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ABSTRACT: Lithium sulfur batteries have brought significant advance-
ment to the current state-of-art battery technologies because of their
high theoretical specific energy, but their wide-scale implementation has
been impeded by a series of challenges, especially the dissolution of
intermediate polysulfides species into the electrolyte. Conductive
polymers in combination with nanostructured sulfur have attracted
great interest as promising matrices for the confinement of lithium
polysulfides. However, the roles of different conductive polymers on the
electrochemical performances of sulfur electrode remain elusive and
poorly understood due to the vastly different structural configurations of
conductive polymer−sulfur composites employed in previous studies. In
this work, we systematically investigate the influence of different
conductive polymers on the sulfur cathode based on conductive
polymer-coated hollow sulfur nanospheres with high uniformity. Three of the most well-known conductive polymers, polyaniline
(PANI), polypyrrole (PPY), and poly(3,4-ethylenedioxythiophene) (PEDOT), were coated, respectively, onto monodisperse
hollow sulfur nanopsheres through a facile, versatile, and scalable polymerization process. The sulfur cathodes made from these
well-defined sulfur nanoparticles act as ideal platforms to study and compare how coating thickness, chemical bonding, and the
conductivity of the polymers affected the sulfur cathode performances from both experimental observations and theoretical
simulations. We found that the capability of these three polymers in improving long-term cycling stability and high-rate
performance of the sulfur cathode decreased in the order of PEDOT > PPY > PANI. High specific capacities and excellent cycle
life were demonstrated for sulfur cathodes made from these conductive polymer-coated hollow sulfur nanospheres.
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Rechargeable lithium-ion batteries currently dominate the
portable consumer electronics market owing to their high

energy density, long lifespan, and flexible and lightweight
design. However, presently available lithium-ion batteries based
on lithium metal oxides (or phosphates) and carbon systems
with theoretical specific energy of about 400 W·h/kg cannot
satisfy the increasing energy demand of modern society,
especially battery requirements for extended-range electric
vehicles.1−3 High energy storage is also important in reducing
the cost per stored energy for grid energy storage.4 Among the
best candidates for next generation high energy storage
systems, the lithium sulfur battery is especially attractive
because of its high theoretical specific energy (around 2600 W·
h/kg) and cost savings.5 Sulfur cathode has a theoretical
capacity of 1673 mA·h/g, more than 5 times higher than that of
LiCoO2. In addition, sulfur is abundant in nature, low cost, and
low toxicity. Despite all of these advantages, the practical
application of lithium sulfur batteries to date has been hindered

by a series of obstacles, including poor cycle life, low
Coulombic efficiency, and low active material utilization.5−10

These problems are mainly caused by multiple materials
challenges, including large volumetric expansion of sulfur upon
lithiation, dissolution of lithium polysulfides in the electrolyte,
and low ionic/electronic conductivity of both sulfur and lithium
sulfide.
To overcome these problems, extensive research has been

conducted with focus on controlling the electrode structure and
composition. Ever since the successful demonstration of
improving sulfur cathode performance using ordered meso-
porous carbon,11 various carbon micro/nanostructured materi-
als, such as mesoporous carbon spheres,12−14 hollow/porous
carbon nanofibers,15−18 activated carbon fiber,19 microporous
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carbon paper,20 and graphene oxides,21,22 have been studied as
a conductive matrix to constrain sulfur within the carbon
frameworks. On one hand, these carbon-based materials
effectively enhanced the conductivity of the electrode and
could trap polysulfides to some extent. On the other hand,
further research showed that carbon could not serve as an ideal
matrix. Our recent study showed that lithiation of sulfur could
cause detachment of lithium sulfide from the carbon surface
during discharge due to the low binding energy between the
nonpolar carbon and polar LixS (0 < x ≤ 2) clusters, resulting
in loss of electrical contact and capacity decay.23 Therefore,
additional polymer modification on carbon surface or a layer of
polymer coating on the carbon/sulfur composites was essential
to stabilize the cycling performance of the sulfur cathode.11,23

Moreover, various metal oxides have also been studied as
alternatives to carbon24−26 with a particular example of sulfur−
TiO2 yolk-shell nanostructures showing outstanding perform-
ance.27

Conductive polymers, indeed, have been explored as
promising alternative matrices to carbon for sulfur entrap-
ment.28−33 Of notable examples include the work by Liu et al.,
who reported the use of polyaniline nanotubes for sulfur
encapsulation, which showed impressive cycle life at high rate
(a capacity of 432 mAh/g at 1C after 500 cycles);28 Manthiram
and Fu reported a core−shell structured sulfur−polypyrrole
composite cathode, which gives a capacity of over 400 mAh/g
at 2C after 50 cycles;29 Chen et al. recently showed that small
sulfur nanoparticles (10−20 nm) wrapped with poly(3,4-
ethylenedioxythiophene) exhibited a capacity retention of 80%
at C/4 after 50 cycles.30 Although a variety of conductive
polymers were studied, no attempt has been made to
systematically compare and understand the roles of different
conductive polymers on the electrochemical performances of
the sulfur cathode due to the varied structural configurations of
conductive polymer−sulfur composites employed in previous
reports. Therefore, it would be a great advantage to have a well-
defined structure as an ideal platform to study effects of
conductive polymers on sulfur electrode from both fundamen-
tal and practical perspectives.
Most recently, our group demonstrated the fabrication of

monodisperse polyvinylpyrrolidone (PVP)-encapsulated hol-
low sulfur nanospheres for the sulfur cathode, which could
improve the cycling stability due to the void space engineered
into the PVP shell to accommodate the sulfur volume
expansion.34 However, the rate capability is relatively weak
due to the nonconductive PVP shells on the surfaces of sulfur
particles. Herein we present stable and high performance sulfur
cathodes made from conductive polymer-coated hollow sulfur
nanospheres. Polyaniline (PANI), polypyrrole (PPY), and
poly(3,4-ethylenedioxythiophene) (PEDOT), three of the
most well-known conductive polymers, were coated, respec-
tively, onto monodisperse hollow sulfur nanopsheres through a
facile, versatile, and scalable polymerization process in aqueous
solution at room temperature. Since all of the conductive
polymer-encapsulated sulfur particles in our system possess the
same hollow structure except with different coatings, they act as
ideal models to accurately compare the influence of different
conductive polymers on the sulfur cathode by ruling out the
factor of sulfur volume expansion. We systematically inves-
tigated how coating thickness and conductivity of these
polymers affected the electrochemical properties of sulfur
electrodes. We also performed ab initio simulations to elucidate
the significance of chemical bonding between these conductive

polymers and LixS (0 < x ≤ 2) species in enhancing the cycling
stability. Comparing the performances of the cells made from
PANI-, PPY-, and PEDOT-encapsulated hollow sulfur nano-
spheres, we found that the ability of these three polymers in
enabling long cycle life and high-rate performance decreased in
the order of PEDOT > PPY > PANI. After 500 discharge/
charge cycles at C/2 rate, the cells made from PEDOT- and
PPY-encapsulated hollow sulfur nanospheres still delivered high
reversible capacities of 780 and 726 mAh/g, respectively (a
decay of only 0.066% and 0.08% per cycle). As to rate
capability, even at high current of 4C, a capacity of 624, 440,
and 329 mAh/g can be achieved for the cells made from
PEDOT-, PPY-, and PANI-coated sulfur particles, respectively.
Figure 1a schematically illustrates the procedure we used for

fabricating the conductive polymer-coated hollow sulfur
nanospheres. In a typical synthesis, monodisperse hollow sulfur
nanospheres developed in our previous report were dispersed
in water,34 to which monomers (aniline, pyrrole, or 3,4-
ethylenedioxythiophene (EDOT)), a small amount of acid

Figure 1. (a) Schematic illustration of the fabrication process of
conductive polymer-coated hollow sulfur nanospheres. RT, room
temperature. (b, d) Scanning electron microscopy (SEM) and (c, e)
transmission electron microscopy (TEM) images of the hollow sulfur
nanospheres (b, c) before and (d, e) after coating with polypyrrole
(PPY). (f, g) TEM images of the (f) poly(3,4-ethylenedioxythio-
phene) (PEDOT)- and (g) polyaniline (PANI)-coated hollow sulfur
nanospheres. Insets in e−g: TEM images of the PPY, PEDOT, and
PANI shell after dissolving sulfur with toluene.
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(hydrochloric acid for aniline; camphorsulfonic acid for EDOT;
no acid needed for pyrrole), and oxidant (FeCl3 for pyrrole;
(NH4)2S2O8 for aniline and EDOT) were added. The mixture
solution was stirred at room temperature overnight, and then
PANI-, PPY-, or PEDOT-coated hollow sulfur nanospheres
were formed depending on which corresponding monomer was
used for the synthesis.
Figure 1b−e show typical scanning electron microscopy

(SEM) and transmission electron microscopy (TEM) images of
the hollow sulfur nanospheres before and after PPY coating.
Before coating with conductive polymers (Figure 1b and c), the
sulfur particles exhibited a well-defined spherical shape with
hollow interiors. Besides the large empty space in the middle,
these sulfur particles also have small pores in their walls as
described in our previous report.34 After coating with a layer of
PPY (Figure 1d and e), the monodispersity, the spherical
morphology , and the hollow characteristic (determined from
the distinct contrast in the TEM image) of the sulfur particles
are all well-preserved. The small pores in the walls became less
obvious as shown in the SEM image (Figure 1d), indicating the
PPY coating on the particle surface. To clearly reveal the PPY
shell, we used toluene to dissolve sulfur away, showing that the
thickness of the PPY shell is ∼20 nm (inset in Figure 1e).
Moreover, the morphologies of both PEDOT- and PANI-
coated hollow sulfur nanospheres are similar to that of the PPY-
coated ones, as shown in the TEM images in Figure 1f and g.
The coating thicknesses of PEDOT and PANI on the sulfur
nanospheres are the same as the PPY coating, which are also
∼20 nm (insets in Figure 1f and g, revealing the PEDOT and
PANI shell after dissolving sulfur by toluene). The respective
amount of elemental sulfur in PANI-, PPY-, and PEDOT-
coated sulfur nanospheres is ∼74, 77, and 78 wt % through
thermogravimetric analysis.
To evaluate the electrochemical performance of the

conductive polymer-coated sulfur nanoparticles, 2032-type
coin cells were assembled using a metallic lithium foil as the
counter electrode. The electrolyte used was lithium bis-
(trifluoromethanesulfonyl)imide in 1:1 (v/v) 1,2-dimethoxy-
ethane and 1,3-dioxolane. LiNO3 (1 wt %) was added to the
electrolyte as an additive to help passivate the surface of the
lithium anode and reduce the shuttle effect.9,35 The typical mass
loading of sulfur was ∼1.5 mg cm−2, and specific capacities were
calculated based on the sulfur mass only.
Figure 2a shows the cycling performances (discharge capacity

vs cycle number) of the cells made from PANI-, PPY-, and
PEDOT-encapsulated hollow sulfur nanospheres at C/5
current rate for 300 cycles. For simplicity, the electrodes
made from these three samples are referred as PANI-S, PPY-S,
and PEDOT-S in the following content. At C/5, the cells made
from PANI-S, PPY-S, and PEDOT-S all exhibited high initial
discharge capacities of 1355, 1315, and 1285 mAh/g,
respectively. After 100 cycles of charge/discharge, a reversible
capacity of 876, 923, and 1071 mAh/g was retained for PANI-S,
PPY-S, and PEDOT-S, respectively. Relative to the initial cycle,
the capacity retention achieved at the end of 100 cycles for
these cells decreased in the following order: PEDOT-S (83%) >
PPY-S (70%) > PANI-S (65%). Even after 300 cycles, a high
reversible capacity of around 860, 808, and 711 mAh/g was still
attained for PEDOT-S, PPY-S, and PANI-S, respectively,
corresponding to a capacity retention of 67%, 61%, and 52%
of their respective initial capacities. The average Coulombic
efficiencies of the three cells at C/5 for 300 cycles are 99.6%
(PEDOT-S), 99.2% (PPY-S), and 98.5% (PANI-S) (Figure

S1). It is noted that PANI, PPY, and PEDOT were reported to
be electrochemically active with lithium ions in the range of
2.5−4 V (the oxidized potentials vs Li/Li+ are above 3 V),36−40

which is beyond the electrochemical window of lithium sulfur
battery.
To further understand the effect of polymer encapsulation,

we decreased the thickness of the conductive polymer coatings
on the sulfur particle surface by shortening the reaction time of
polymerization. Figure 2b shows the cycling performances of
the cells made from hollow sulfur nanospheres with conductive
polymer coatings of ∼9 nm at a C/5 rate. It can be observed
that the sulfur nanospheres with thinner coatings all showed
faster capacity decay than the ones with thicker coatings
(Figure 2a). It is noted that PEDOT is the best among the
three conductive polymers to stabilize the sulfur cathode
cycling performance at both coating thicknesses, while PANI
and PPY showed similar performances, especially during the
first 100 cycles. Even when the coating is only 9 nm, the cell
made from PEDOT-S still showed an initial capacity of 1267
mAh/g, and a high capacity of 940 mAh/g was attained after
100 cycles (a capacity retention of 74%). Even after 300 cycles,
a reversible capacity of 739 mAh/g can still be achieved. In
comparison, PPY-S and PANI-S with 9 nm coatings decays to
822 and 765 mAh/g (capacity retention of 64% and 60%,
respectively) within 100 cycles. This clearly demonstrated that
a higher level of conductive polymer encapsulation obviously
contributes to a lower degree of polysulfide dissolution and
thus reduces the loss of active materials. This is also supported

Figure 2. (a, b) Cycling performances of the cells made from hollow
sulfur nanospheres with PANI, PPY, and PEDOT coatings of (a) ∼20
nm and (b) ∼9 nm at C/5 rate over 300 cycles. (c, d) Percentage of
sulfur in the electrolyte relative to the total sulfur mass on the
electrode for the cells made from the sulfur nanospheres with (c) 20
nm and (d) 9 nm conductive polymer coatings at the end of 1st, 5th,
10th, 25th, and 50th cycle (at fully discharged state) at C/5. 1C =
1673 mA/g.
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by measuring the sulfur content in the electrolyte by the end of
discharge using inductively coupled plasma-optical emission
spectroscopy (ICP-OES), which provides information about
the degree of polysulfide dissolution. In a typical experiment,
the coin cells were dissembled in argon-filled glovebox, and
then the components of the cells (cathode, anode, and
separator) were washed with 1,3-dioxolane. This polysulfide-
containing solution was oxidized with concentrated nitric acid

and then diluted with deionized water for analysis of sulfur
content using ICP-OES. ICP-OES analysis (Figure 2c and d)
showed a consistently higher percentage loss of sulfur into the
electrolyte at various stages of cycling (at the end of 1, 5, 10, 25,
and 50 cycles, at fully discharged state) for cells made from the
sulfur nanospheres with 9 nm conductive polymer coatings
compared to those with 20 nm coatings. It is also worth
mentioning that, even with a thin layer of PEDOT coating (9

Figure 3. (a) Chemical structures of PEDOT, PPY, and PANI. m and n indicate the doped and undoped parts in these polymers, and X indicates the
counterion incorporated during polymerization. (b, c) Ab initio simulations showing the most stable configurations and calculated binding energies
of (b) Li2S and (c) Li−S· species with the heteroatoms (oxygen, sulfur, or nitrogen) in PEDOT, PPY, and PANI. The corresponding binding
energies are displayed in parentheses.

Figure 4. (a) Cycling performances of the cells made from hollow sulfur nanospheres with PANI, PPY, and PEDOT coatings of ∼20 nm at C/2 rate
for 500 cycles. (b) Rate capability of the cells discharged at various current rates from C/10 to 4C. (c) Typical discharge−charge voltage profiles of
the cells at C/5 and 2C (1C = 1673 mA/g).
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nm), only 17% of the sulfur was found to dissolve in the
electrolyte after 50 cycles, which is much lower than those with
9-nm coatings of PPY and PANI (about 27% and 29%), as
shown in Figure 2d. This indicates that, besides the physical
confinement of polysulfide dissolution, the chemical interaction
between PEDOT and polysulfides must play an essential role in
stabilizing the cycling performance.
To elucidate the interaction between LixS (0 < x ≤ 2) species

and conductive polymers (PEDOT, PPY, and PANI), we then
performed ab initio simulations in the framework of density
functional theory.41−45 Our previous study showed the
interaction between Li2S and the functional groups in
macromolecular binders greatly affected the cycling stability
of Li2S cathode.46 Figure 3a shows the chemical structures of
PEDOT, PPY, and PANI, in which m and n indicate the doped
and undoped parts in these polymers (X indicates the
counterion incorporated during polymerization). In general,
the heteroatoms with lone electron pairs (such as oxygen,
nitrogen, and sulfur atoms) are able to bind with the lithium
atom in LixS (0 < x ≤ 2), whereas carbon, hydrogen, and the
heteroatoms at the oxidized (doped) state (S+ for PEDOT and
N+ for PANI/PPY) show weak interaction with LixS clusters.
For simplicity, we chose the repeating unit of unoxidized
(undoped) form of each polymer as the modeling molecule to
compute the binding energy so as to represent the interaction
between these polymers and LixS (0 < x ≤ 2) species. This
simulation might not give us an absolute quantification of the
binding strength but will provide a qualitative understanding on
the influence of chemical bonding on the cycling stability of the
sulfur cathode. The results are summarized in Figure 3b and c.
As to PEDOT, we can see that both oxygen and sulfur atom
strongly bind with the lithium atom in Li2S to form a chelated

coordination structure. This very stable configuration gives a
strong binding energy of 1.22 eV. In comparison, both PANI
and PPY were found to have weaker interaction with Li2S,
because there is only separate π−σ coordination between
heteroatoms and the lithium atom. The respective binding
energies are much lower, 0.67 eV for PANI and 0.64 eV for
PPY. Moreover, a similar phenomenon can be observed in the
interaction between conductive polymers and Li−S· species,
which represent the relevant end groups in the general class of
lithium polysulfides (Li−S−Sn−2−S−Li; Li2Sn in short, 4 ≤ n ≤
8). Because of the stability difference between chelation and
separate coordination, PEDOT shows a much stronger binding
energy (1.08 eV) with the lithium atom in Li−S· than PANI
(0.59 eV) and PPY (0.50 eV). This strong binding affinity of
PEDOT with LixS (0 < x ≤ 2) can effectively reduce the
polysulfide diffusion into the electrolyte and thus contribute to
a more stable cycling performance compared to PPY and PANI,
which is consistent with the results shown in Figure 2.
To further evaluate the electrode kinetics and stability, we

cycled the cells at various current rates. Figure 4a shows the
cycling performances (discharge capacity vs cycle number) of
the cells made from PANI-S, PPY-S, and PEDOT-S with
conductive polymer coatings of ∼20 nm at a higher current rate
C/2 for 500 cycles. The cells made from PANI-S, PPY-S, and
PEDOT-S still delivered high initial discharge capacities of
1140, 1201, and 1165 mAh/g, respectively. After 100 cycles of
charge/discharge, a reversible capacity of about 740, 885, and
1004 mAh/g can be obtained for PANI-S, PPY-S, and PEDOT-
S (capacity retention of 65%, 74%, and 86%), respectively,
indicating a slightly slower capacity decay than the ones cycled
at C/5 (Figure 2a). Even after 500 cycles of charge/discharge,
the cells made from PEDOT-S and PPY-S still delivered high

Figure 5. (a) Discharge voltage profiles of the sulfur cathode made from PANI-, PPY-, and PEDOT-encapsulated hollow sulfur nanospheres during
the first discharge at C/5. (b−d) Nyquist plots for the sulfur cathode made from PANI-, PPY-, and PEDOT-encapsulated hollow sulfur nanospheres
in the frequency range of 100 mHz to 200 kHz during the first discharge at different states: (b) open circuit voltage (OCV), (c) point A and (d)
point B marked in a.
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reversible discharge capacities of 780 and 726 mAh/g,
respectively, corresponding to capacity retention of 67% and
60% (a decay of only 0.066% and 0.08% per cycle). In contrast,
the cell made from PANI-S showed a relatively faster capacity
decay, which gave a capacity of 516 mAh/g (corresponding to a
capacity retention of 45%, a decay of 0.11% per cycle).
Compared to the cycle life shown in Figure 2a, the difference in
the cycling stability between PEDOT-S, PPY-S, and PANI-S
became more obvious when cycled at higher current rates. The
rate capability performances of the cells are shown in Figure 4b.
When first discharged the cells at C/10 for 10 cycles, the cells
made from PANI-S, PPY-S, and PEDOT-S showed a reversible
capacity of 1051, 1168, and 1234 mAh/g, respectively.
Subsequent cycling at C/5, C/2, 1C, 2C, and 4C (each rate
for 10 cycles) clearly reveals that the rate capability of the cells
are ordered as follows: PEDOT-S > PPY-S > PANI-S. This is
also supported by the typical voltage profiles of these cells at C/
5 and 2C rates (Figure 4c). At both rates, the voltage hysteresis
between the charge and the discharge curves decreases in the
order of PANI-S > PPY-S > PEDOT-S. At a high current rate
of 2C, the PEDOT-S and PPY-S can give a reversible capacity
of 858 and 789 mAh/g, which is much higher than that of the
PANI-S, about 666 mAh/g. When the current was further
increased to 4C, a high capacity of 624 mAh/g can still be
achieved for PEDOT-S, indicating fast reaction kinetics; while
PPY-S and PANI-S only showed capacities of 440 and 329
mAh/g. It is worth mentioning that when the current was
abruptly switched from 4C to C/5 again, more than 96% of the
original capacities were recovered for all three cells (Figure 4b),
indicating the superior robustness and reversibility of these
electrodes.
It is known that the electrode kinetics is mainly determined

by the conductivity of the whole electrode. In our system, the
structures of the PANI-S, PPY-S, and PEDOT-S electrodes are
the same except the polymer coatings on the hollow sulfur
nanospheres (the coating thicknesses were also maintained the
same). Therefore, the rate capability of the electrode is mainly
determined by the conductivity of the polymers. We further
carried out electrochemical impedance spectroscopy (EIS)
measurements of the PANI-, PPY-, and PEDOT-encapsulated
hollow sulfur nanosphere electrodes at different discharge states
(at open circuit voltage, at the upper and lower voltage
plateaus) during the first discharge, as shown in Figure 5. For
all three electrodes, two depressed semicircles were observed
during the discharge process. Previous studies showed that the
semicircle in the high-frequency (HF) region could reflect the
charge transfer process at the conductive agent interface which
dominates the reduction reaction during upper voltage plateau,
while the semicircle in the middle frequency (MF) range could
be attributed to the mass transport which dominates the lower
voltage plateau (formation of insoluble polysulfide species).9,47

As shown in Figure 5b−d, the charge transfer resistances of the
three electrodes at different discharged states all increase in the
order of PEDOT-S < PPY-S < PANI-S. Especially for PANI-S,
it has a much higher charge transfer resistance than that of
PEDOT-S and PPY-S. The EIS results are in good agreement
with what we observed for the rate capability of these cells. This
also reveals that the conductivity of the three polymers in our
system decreased in the order of PEDOT > PPY > PANI.
In summary, we have successfully demonstrated high-

performance sulfur cathodes made from PANI-, PPY-, and
PEDOT-coated hollow sulfur nanospheres, which act as ideal
models to systematically study the effects of different

conductive polymers on the electrochemical properties of
sulfur electrode. Ab initio simulations were carried out to
elucidate the chemical interaction between these conductive
polymers and LixS (0 < x ≤ 2) species. Comparing the
electrochemical performances of the cells made from these
sulfur particles, we found that not only the physical
confinement of lithium polysulfides within the conductive
polymer shells but also the chemical bonding between the
heteroatoms in these polymers with LixS (0 < x ≤ 2) played
essential roles in improving the cycling stability. In addition, the
conductivity of the polymers greatly determined the rate
performance of the sulfur cathode. Among the three conductive
polymers, PEDOT was found to be the best choice that can
enable a long cycle life and high-rate capability for the sulfur
cathode.
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