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A sulfur-polypyrrole composite cathode with a core-shell
structure consisting of spherical sulfur particles coated with
polypyrrole has been developed. The conductive polypyrrole
coating on the sulfur facilitates fast electron transport enabling
the material with superior electrochemical stability, rate cap-
ability, and cyclability in lithium-sulfur batteries.

Electrical energy storage is critical for the efficient utilization of
renewable energies, e.g., solar and wind. Vehicle electrification also
requires advanced electrical energy storage technologies that can
offer high energy and high power densities. Lithium-ion (Li-ion)
batteries offer the highest energy densities among the known battery
systems and are believed to be the most viable near-term option for
these applications.' Despite their success in the portable electronics
market, there are a number of issues such as cost, safety, and energy
density that impede the practical application of large-format Li-ion
cells. Development of alternative cathodes with higher capacity and
better safety than conventional intercalation cathodes (e.g., LiCoO,,
Li,MnO,, LiFePO,) is needed for the Li-ion technology to be
successful for large-scale applications.

Sulfur, one of the most abundant elements on earth, offers a high
theoretical capacity of 1675 mA h g~!, making it a potential high
capacity cathode material for Li-ion batteries.® More importantly, its
low operating voltage of ~2.1 V could offer safety advantages over
the high-voltage intercalation cathodes (>3.3 V). However, sulfur is
an insulator with a very low electrical conductivity of 107** S em ™!,
making it difficult to achieve high active material utilization within
the electrodes. Lithium polysulfides (Li;S,, x = 8, 6, 5, and 4)
produced during charge-discharge cycles are soluble in the liquid
electrolyte, resulting in a significant morphology and compositional
changes within the electrodes along with the shuttling mechanism of
transporting polysulfides between the cathode and anode*® To
overcome these problems, two effective strategies have been
developed: one strategy is to prepare composite electrodes with
other conductive materials, such as carbon nanotubes,®’ graphene,&9
porous carbon,'®'* and conductive polymers.'>'® Another strategy
is to prepare core-shell structures in which sulfur is the core and
conductive materials are the shell, offering effective electrochemical
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contact, shorter path length for ion and electron transport, more
freedom for compositional change, and better reaction kinetics at the
electrode surface.!”"'® For example, Jayaprakash et al.'” developed a
template approach for synthesizing mesoporous hollow carbon
capsules that can encapsulate elemental sulfur in its porous shell. The
material exhibited a reversible capacity of 974 mA h g~ ' at a rate of
0.5 C with 91% capacity retention after 100 cycles and a maximum
discharge rate of 3 C."7 Wu er al.'® developed core-shell structured
sulfur-polythiophene composites showing improved electrochemical
performance and rate capability at <1 C. However, this approach
utilized commercial sulfur with large particle size (>20 um) and
irregular shape, making the interior bulk sulfur inaccessible to
electrons and the electrolyte.

Here, we present a facile and scalable route to fabricate core-shell
structured  sulfur-polypyrrole (S-PPy) composites consisting of
spherical sulfur particles with uniform particle size coated with
conductive polypyrrole. The sulfur in the core contains pores that
allow electrolyte to access the bulk sulfur. The conductive
polypyrrole skin on the sulfur particles facilitates efficient charge
transport, supporting high rate capability, suppressing the loss of
active materials, and maintaining excellent cyclability.

First, elemental sulfur was synthesized by reducing sodium
thiosulfate with p-toluenesulfonic acid (pTSA), as shown in
Fig. la. The sulfonic acid on the pTSA provides protons while
forming micelles for sulfur to nucleate, as an anionic surfactant. The
formed sulfur particles have uniform spherical shape with a diameter
of 5-10 microns as seen in Fig. 1b. The magnified SEM image in
Fig. 1b reveals that small pores are present on the surface of sulfur
particles, which could be beneficial for the electrolyte to access the
inner bulk sulfur. The synthesized sulfur was then added to an
aqueous solution containing decyltrimethylammonium bromide
(DeTAB), which is known to be a cationic surfactant for the
synthesis of nanosized spherical polypyrrole with a particle size of
~100 nm." The synthesized polypyrrole nanoparticles are believed
to nucleate onto sulfur particles with the aid of DeTAB, as shown in
Fig. la. After the removal of the surfactant, sulfur coated with a
layer of polypyrrole was obtained as clearly revealed by the SEM
images of Fig. lc, 1d, and Fig. S1.

The sulfur and S-PPy composite were characterized by X-ray
diffraction (XRD), as shown in Fig. 2a. The XRD pattern of sulfur
matches with that in the literature for Fddd orthorhombic sulfur.”
The S-PPy composite shows a similar pattern although slightly less
defined due to the polypyrrole coating. To determine the sulfur
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Fig. 1 (a) Schematic illustration of the synthesis process of core-shell
structured sulfur-polypyrrole (S-PPy) composites with the use of the cationic
surfactant decyltrimethylammonium bromide (DeTAB), (b) scanning
electron microscopy (SEM) image of the spherical sulfur particles with the
inset showing a magnified SEM image of a single sulfur particle with a scale
bar of 5 um, (c) SEM image of a few S-PPy composite particles, and (d) SEM
image of a single S-PPy particle.

content in the S-PPy composites, pristine PPy and two composite
samples with different pre-calculated sulfur (70 and 80 wt%) were
prepared and analyzed by thermogravimetric analysis (TGA) as
shown in Fig. 2b. Sulfur exhibits a single weight loss profile, which
starts at its melting temperature (ie., 115 °C). Pristine PPy is
observed to exhibit two distinct weight loss profiles. The first one
starts at 30 °C, which is due to the elimination of residual water in
the sample, and the second major weight loss starts at 220 °C, which
is due to the decomposition of PPy.?! The S-PPy composite exhibits
a combination of the weight loss processes of pristine sulfur and
PPy, showing three weight loss profiles. The second weight loss starts
at temperatures below 115 °C, which could be due to the
bonding of sulfur to polypyrrole. The actual sulfur contents
within these two composites are, respectively, 65.8 and 77.0 wt%.

100

a
| |@ 85
3
s Ulu SPPy | § 60
21 At =
£ £
§ A
= 2
Sulfur 20
20 30 40 5 60 70 100 200 300 400 500
CuKa 20 (degree) Temperature (°C)
x10° x10°
50 1.0
c d S2p
40 (c) Cis 0.8 ()
30 0.6 168.5eV fesE
2 O1s 2 N
O 20 O 04
N1s
10 0.2
L,/JJ s2sS2p
0 LA A | 40 ; B
600 500 400 300 200 100 174 172 170 168 166 164 162 160

Binding energy (eV) Binding energy (eV)

Fig. 2 (a) XRD patterns of sulfur (black) and the S-PPy composite (red),
(b) thermogravimetric analysis (TGA) of sulfur (black), pristine PPy (grey),
and S-PPy composites (red and blue), showing up to 77 wt% of sulfur
contained within the composites, (¢c) XPS of S-PPy composite before (black)
and after (red) sputtering, and (d) S 2p characteristic peaks in the XPS of
S-PPy composite before (black) and after (red) sputtering.

Hereafter, these two S-PPy composites are denoted as, respectively,
S-PPy-65 and S-PPy-77.

Fig. 2c compares the X-ray photoelectron spectra (XPS) of the
S-PPy composite and Fig. 2d compares the S 2p peaks of the S-PPy
composite before and after the depth profiling analysis (sputtering).
In Fig. 2c, the N 1s (398.8 eV) and C 1s (284.8 eV) peaks can be
attributed to the nitrogen and carbon on the polypyrrole.”> The
strong O 1s peak in Fig. 2c and the broad peak at 166-170 eV in
Fig. 2d before sputtering are assigned to the oxygen of the sulfonate
group on pTSA,” which is the residual reactant from the sulfur
formation reaction and present on the surface of sulfur particles. It is
believed that the polypyrrole could be doped with pTSA in the coating
layer, which has an electrical conductivity of ~6 x 1072S em ™'
The sputtering penetrates a depth of ~100 nm, which is
equivalent to the thickness of polypyrrole nanospheres formed
under the synthesis conditions. After sputtering, the intensities of
both S 1s and S 2p peaks increase in Fig. 2d as sulfur becomes
more exposed to the surface. In addition, the O 1s peak associated
with the sulfonate group on pTSA has almost vanished in Fig. 2d,
revealing that the pTSA is present only within the polypyrrole
coating. In Fig. 2d, the dual peaks at 164.7 and 163.5 eV with an
intensity ratio of ~1 : 2 are due to spin orbit coupling and are
characteristic of S 2p;,» and 2ps).2° These results confirm that the
PTSA is present with polypyrrole on the shell while the elemental
sulfur is mostly present in the core, implying that the synthesized
S-PPy composite has a core-shell structure.

To study the electrochemical properties of the S-PPy-65
composite, CR2032 coin cells with metallic lithium anode were
assembled and evaluated. Fig. 3a shows the first three cyclic
voltammograms (CV) of the cell. The two separated reduction peaks
at 2.4 and 2.1 V correspond to the conversion of, respectively,
high-order lithium polysulfides (e.g., Li»Sg) to low-order lithium
polysulfides (Li,S,, 8 > x > 4) and lithium polysulfides to solid-state
Li,S,/Li,S. However, only one oxidation peak is seen, implying the
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Fig. 3 (a) First three cyclic voltammograms (CV) of the S-PPy-65
composite at a sweep rate of 0.2 mV s~ ', (b) first discharge and charge
voltage vs. specific capacity profiles at 2.8-1.5 V at various C rates (C/5, 1C,
and 2C) (the capacity values are in terms of the percentage of the sulfur
active mass), (c) cyclability of the S-PPy-65 composite at various C rates (C/S,
1C, and 2C), and (d) impedance analysis of the cells containing the S-PPy
composite electrode before (black) and after (red) 50 cycles.
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transformation of all the polysulfides into the intermediate, which is
believed to be Sg>~ with the most facile oxidation kinetics.”® More
importantly, these peaks remain rather constant upon cycling,
indicating the excellent electrochemical stability of the S-PPy
composite as the polypyrrole shell protects the core sulfur and
thereby suppresses the loss of active materials and reduces the
shuttling phenomenon during the charge-discharge cycles.* Similarly,
the CV of the S-PPy-77 composite in Fig. S3 also shows very stable
peaks. In contrast, the CV of the pristine sulfur electrode shows
decreasing and shifting peaks as shown in Fig. S2. Thus, the
polypyrrole coating acts as a protection barrier, suppressing the
dissolution of lithium polysulfides into the liquid electrolyte and
making the S-PPy composites electrochemically stable.

Fig. 3b presents the initial discharge and charge voltage profiles vs.
specific capacities of sulfur at rates of C/5, 1C, and 2C. The two
discharge voltage plateaus resemble the peaks in the CVs. The first
discharge capacity at C/5 is >900 mA h g~ ' while the capacities at
high rates are >600 mA h g~ !. The complete first charge profiles also
prove that the polypyrrole coating suppresses the shuttling
phenomenon.* Part of the total capacity could be due to polypyrrole
in the potential range studied, but it would be minimal.*’ Fig. 3c
further compares the cycle life of the S-PPy-65 composite. The
material exhibits a reduction in discharge capacity from 961 to 672
mA h g~ ! at C/5 during the first three cycles; similarly, it exhibits a
reduction of ~200 mA h g~ ' at 1C and 2C rates during the first
three cycles. Afterwards, the cathode maintains a relatively constant
capacity of ~600 mA h g ' at C/5. Obviously, the cathode
maintains a very stable capacity of >400 mA h g ! at higher rates of
1C and 2C, which could not be obtained with conventional pristine
sulfur electrodes. The S-PPy-77 composite also shows similar
cyclability behavior as the S-PPy-65 composite in Fig. S4 but with
lower capacities due to the inefficient coating of polypyrrole on the
sulfur particles. As a result, at the beginning of the cycling, some
lithium polysulfides formed could dissolve into the liquid electrolyte,
resulting in a loss of capacity. Afterwards, the polypyrrole coating
could become a stable interface between the liquid electrolyte and
lithium polysulfides, allowing fast ion and charge transfer with
minimum loss of active materials. This process is evidenced by
the electrochemical impedance analysis shown in Fig. 3d for the
S-PPy-65 composite and in Fig. S5 for the S-PPy-77 composite. The
semicircles are ascribed to charge transfer resistance within the
electrodes.®® It can be clearly seen that the charge transfer resistance
decreases significantly after 50 cycles from 200 to 60 ohms, indicating
the improved conducting property of the electrodes due to the
polypyrrole coating. The superior electrochemical performance of
the S-PPy composites can be attributed to the core-shell structure
with the conductive polypyrrole coating providing a fast and efficient
transport of lithium ions and charge transfer within the electrodes.

In summary, we have developed a facile solution-phase route for
the fabrication of sulfur-polypyrrole composites with a core-shell
structure. The spherical sulfur could readily be coated with a
conductive polypyrrole layer with a thickness of ~100 nm. The
S-PPy composites exhibit excellent rate capability with good
cyclability, making them attractive cathodes for lithium-ion batteries.

This work was supported by Seven One Limited. The authors
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