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DOI: 10.1039/x0xx00000x The preparation of cathode materials for rechargeable lithium-sulfur batteries generally involves
www.rsc.org/ melt-diffusion or vapor-phase infusion of sulfur into the pores of nanostructured carbon. There are
clear drawbacks of these two approaches. Firstly, the control over the filling content of sulfur into
the voids is poor, which noticeably compromises the battery capacity; Secondly, a significant
portion of sulfur unavoidably lands on the outer surface of carbon as unprotected sulfur that
contributes readily to the redox shuttle, resulting in fast decay of the battery capacity. Herein, we
report for the 1% time a novel method to synthesize sulfur-carbon yolk-shell particles with sulfur
fully confined inside the conductive carbon shells, and the filling content of sulfur can be well-
controlled and fine-tuned. In the yolk-shell structure the sulfur spheres partially occupy the internal
void space of highly conductive carbon, allowing for comfortable accommodation of the volume
expansion of sulfur upon lithiation during the battery discharge process. 3D interconnected
nanostructure based on such sulfur-carbon yolk-shell particles exhibits a high initial capacity of
560 mAh g (per gram electrode) with good cycling performance, promising high potential in

rechargeable lithium-sulfur batteries for a wide range of applications.

Introduction (S/C) composites exhibit improvement in the cycling performance.®

2l Nevertheless, such melting diffusion and infusion processes bring

Lithium-sulfur (Li-S) batteries are considered to be the most viable in three clear drawbacks: (i) some sulfur will inevitably land on the

option for the next-generation high-energy rechargeable batteries. outer surface of the host material as unprotected sulfur that

Li-5 batteries can deliver a practical energy density of 400-600 Wh contributes to the redox shuttle, resulting in a large capacity loss for

-1 . . . . . . .
kg™ which is 2~3 times as high as that of commercially available Li- the first several cycles;?? (i) pores with little or no sulfur inside

. . 1-6 . g . . . .
ion batteries;  however, the commercialization of Li-S batteries is hardly contribute to the battery capacity, comprising the specific

hindered by the fast decay of the battery capacity which is caused by capacity per gram of electrode accordingly; (iii) pores with sulfur

the precipitation of the dissolved discharge products (polysulfides) filling greater than 60% of void will not be able to accommodate the

. . 7 . . . o, . . .
onto the lithium anode.” This issue is mitigable if an effective volume expansion of sulfur upon lithiation (S>Li,S, ~80% of

conductive host can be introduced to confine sulfur and polysulfides volume increase), resulting in fracture in the carbon host and leakage

during the charge and discharge processes, respectively. For the host, of polysulfides. Moreover, the isolated Li,S particles formed in the

nanostructured carbon matrix with pores is a popular choice due to discharge process will not participate in the subsequent charge

its high surface area and good electric conductivity. Conventionally, process, appearing as decay in the battery capacity.” Thus,

sulfur is introduced into the pores within the carbon matrix via melt- approaches that lead to sulfur confinement with a well-defined

diffusion or vapor-phase infusion, and the obtained sulfur/carbon structure, including controlled void volume within the confined
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space around sulfur particles, and low portion of mispositioned

sulfur particles are highly in demand.

The first realization of such novel structure was demonstrated by
Cui et al via sulfur@TiO, yolk-shell nanoparticles which were
proven as a superior cathode for Li-S batteries with excellent cycling
stability.”* The group also developed an alternative approach to
confine sulfur with void in the form of hollow sulfur nanoparticles
coated with a thin layer of polyvinylpyrrolidone that gave similar
promise.”> The sulfur-based yolk-shell nanostructure was further
developed using a conducting polymer shell, polyaniline, and the
cycling stability was demonstrated in Li-S batteries.”® For high rate
operation of large rechargeable Li-S batteries, a highly conductive
coating of carbon (4 S cm™)* that is also electrochemically stable
and low cost appears as a natural choice. The unavailability of
conductive carbon coated nanosized sulfur to date, however, is
mainly due to the fact that the minimum temperature (600 °C)
required to form a conductive carbon shell via carbonization of a
carbohydrate precursor is much higher than the boiling point of
sulfur (444.6 °C), such that sulfur will vigorously evaporate and
quickly vanish before the carbonization temperature is reached. In
fact, any coating on sulfur particles that needs to form at temperature
above the melting point of sulfur (115.2 °C) would impose issues, as
the original size and morphology of the sulfur particles will be
completely lost in this case. Exceptions are the hydro-/solvo-thermal
processes, through which low temperature carbonization is possible
(120-250 °C) and hydrocarbons with low electronic conductivity are
generally produced.”®? Herein, we report for the 1% time a novel
method to synthesize sulfur-carbon yolk-shell particles with sulfur
fully confined in the conductive carbon shells, and the filling content
of sulfur can be well-controlled and fine-tuned. In the yolk-shell
structure the sulfur spheres partially occupy the void inside the
carbon shell, allowing for comfortable accommodation of the
volume expansion of sulfur upon lithiation during the battery
discharge process.” The 3D interconnected nanostructure based on
such sulfur-carbon yolk-shell particles exhibits a high initial capacity
with good cycling performance in rechargeable lithium-sulfur

batteries.

Results and discussion

The S@C yolk-shell particles and such particles based 3D
interconnected nanostructure were synthesized through an indirect

pathway, as schematically shown in Figure 1 (a->d). In general,
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uniform and thermally stable metal sulfide (MS) spheres of a few
hundreds nm in diameter were prepared via a hydrothermal reaction,
and taken as the sulfur precursor and the template particles. Acetone
solution of phenol formaldehyde (PF) resin was used to disperse
these particles and form a uniform suspension. As drying at ambient
condition, the MS particles self-assemble, with PF resin filling the
inter-particle interstices homogeneously. The dried PF resin was
converted into highly conductive carbon coatings via a carbonization
process to produce MS@C. By soaking MS@C in the aqueous
solution of a mild oxidant, e.g. Fe(NO3);, MS is oxidized to form
sulfur particles inside the carbon shells with departure of free M>*
(Equation 1) through the micropores on the carbon shells, leaving
voids inside which are able to comfortably accommodate the volume
expansion of sulfur upon lithiation in the discharge process of Li-S

batteries (Figure 1, d>e).
MSyg) +2F el —> My + S+ 2Fely, M

The choice of metal sulfide is based on the following criterion:
(i) high melting point and high decomposition temperature in a
reducing atmosphere, in order to ensure smooth formation of carbon
shell during the carbonization process; (ii) small solubility product
constant (K,) such that the MS particles can be obtained in high
yield; (iii) environmental benignity which is required for large scale
industry production; (iv) low cost and earth abundance to allow for
price competitiveness and economically viable. Zinc sulfide (ZnS)
stands out from a wide range of metal sulfides (cf. Tab. S1), and was

adopted in the synthesis of the S@C yolk-shell nanostructures.

<) <}
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Figure 1 Schematic illustration on the synthesis of S@C yolk-shell
nanostructures (a—>d) and the volumetric expansion of sulfur upon lithiation

(d->e) during the discharge processes of rechargeable Li-S batteries.

The ZnS spheres were produced by reacting zinc acetate and
thiourea under hydrothermal condition, and found typically ~300 nm
in diameter (Figure S1a). TEM images (Figure S1b) revealed these
uniform ZnS particles as secondary particles of the self-assembled
primary ZnS nanoparticles with a diameter of 4~5 nm. The ZnS

spheres were dispersed into an acetone solution containing PF resin,

This journal is © The Royal Society of Chemistry 2012
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and the suspension was slowly dried at room temperature whereby
the ZnS particles self-assembled with PF resin filled their interstices.
The obtained ZnS@PF resin composite was then carbonized in an
argon atmosphere at 900 °C for 1 h, whereby 3D interconnected
carbon-coated ZnS spheres (ZnS@C) formed (Figure S1c). During
carbonization process, the primary ZnS nanoparticles inclined to
grow into larger particles and a large portion of grain boundary
disappeared leaving more void space. As a consequence, the ZnS
spheres (secondary particles) exhibit a “hollow-like” structure
(Figure S1d) that facilitates the conversion of ZnS into sulfur and

Zn",

The sulfide>S conversion reaction was conducted by soaking
ZnS@C composite in aqueous solution of ferric nitrate, in which the
chemical reaction shown in Equation 2 takes place.’' The sulfur
particles formed are confined inside the carbon shell, with free zinc
ions leeching out into the solution that is eventually washed away

using deionized water in the post purification process.

@

3+ 2+ 2+
2Feq + ZnS(S) —> 2Fe) + Zngg + S(S)

Based on formula the loss of zinc ions essentially removes ~2/3
of the total mass of ZnS spheres. The produced element sulfur with a
much lower material density (compared to that of ZnS), however,
will compensate some of the volume loss inside the carbon shells.
Theoretically, a full conversion of carbon coated single crystal ZnS
spheres will lead to a volume reduction of 34.7%. As ZnS spheres in
this work are indeed secondary particles with a “hollow-like”
structure, comprising large number of primary ZnS nanoparticles
with inter-nanoparticle interstices, the formation of voids with larger
volume reduction in the experiment is anticipated. The size of such
voids inside the carbon shells can be further enlarged via the control
over the extent of sulfide>S conversion which is further dictated by
the factors such as the concentration of ferric nitrate, the soaking
time, etc. The unreacted ZnS residue inside the carbon shells can be
easily removed by soaking the particles in diluted aqueous solution

of'an acid, e.g. HCI.

The process of ZnS to sulfur conversion inside the carbon shells
was investigated using TEM. Using Fe(NO3); solution of 5 different
concentrations, ZnS-S@C nanostructures with different extent of
ZnS->S conversion were obtained and their TEM images are shown
in Figure 2a-f. One can see that the conversion process started off

uniformly on the ZnS spheres (Figure 2b), followed by a continuous

This journal is © The Royal Society of Chemistry 2012
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shrinkage (Figure 2c-e), and eventually evolved to a sulfur sphere
with a diameter of 150 nm which resides on the inside wall of the
carbon shell as a “yolk”. The spacious void around the yolk is
sufficiently large to accommodate the volume expansion of sulfur
upon lithiation (volume increase by ~80%). Due to the low electron
contrast of sulfur to carbon in the TEM images, it was difficult to
specify the exact locations of sulfur in the oxidized intermediates

until the conversion was complete (Figure 2f).

n

" A’

Pt

Figure 2 TEM images of the carbon encapsulated ZnS sphere at different
stages of the ZnS—>S conversion. (a) Carbon encapsulated ZnS sphere with a
“hollow-like” structure. (b) The ZnS sphere starts to thin out after soaking in
0.4 M Fe(NOs)s. (c) The thinned ZnS sphere starts to shrink noticeably and
further thins out after soaking in 0.8 M Fe(NOs)s. (d) More thinning and
shrinkage were observed, after the thinned and shrunk ZnS spheres were
soaked in 1.2 M Fe(NOs)s. (e) The thinned and shrunk ZnS collapsed after
soaking in 1.6 M Fe(NOs);. (f) The product of full conversion, S@C yolk-
shell nanostructure formed after soaking in 2.0 M Fe(NOs);. All the scale

bars are 50 nm.
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Figure 3 (a) XRD patterns of ZnS@C, the final oxidation product S@C, and
the commercial orthorhombic phase crystalline sulfur (reference). The key
patterns of S in S@C match well with that of the commercial sulfur. (b) TGA
curve of a representative S@C yolk-shell composite with a sulfur load of

74.8%. The TGA experiment was conducted under nitrogen atmosphere.

The structure of ZnS@C and S@C composites was characterized
and confirmed by powder XRD patterns (Fig. 3a). The ZnS particles

J. Name., 2012, 00, 1-3 | 3
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exhibit a cubic phase (zinc blende) with 3 strong peaks located at
28.5°, 47.2° and 56.4°, which correspond to the crystal planes of
(111), (220) and (311), respectively. The size of primary particles of
ZnS in ZnS@C was calculated to be ~11 nm according to the
Scherrer’s equation. The increased size of ZnS primary nanoparticles
(compared to the ones obtained directly from hydrothermal reaction)
mainly arises from the sintering-type of growth at high temperature
when PF resin was carbonized at 900 °C. Nevertheless, these ZnS
nanoparticles are small enough to be reactive, which facilitates fast
conversion of sulfide to sulfur. For S@C, the diffraction peaks
match well with the XRD pattern of commercial orthorhombic phase
crystalline sulfur, proving successful conversion of sulfide to sulfur.
The elemental mapping confirms the formation of S@C yolk-shell
nanostructures (Fig. S2). Thermogravimetric analysis (TGA) result
suggests that the sulfur content can be as high as 74.8 wt% in the
S@C composite (Fig. 3b), which is reflected as the mass loss
between 150 and 500 °C whereby the sulfur evaporated gradually.

The carbon content in the S@C yolk-shell nanostructures can be
tuned by varying the amount of PF resin while keeping the mass of
ZnS spheres constant. In the experiment, PF resin solution of 0.1,
0.2, 0.4 and 0.5 ml were introduced to 0.5 gram of ZnS spheres,
respectively. Similar processes were followed to produce S@C yolk-
shell nanostructures of different carbon content which are denoted as
SC1, SC2, SC3 and SC4 (from low to high carbon content),
respectively. The actual carbon contents in these S@C yolk-shell
nanostructures were determined by TGA analyses (Tab. S2) and
found tuneable between 25.2 to 66.2 wt%, which demonstrates the
powerful feature of our approach. From SC1 to SC4, the increase of
carbon content leads to thicker carbon shells (Figure 4) which more
effectively mitigate the leakage of polysulfides during the discharge
process thus improved cycling stability; however, the decreased
sulfur loading results in lower battery capacity. As S/C composite
with low carbon content and high sulfur content is desirable for high
specific capacity in batteries while polysulfide leakage mitigation
through thick carbon shell helps the cycling performance of batteries,
it is crucial to balance the sulfur content and the carbon shell
thickness to enable the formation of a continuous carbon matrix with
maximized sulfur content. This can be achieved by precisely
controlling the mass ratio of PF resin to ZnS spheres in the initial

synthesis as extensively discussed above.

The cycling performance of the S@C yolk-shell nanostructures

in Li-S batteries was investigated and the results are shown in Figure

4| J. Name., 2012, 00, 1-3
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Figure 4 Representative SEM (a, c, e, g) and TEM (b, d, f, h) images of the

S@C yolk-shell nanostructured material prepared using different amount of
phenol formaldehyde resin and thus possess different carbon content. (a, b)
SC1, carbon content: 25.2 wt%. (¢, d) SC2, carbon content: 46.0 wt%. (e, f)
SC3, carbon content: 57.1 wt%. (g, h) SC4, carbon content: 66.2 wt%. The

carbon shells are generally thicker for higher carbon content.

Sa. The initial discharge capacity of SC1, SC2, SC3 and SC4 were
found to be 878, 796, 548, and 443 mAh per gram of electrode
(including S@C composite, carbon black and binder), respectively.
All the four samples show the coulombic efficiency close to 100%
and the galvanostatic discharge-charge curves for the first three
cycles are shown in Figure S3. It is worth noting that the capacity of
SC1 and SC2 is higher than previously reported results in literatures
(typically about 500 mAh g', based on the total mass of all
components on cathode).'®?**2 The higher capacity is partially

introduced by the addition of Li,Ss, which was used as electrolyte

This journal is © The Royal Society of Chemistry 2012
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additive to enhance the battery cyclability®*~**

and may precipitate on
carbon black and the carbon shell as sulfur during charging process.
To calibrate the areal battery capacity, samples with only carbon
shell prepared by directly removing ZnS from ZnS@C (the
precursor of SC1) via acid treatment was used as electrode materials,
and the battery cycling performance is shown in Figure S4. One can
see that the capacity resulted from Li,S¢ is at most 320 mAh g™
Taking this as a reference, the maximum capacity of sulfur-carbon
yolk-shell is obtained as ~560 mAh per gram of electrode or 1400
mAh per gram of sulfur in S@C yolk-shell nanostructure which is

reasonably high.

Similar slow capacity decay is seen for SC2 to SC4 with thicker
carbon shells, while a faster decay of capacity is visible for SC1 that
possesses the thinnest carbon shell. The less desirable cycling
stability of SCI1 is anticipated, as the thin carbon shell may be
inadequate to prevent polysulfides from leaking out of the carbon
spheres. This proves the importance of a balanced sulfur and carbon
content to equip Li-S batteries with high capacity and satisfactory
cyclability, and the optimal S/C ratio in this study was found to be ~
1:1. In a control experiment, hollow carbon spheres were prepared
by soaking S@C yolk-shell (SC2) in toluene, whereby the sulfur
yolks inside the carbon shells are completely removed. Elemental
sulfur was then introduced to the hollow carbon spheres via melt-
diffusion method to form a control sample, denoted as Melting-
diffused Sulfur in Carbon (MSC). Unsurprisingly, MSC exhibits
poor uniformity in its morphology, as shown in a representative
SEM image (Fig. 5b) in which micron-sized sulfur particles are seen
sitting on the surface of carbon matrix. With sulfur being an
insulator, such micron-sized particles give poor electrical contact in
the electrode which lowers the utilization rate of the available sulfur,
leading to a much lower battery capacity. This is clearly seen in Fig.
Sa, in which MSC with 50.0 wt% load of sulfur displays a capacity
lower than that of SC4 with sulfur load of 33.8 wt%. The faster
decay in the capacity (in comparison to CS4) is likely attributed to
the unprotected sulfur on the carbon shell surface that contributes to
the redox shuttles. Hence, it is rather clear that the 3D interconnected
carbon-encapsulated sulfur based on S@C yolk-shell nanostructure,
prepared via an indirect ZnS precursor approach, is a superior choice

of sulfur cathode.

Conclusion

In summary, we have developed an indirect method to prepare

S@C yolk-shell particles and 3D interconnected nanostructure based

This journal is © The Royal Society of Chemistry 2012
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Figure 5 (a) Performance data of Li-S batteries using electrode of S@C yolk-
shell composites with different carbon content (SC1 to SC4) and the control
sample prepared via melting-diffusion of sulfur (MSC). Faster capacity decay
is seen for S@C with thinnest carbon shell (SC1, lowest carbon content).
Control sample (MSC) gives the lowest capacity. (b) SEM image of MSC,
where the bulk sulfur particles landed on the surface of the porous carbon are

marked.

on such particles. The voids around the yolks inside the carbon shells
are able to comfortably accommodate the expansion of sulfur upon
lithiation during battery discharge process, and the carbon coating
can effectively prevent the polysulfide from leaking out into the
electrolyte. Cathodes of such S@C yolk-shell materials exhibit high
initial capacities and good cycling performance. As a clear contrast
to the conventional melt-diffusion method, our approach not only
provides much better confinement for the sulfur particles inside the
pores, but also prevents bulk sulfur particles formation on the
surfaces of carbon matrix. Both features are crucial to good cycling
performance of Li-S batteries. This new method will shed a light on
the synthesis of other carbon-coated novel nanostructures for future

high performance Li-S batteries.
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Carbon-coated ZnS Yolk-shell S@C

A novel 3D interconnected sulfur-carbon yolk-shell nanostructure synthesized via mild oxidation of
carbon-coated zinc sulfide is able to accommodate the volume expansion of sulfur upon lithiation during
the discharge of Li-S battery, giving high capacity with excellent cycling performance.



