechanical support. In addition, the
tolerance of the integrated electrodes under deformations is tested via measuring the electrical
conductivity under continuous bending/unbending states. As shown in Figure 6 (b), the
dynamic bent/flat cycling has no significant impact on the S@CNT/PPy@CS electrode, as
indicated by the stable normalized electrical conductivity for 30 cycles of bending/unbending
process with a bending angle of 90°. The high stability of the electrical conductivity is a result
of good structural stability of the S@CNT nanomat and the integration of the electrode
configuration, which helps maintain stable electrochemical performance of the resulting Li-S

battery at deformation state.

Furthermore, we assembled pouch cells using the integrated S@CNT/PPy@CS cathode
and Li foil as the anode, to demonstrate the feasibility of the integrated cathode for flexible
batteries. As shown in the insets in Figure 6 (¢), at bending state, the pouch cell is still able to
power the LED light indicating a normal operation of the cell. Regarding the charge-discharge
curves in Figure 6 (¢), one finds that at flat state, the discharge capacity is 1124 mAh/g at 0.1
A/g and the second discharge plateau is 1.95 V, much lower than the theoretical one at ca. 2.15
V.164 At bending state, the discharge capacity is slightly decreased to 1094 mAh/g, because of
the poor contact of the battery components possibly. Meanwhile, a cyclic testing was performed
on the bent pouch cell with a bending angle of 90 °. As shown in Figure 6 (d), the pouch cell
delivers an initial discharge capacity of 1016 mAh/g and then decays to 932 mAh/g after 30
cycles at 0.1 A/g, with an average Coulombic efficiency of 97.5%. Although the performance

is not as good as the coin-type cells as studied in Figure 4, we believe that by reforming the
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battery packaging and sealing technologies, it is expected that a high-performance and durable

pouch cell can be achieved.

3. Conclusion

In summary, we report a dissolution-recrystallization strategy for fabricating a robust,
flexible and binder-free S cathode integrated with a dual-functional separator enabling to
suppress both the shuttle effect and the growth of Li dendrites. The dissolution-recrystallization
strategy not only leads to uniform adsorption of S on CNT networks and then formation of
robust S@CNT nanomat, but also helps the deposition of the nanomat on the separator. The
dual-functional separator, which is made by vapor-phase polymerization of PPy on both sides
of the commercial separator, enables to refrain the shuttle effect and prevent the growth of Li
dendrites simultaneously. This is because PPy shows chemisorption of lithium polysulfides
and strong binding with Li* ions for homogenizing the ion-deposition. By integrating the
S@CNT nanomat and the dual-functional separator, the resulting S cathode shows good
mechanical properties and excellent electrochemical performance, e.g. 0.037% decay rate for
500 cycles at 1 A/g. Further, we demonstrate that the pouch cells with the integrated S cathode
yield stable cycling performance at bending state, which verifies the feasibility of the S cathode
for realization of flexible Li-S batteries. This study proposes a viable and scalable strategy for
fabricating robust and integral electrode structures leading to flexible and wearable electronic

devices.

4. Experimental methods

4.1. Sample preparation

Preparation of S@CNT nanomat. The S@CNT nanomat was prepared by dissolving S powders
(Sigma Aldrich) in NMP solvent (VWR) at 120 °C under vigorous stirring for 20 minutes. The

content of S was kept constant to be 6 wt%. In the meantime, CNTs (multiwalled, Nanocyl SA)
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were dispersed in NMP solvent with a solid content of 0.5 wt%, which were treated by tip
sonifier (Branson 250, magnitude: 15%) for 1 hour in an ice bath. Afterwards, CNT dispersion
was added to the above S solution and the mixture underwent another 20 minute-stirring at 120
°C. The weight ratio of S : CNTs is 75 : 25. The mixture was then cooled down at 0 °C in an

ice bath for subsequent experiments.

Preparation of dual-functional separator. The dual-functional separators were fabricated by
vapor-phase polymerization of PPy on commercial separators (Celgard® 2400). Briefly, the
commercial separators were soaked in a solution of 0.1 M FeCls/ethanol for 1 hour. Excessive
FeCl; solution was wiped by Kimwipes® tissue. The separators were then subject to the pyrrole
(Sigma Aldrich) monomer vapor in an airtight bottle for 4 hours, in which the treated separators
were placed above the pyrrole monomer allowing the vapor penetration through the separators.

The final PPy treated separators (PPy@CS) were vacuum dried at 60 °C for 12 hours.

Preparation of S@CNT/PPy@CS integrated cathode. The integrated S cathodes were prepared
by vacuum filtrating the above S/CNT mixture dispersions on the PPy@CS separators. For the
control sample, the mixture dispersions were filtrated on pristine commercial separators. The

loading of S active materials is around 1.8 — 2 mg.

Preparation of conventional S cathode. The conventional S cathodes were prepared by a slurry-
casting method. The compositions include 67.5 wt% S, 22.5 wt% CNTs and 10 wt%
polyvinylidene fluoride (PVDF) as the binder. The mixture was bowl-milled for 30 minutes in
NMP solvent until homogeneous electrode slurries were formed. The slurries were cast on a
carbon-coated aluminum foil using a doctor blade to control the thickness. The cast slurries
were dried at room temperature for 6 hours and then transferred to a vacuum oven at 50 °C for
12 hours for removing residual moisture and solvents. The loading of S active materials was

kept being 1.8 mg.

22

Page 22 of 27



Page 23 of 27

Nanoscale

Assembly of Li-S cells. The prepared integrated or conventional electrodes were punched into
0.5-inch circular disks for assembling cells. Coin-type (CR 2032) cells were assembled in an
Ar-filled glovebox with the prepared S cathodes by using a liquid electrolyte solution
composed of 1 M LiTFSI dissolved in mixture solvents of DOL/DME (1 : 1 by volume) with
2 wt% LiNOj as the additive. The electrolyte/S ratio was kept being 12 pL./mg. For assembling
the pouch cells, the integrated S cathode and Li foil along with the electrolyte were sealed in

plastic sheets using a Scotch® laminator.

4.2. Materials characterizations

Morphological and mechanical properties characterizations. The morphologies of the samples
were investigated by scanning electron microscopy (SEM, Quanta 200F). Energy-dispersive
X-ray spectroscopy (EDX) was conducted by using Tescan Vega3 SEM. The crystalline
structures were investigated by X-ray Diffraction (XRD) (Rigaku Miniflex 600) using Cu Ka
radiation over a range of 10 ~ 70°. Fourier-transform infrared spectroscopy (FTIR) spectra
were recorded by using Nicolet iS10 with an ATR mode. The mechanical properties of the
electrodes were measured by a universal testing machine (Instron, 5565A) with a tensile rate
of 1 cm/min. Thermal properties of the electrodes were studied by Thermogravimetric analysis

(TGA, TA Instruments) in N, atmosphere at a heating rate of 10 °C/min.

Electrochemical measurements. The electrical conductivity of the electrodes was measured
using a four-probe method with a SourceMeter (Keithley 2410). The charge/discharge voltage
profiles, cyclic stability and rate capability of the Li-S cells were obtained via cycling the cells
with a cut-off voltage of 1.7 — 2.8 V using a battery analyzer (BST8-MA, MTI) at room
temperature. The electrochemical impedance spectroscopy (EIS) spectra and the cyclic

voltammetry (CV) curves of the Li-S cells were tested by an electrochemical workstation (Bio-

23



Nanoscale Page 24 of 27

Logic) in a frequency range of 0.01 - 1 M Hz, and in the window of 1.7-2.8 V at various scan

rates, respectively.
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