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Li,S is an attractive prelithiated cathode material with a high
theoretical capacity of 1166 mA h g%, which is far above that of its
transition metal oxide/phosphate counterparts. Here, we demon-
strate facile, in situ synthesis of Li,S—polypyrrole composites for use
as high-performance Li,S cathodes. The N atoms in polypyrrole
were found to possess favorable Li—N interaction with Li,S, which
enables polypyrrole to bind strongly onto and cover the surface of
Li,S to constrain intermediate polysulfides during cycling. Poly-
pyrrole, being a conducting polymer, also helps to facilitate elec-
tronic conduction. Using the Li,S—polypyrrole composites as a
cathode material, we demonstrate a high discharge capacity of 785
mA h gt of Li,S (~1126 mA h g~* of S) with stable cycling over
prolonged 400 charge/discharge cycles.

Introduction

Energy storage devices based on rechargeable lithium-ion
batteries are now widely used in portable electronics and
consumer devices today.'® However, the energy density of
current lithium-ion batteries remains insufficient for many
emerging applications such as vehicle electrification and grid
energy storage."® As a result, much effort has been devoted to
the development of alternative high-capacity anode materials
(such as silicon and tin),”® but the major limiting factor is still
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Broader context

The development of high-capacity cathode materials for use in high-
energy rechargeable batteries is important for applications such as vehicle
electrification and grid energy storage. Sulfur is a well-known cathode
material that is now under intensive study, but further progress is
hindered by the need for pairing with a lithium metal anode which is
prone to dendrite formation and safety issues. Compared to sulfur, fully
lithiated Li,S represents a more attractive cathode material because it
enables pairing with safer, lithium metal-free anodes (such as silicon or
tin). However, Li,S cathodes are plagued with low electronic and ionic
conductivity as well as dissolution of intermediate polysulfides into the
electrolyte, resulting in fast capacity fading. Herein, we demonstrate the
first encapsulation of Li,S with a conducting polymer, polypyrrole, form-
ing a composite cathode with stable and long-term cycling performance.

the relatively low capacity of cathodes.®> Li,S is a promising
cathode material with a high theoretical capacity of 1166 mA h
g’1 based on the electrochemical reaction: 8Li,S < Sg +
16Li.>*** Unlike conventional sulfur cathodes, Li,S is fully
lithiated and can be paired with lithium metal-free anodes
(such as silicon and tin), hence obviating dendrite formation
and safety concerns associated with metallic lithium.** More-
over, unlike sulfur which expands 80% during initial lithiation,
Li,S shrinks as it is delithiated initially, generating empty space
for subsequent volumetric expansion during lithiation, thus
mitigating against structural damage to the electrode.””*®
However, Li,S cathodes are known to suffer from low electronic
and ionic conductivity as well as dissolution of intermediate
lithium polysulfide species (Li,S,,) into the electrolyte, resulting
in fast capacity fading and low Coulombic efficiency.**** To
alleviate these problems, the most common strategy is to
encapsulate Li,S with conductive carbon black or mesoporous
carbon.’*** However, carbon, being non-polar in nature, does
not possess favorable binding with highly polar Li,S, hence
preventing carbon from wrapping tightly around Li,S to help
constrain intermediate Li,S,, species during cycling. As a result,
the typical cycle life of Li,S cathodes demonstrated in the
literature has been limited to 100 cycles or less.>**”

This journal is © The Royal Society of Chemistry 2014
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Herein, we demonstrate, for the first time, the encapsulation
of Li,S with a conducting polymer for use as a high-performance
cathode material. In particular, we synthesized a Li,S—poly-
pyrrole (PPy) composite structure via facile, in situ polymeriza-
tion of pyrrole on Li,S particles. The N atoms in PPy were found
to possess favorable Li-N interaction with Li,S, which enables
PPy to bind strongly onto and cover the surface of Li,S to
constrain intermediate Li,S, species during cycling. PPy, being
a conducting polymer, also helps to facilitate electronic
conduction. Using the Li,S-PPy composites as a cathode
material, a high discharge capacity of 785 mA h g " of Li,S
(~1126 mA h g7' of S) was achieved with stable cycling over
prolonged 400 charge/discharge cycles.

Results and discussion

Experimentally, the Li,S-PPy composites were synthesized via in
situ, non-aqueous polymerization of pyrrole onto Li,S particles.
Briefly, micron-sized commercial Li,S particles were first
dispersed in anhydrous methyl acetate containing FeCl; as an
oxidant and poly(vinyl acetate) as a stabilizing agent,* followed
by the addition of pyrrole for overnight polymerization at room
temperature (see ESIT for details). Fig. 1a and b show scanning
electron microscopy (SEM) images of the Li,S particles before
and after PPy coating, respectively. We can see the formation of
multiple PPy nanocolloids (~700 nm) covering the surface of
the Li,S particles, forming a raspberry-like Li,S-PPy composite
structure  (Fig. 1b-d). Using energy-dispersive X-ray

Sulfur map Carbon map

2 pm AT 2 pm

Fig. 1 SEM images of (a) pristine Li,S particles and (b) as-synthesized
Li,S—PPy composite structures. (c) Schematic of a raspberry and (d)
SEM image of a representative Li,S—PPy raspberry-like composite
together with the corresponding elemental maps for (e) sulfur and (f)
carbon.
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spectroscopy (EDX), we performed elemental mapping on a
representative Li,S-PPy structure shown in Fig. 1d, which
confirms the presence of both sulfur and carbon (Fig. 1e and f;
lithium cannot be detected using EDX). The elemental compo-
sition of the Li,S-PPy composites was also studied using EDX
analysis, from which the Li,S content in the composites was
determined to be ~86 wt% (see ESI, Table S17 for details).

The Li,S-PPy composites were further characterized using
X-ray diffraction (XRD) and Raman spectroscopy. The XRD
pattern of pristine Li,S in Fig. 2a shows the characteristic
diffraction peaks belonging to Li,S (JCPDS 26-1188; the peak at
22° arises due to the Kapton tape used to protect the samples
from moisture in the air; ESI, Fig. S11). We see that the XRD
spectrum of the Li,S-PPy composites shows only the diffraction
peaks of Li,S but not those of PPy (Fig. 2a), indicating the
amorphous nature of PPy. To confirm this, PPy nanocolloids were
also prepared in the same way as that of Li,S-PPy composites
except without the Li,S particles (ESI, Fig. S21), and their XRD
spectrum shows the absence of diffraction peaks (Fig. 2a), thus
verifying the amorphous nature of PPy prepared using this
method. Upon Raman analysis, we see that the Raman spectrum
of pristine Li,S shows the characteristic T,, phonon mode of Li,S
at 372 cm™ ! corresponding to Li-S bond vibrations,*** and that
of PPy nanocolloids shows the characteristic peaks correspond-
ing to deformation and stretching of the C-H, C=C and N-H
bonds in PPy (Fig. 2b).*> The Raman spectrum of the Li,S-PPy
composites shows both the peaks of Li,S and PPy, though the
intensity of the Li,S T,, peak is very weak compared to PPy
(Fig. 2b). Since Raman spectroscopy is a surface-sensitive tech-
nique, this observation indicates that the surface of the Li,S
particles has been largely covered by PPy, which is consistent
with the SEM images of the composites in Fig. 1b and d.

To elucidate the interaction between Li,S and PPy, ab initio
simulations were performed in the framework of density func-
tional theory (see ESIf for details). The simulation results
indicate that the lone pairs on the electronegative N atoms in
PPy are capable of binding with Li in Li,S, forming a
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Fig. 2 (a) XRD patterns and (b) Raman spectra of pristine Li,S, PPy
nanocolloids and Li,S—PPy composites. The XRD peak at 22° arises
due to the Kapton tape used to protect the Li,S-containing samples
from moisture in the air.
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Fig. 3 (a) Ab initio simulations and (b) schematic showing the most
stable binding configuration of Li,S with PPy corresponding to Li—-N
interaction. (c) High-resolution XPS spectra of the Li 1s peak and (d)
Raman spectra of the T4 Raman peak of Li,S in the pristine Li,S and
Li,S—PPy composites together with their respective fitted peaks.

coordination-like interaction (Fig. 3a and b). The binding
energy between Li,S and PPy was calculated to be 0.50 eV. The
results also show similar Li-N interaction between PPy and
Li-S- species, the relevant end groups in lithium polysulfides
(Li-S-S,,_»-S-Li; Li,S, in short),*® which would enable PPy to
constrain these polysulfide species during cycling (ESI,
Fig. S371). To investigate the Li-N interaction between Li,S and
PPy in the composite structure, we performed high-resolution
X-ray photoelectron spectroscopy (XPS). To prevent moisture
contamination of Li,S, special precautions were taken during
characterization (see ESIt for details). The as-obtained Li 1s XPS
spectrum of pristine Li,S can be fitted with a single peak with a
binding energy of 54.6 eV (Fig. 3c) corresponding to Li in the
Li-S bond.* In comparison, the Li 1s spectrum of the Li,S-PPy
composites shows asymmetric broadening towards higher
binding energy (Fig. 3c), indicating a change in chemical envi-
ronment experienced by Li. A good fit of this spectrum was
obtained using 2 peaks at 54.6 eV and 55.6 eV, which can be
attributed to Li-S and Li-N interactions respectively (Fig. 3c), in
accordance with tabulated values.** The appearance of this
additional Li-N peak, which is absent in the pristine Li,S
sample, is indicative of Li-N interaction between Li,S and PPy
in the composite structure, consistent with the ab initio simu-
lation results described above.

To provide further evidence in support of the interaction
between Li,S and PPy, we performed Raman spectroscopy and
analyzed the T,, Raman peak of Li,S in the pristine Li,S and
Li,S-PPy composite samples. The T,;, Raman peak of pristine
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Li,S was measured at 372 cm ' (Fig. 3d), in accordance with
values in the literature.*>** Interestingly, we see a red-shift in
the Raman peak position from 372 em™" in pristine Li,S to
369 cm™! in the Li,S-PPy composites (Fig. 3d). Since the T,
phonon mode in Li,S is ascribed to Li-S bond vibrations,**** a
red-shift indicates a decrease in the force constant and slight
weakening of the Li-S bond in the Li,S-PPy composites.**** This
can be attributed to the electronegative N atoms in PPy inter-
acting with Li in Li,S, causing the electron density along the Li-
S bond in Li,S to be diminished and the bond to be weakened,
as indicated by Raman spectroscopy.

To evaluate the electrochemical performance of the Li,S-PPy
composites, 2032-type coin cells were assembled. The working
electrodes were prepared by mixing the Li,S-PPy composites
with carbon black and binder (60 : 35 : 5 by weight) in N-methyl-
2-pyrrolidinone to form a slurry, which was then coated onto
aluminum foil and dried in a glove box. 2032-Type coin cells
were then assembled with lithium foil as the counter electrode.
The electrolyte used was lithium bis(trifluoromethanesulfonyl)-
imide in 1:1 v/v 1,2-dimethoxyethane and 1,3-dioxolane with
LiNO; additive. The Li,S-PPy composite cathodes were first
activated at C/20 (1 C = 1166 mA g~ ') by charging to a high
cutoff voltage of 3.8 V vs. Li*/Li to overcome the initial potential
barrier associated with micron-sized Li,S particles (ESI,
Fig. S47),* followed by discharge to 1.8 V. Galvanostatic cycling
was then carried out from 1.8 to 2.6 Vvs. Li'/Li. The typical mass
loading of Li,S was ~1 mg cm 2 and specific capacity values
were calculated based on the mass of Li,S.

The Li,S-PPy composite cathodes exhibited stable cycling
performance at 0.2 C with a high initial capacity of 785 mAh g™*
of Li,S (theoretical capacity 1166 mA h g™') as displayed in
Fig. 4a. Relative to the initial cycle, the capacity retention values
achieved at the end of 50, 100 and 200 cycles were 91%, 91%
and 84% respectively. Even after prolonged cycling over 400
charge/discharge cycles, the cells retained 73% of their initial
capacity, which corresponds to a small average capacity decay of
0.068% per cycle (Fig. 4a). The average Coulombic efficiency
over 400 cycles was calculated to be 95% (Fig. 4a). For
comparison, cells were also assembled using pristine Li,S
cathodes, which exhibited faster capacity decay under identical
testing conditions (Fig. 4b). The capacity retention of the pris-
tine Li,S cathodes was only 63% after 100 cycles (compared to
91% for Li,S-PPy composites), indicating a greater degree of
polysulfide dissolution into the electrolyte in the former case.
This is supported by testing of the electrolyte for sulfur content
using inductively coupled plasma-optical emission spectros-
copy (ICP-OES) at various intermediate stages during a
discharge/charge cycle (see ESIT for details).* Points 1 to 10 in
Fig. 4c correspond to various depths of discharge (DOD) and
states of charge (SOC) during cycling. The ICP-OES results show
a consistently lower percentage loss of sulfur into the electrolyte
at various stages of cycling for the Li,S-PPy composites
compared to pristine Li,S cathodes (Fig. 4d and e). For instance,
at point 3 corresponding to 25% DOD, a maximum of 34% of
the total sulfur mass on the electrode was found to be dissolved
in the electrolyte for the Li,S-PPy composites, compared to 86%
in the case of pristine Li,S cathodes (Fig. 4d). Similarly, at point

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 (a) Specific capacity and Coulombic efficiency of Li,S—PPy composite cathodes upon prolonged cycling over 400 cycles at 0.2 C. (b)
Capacity retention of Li,S—PPy composite cathodes cycled at 0.2 C in comparison with pristine Li,S cathodes. (c) Typical discharge and charge
voltage profile showing various depths of discharge and states of charge (points 1 to 10) and (d and e) the corresponding percentage of sulfur
measured in the electrolyte relative to the total sulfur mass on the electrode at these various points for Li,S—PPy composite and pristine Li,S
cathodes. Specific capacity values were calculated based on the mass of Li,S.

9 corresponding to 75% SOC, 35% dissolution of the total sulfur
mass into the electrolyte was measured for the Li,S-PPy
composites, compared to 83% in the case of pristine Li,S cath-
odes (Fig. 4e). This indicates that the presence of PPy covering the
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surface of Li,S (through strong Li-N interaction) helps to
constrain intermediate Li,S,, species to reduce their loss into the
electrolyte, resulting in more stable cycling performance.

Next, the Li,S-PPy composite cathodes were subject to
cycling at various C-rates to evaluate their electrode kinetics and
stability (Fig. 5a and b). When the C-rate was increased
successively from 0.2 to 0.5 to 1 to 2 C, the cells delivered high
stabilized capacities of 695, 670, 635 and 560 mA h g’1 of Li,S
respectively (Fig. 5a). The capacities achieved at 0.5, 1 and 2 C
correspond to 96%, 91% and 81% of the capacity that was
attained at 0.2 C, indicating good reaction kinetics in the
cathodes. When the C-rate was switched abruptly from 2 C back
to 0.2 C again, 98% of the original capacity was recovered
(Fig. 5a), indicating robustness and stability of the cathode
material. Finally, the morphology of the Li,S-PPy composite
cathodes was also examined after 50 cycles at 0.2 C. At the end
of 50 cycles, the voltage was maintained at 1.8 V vs. Li'/Li for
over 20 h and the cell was disassembled in the discharged state.
We see that Li,S-PPy composites largely retain their original
morphology after cycling, with PPy nanocolloids still covering
the surface of the Li,S particles (ESI, Fig. S57).

Conclusion

We have demonstrated the facile synthesis of Li,S-PPy
composite cathodes, in which favorable Li-N interaction
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enables strong binding of PPy onto the surface of Li,S to help
constrain intermediate Li,S, species during cycling. Additional
work is ongoing to achieve a more complete encapsulation of
Li,S with other conducting polymers to further mitigate against
polysulfide dissolution into the electrolyte. This work provides
new avenues for the future development of strongly bound
conducting polymer coatings for Li,S cathodes to achieve good
cycling stability and long cycle life.
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