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ABSTRACT An amylopectin wrapped graphene oxide-sulfur composite was prepared to

construct a 3-dimensionally cross-linked structure through the interaction between amylopectin
and graphene oxide, for stabilizing lithium sulfur batteries. With the help of this cross-linked
structure, the sulfur particles could be confined much better among the layers of graphene oxide
and exhibited significantly improved cyclability, compared with the unwrapped graphene oxide-
sulfur composite. The effect of the electrode mass loading on electrochemical performance was
investigated as well. In the lower sulfur mass loading cells, such as 2 mg cm 2, both the capacity

and the efficiency were obviously better than those of the higher sulfur mass loading cells, such as

6 mg m %
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here is currently a great deal of inter-
Test in the development of high en-

ergy and power density and long life
rechargeable batteries for transportation
and grid applications. Much attention has
been focused on lithium ion batteries (LIBs)
due to their potentially high energy density
and low cost. The typical cathode materials
most widely used in commercial LIBs are
LiCoO,, LiMn,0,, and LiFePO,. However, they
are limited by their relatively high cost, as in
the case of cobalt, and low energy density.' 3
Although the theoretical capacities can
reach 300 mAh g~ ', the maximum practical
capacities obtained are typically less than
200 mAh g~ '. Compared with the relatively
large capacity of current anodes, the use of
cathodes based on transition metals puts
a theoretical limit on LIB systems for large
scale energy storage. Lithium—sulfur (Li/S)
batteries, represent one of the most promis-
ing candidates for next generation LIBs
owing to their high theoretical capacity of
1673 mAh g™, which is about five times that
of current commercial cathodes* Although
the voltage of Li/S cells is around 2.1-23 V
(relative to Li/Li*), the very high capacity
and low cost overcome this limitation. How-
ever, despite their attractive properties, Li/S
batteries suffer from poor cyclability, which

ZHOU ET AL.

is mainly attributed to the dissolution of
intermediate lithium polysulfide products
Li,S,, (4 < n < 8), volumetric expansion and
the poor conductivity of sulfur and polysul-
fide species.>~” In order to address these
challenges, various methods have been re-
ported including the use of mesoporous
carbon,®~'® graphene oxide,'”"'® carbon
nanotube,'®~%" and sulfur-coating polymer
composites.’2~%* Among these, mesopor-
ous carbon-based materials with a pore size
of less than 5 nm show attractive perfor-
mance due to their obvious advantages on
high conductivity and large surface area.
However, the preparation of mesoporous
carbons usually involves the use of highly
toxic hydrofluoric acid to remove the hard
template®'® And from the impregnation
of sulfur into mesoporous carbons, if the
sulfur could diffuse into the small pores of
the mesoporous carbons, the sulfur could
also diffuse out during long cycling, con-
sidering the fact that the sulfur can still be
accessed by electrolyte for long terms.
Although the weak interactions between
sulfur and mesopores could alleviate the
dissolution of polysulfides in a short-term,
the polysulfides should still be dissolved
and diffuse out eventually. This is likely the
reason why extended cycle life (>100 cycles)
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tests with stable capacity retention and high Coulom-
bic efficiency were rarely reported for this type of
Li/S composites. In addition, the mesoporous carbon/
sulfur composites were constructed through the diffu-
sion of sulfur vapor or liquid sulfur into the nanopores
of mesoporous carbon, which limits the sulfur load-
ing in the electrode composites. Another innegligible
phenomenon in Li/S batteries is that polyvinylidene
fluoride (PVDF) dissolved in N-methyl-2-pyrrolidone
(NMP) was generally employed as the binder. However,
NMP could dissolve the sulfur, which will destroy the
preconstructed nanostrucutures and the evaporation
of NMP under vacuum could also cause related envir-
onmental problems.?> To overcome these limitations,
more feasible methods need to be explored to immo-
bilize the lithium polysulfides at lower cost and can be
easily scaled up in industry.

According to the recent studies, graphene-oxide
(GO)-doped sulfur in Li/S electrode composite show
promising improvement for the cycling stability of the
corresponding batteries.'””'® GO consists of a basal
plane decorated mostly with epoxide and hydroxyl
groups, in addition to carbonyl and carboxyl groups,
which are located at the edges.”®~%° These groups in
GO play important role for immobilizing the other-
wise free lithium polysulfides."” However, the stable
charge—discharge process of pure GO-coated sulfur
composite can only be observed at initial 30 cycles,
followed by an obvious capacity fading. When a PEG
surfactant-coated sulfur was wrapped with GO, the
capacity dropped from initial 1000 to 550 mAh g~
after 20 cycles.'® This capacity fading is probably
because the superficial sulfur cannot be fully trapped
and the open channels among the GO layers provide
large space for polysulfides to escape. To further im-
mobilize the polysulfides, a soft polymer should be
employed to wrap the GO/S composite and construct
a 3-dimensional network for better immobilizing the
polysulfide species and accommodating the volu-
metric expansion during cycling. The polymer had
better interact with the marginal hydroxyl and carboxyl
group of the GO for binding the margins of adjacent
GO layers to avoid the polysulfide diffusing out of the
GO layers. In the meantime, it should be both insoluble
and nonredox active in the LIBs potential window.

With this consideration in mind, a natural polymer,
amylopectin was pitched on here because sufficient
hydroxyl units of amylopectin will interact with the
hydroxyl group of GO through hydrogen bonding
interaction to form cross-linked 3-dimensional struc-
ture, helping to bind the GO layers and accommodate
the volumetric expansion, and it is environmentally
benign.3°~33 Recently, gelatin and -cyclodextrin were
tested as aqueous binders of the Li—S batteries for the
immobilization of polysulfides, which gave improved
cyclability in the initial 50 cycles.3**> Water-soluble
brown algae was also harnessed as a binder to build
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silicon nanopowder-based lithium ion batteries and
gave improved performance.®® Herein, the reasonable
combination of amylopectin wrapped GO-sulfur as
electrode composite for improvement of sulfur elec-
trode stability was investigated. As expected, with the
assistance of this structure, the cycling stability of the
sulfur electrode was enhanced significantly compared
with the unwrapped GO-sulfur composite. This cross-
linked build-up, constructed through the intermolecu-
lar interactions, provides new opportunities to mitigate
the diffusion of lithium polysulfide species and im-
proves the cycling stability of Li/S batteries.

RESULTS AND DISCUSSION

A control sample of amylopectin doped sulfur with-
out GO (but contained carbon black) was first prepared
to test the electrochemical properties. Sulfur and car-
bon black were first heated to 155 °C for 12 h to obtain
a homogeneously mixed material. The mixture was
dispersed in an aqueous amylopectin solution under
sonication and excess ethanol was then added slowly
to yield the black precipitation of amylopectin coated
sulfur (S-Amy) composite. According to the thermo-
gravimetric analysis (TGA) curve of the obtained black
powder, in Figure S1 of the Supporting Information (Sl),
around 56% sulfur and 14% amylopectin were con-
tained in the composite. It was then ground in the pres-
ence of 5% polytetrafluoroethylene (PTFE) to lower the
stiffness of amylopectin, giving the electrode films with
an average sulfur mass loading of 4.0 mg cm™2 Coin
cells were fabricated to test the electrochemical per-
formance of the S-Amy composite using lithium foil as
the anode and 1.0 M lithium bis-trifluoromethanesul-
fonylimide (LiTFSI) in a mixed solvent of 1,3-dioxolane
and 1,2-dimethoxyethane (1:1, v/v) as the electrolyte.

A cyclic voltammetry (CV) of a Li/S cell with the S-Amy
cathode was obtained at a scan rate of 0.05 mVs ™' and
was shown in Figure S2 of the SI. Two well-defined
reduction peaks at 2.35 and 2.08 V were observed,
which could be assigned to the multistep reduction
mechanism of elemental sulfur, as reported previously.8~2*
The reduction peak centered around 2.35 V is generally
attributed to the reduction of the Sg ring and the
formation of Sg°~. The reduction peak at 2.08 V is
associated with further reduction of the higher poly-
sulfide species (Li»S,, 4 < n < 8) to the lower polysulfide
species (Li,S,, n = 2). The broad oxidation peak around
2.3-2.5 V is associated with the oxidation of polysul-
fides to the neutral elemental Sg.°

Figure 1a depicted the 1st and 40th discharge/
charge profiles of the S-Amy electrode at a rate of
C/8 in a rechargeable lithium cell. Two flat discharge
plateaus located at 2.35 and 2.08 V were clearly
observed, in good agreement with the CV results. As
shown in Figure 1b, the S-Amy electrode showed an
initial discharge capacity of 825 mAh g~ ' followed by a
gradual decrease during subsequent cycles. Compared
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Scheme 1. Schematic Two-Step Synthesis Route for a GO-S-Amy Composite, with Yellow Balls Representing Sulfur and Black

Balls Representing Carbon Black

with the cycling performance of the pure sulfur elec-
trode, although the pure sulfur cathode exhibited a
higher capacity in initial 25 cycles, it exhibited a much
faster capacity fade especially after 30 cycles. The
relatively slow capacity fading of S-Amy electrode
indicates that the addition of amylopectin can allevi-
ate, at least in part, the diffusion of the lithium poly-
sulfides into the electrolyte and therefore suggests
that the amylopectin could be adopted as an additive
for Li/S batteries.>* ™3¢ On the other hand, the Coulom-
bic efficiency of the S-Amy electrode stabilized at a
little over than 90% and the capacity obviously still
faded, which indicates there are still some polysulfide
dissolution and shuttling of the polysulfide species.?”

The amylopectin wrapped graphene oxide-sulfur
(GO-S-Amy) composite was subsequently prepared
through a quite sample dissolution—precipitation
method. In our approach (Scheme 1), a mildly oxidized
Hummers GO was employed in the electrode com-
posite.’®2° The GO was first dispersed in the solu-
tion of sodium thiosulfate under sonication to form
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a homogeneous suspension. Sulfur particles could
then be synthesized and precipitated homogeneously
among GO layers by reacting sodium thiosulfate with
hydrochloric acid. As shown in the TGA curve of Figure
S3in the Sl, around 72 wt % of sulfur was incorporated
in the GO-S composite. The as prepared GO-S and
carbon black were dispersed in an aqueous solution
of amylopectin through sonication. Excess ethanol was
then slowly added to give the GO-S-Amy floccus
precipitation, which was employed to make the elec-
trode film after drying in vacuum. According to the TGA
results of Figure S4 in the S|, the final sulfur content in
the whole electrode was around 52% accounting
5% PTFE binder added during the preparation of the
electrode film. This approach is much simpler and
economical when compared with the widely used
procedure of long time or repeated sublimation for
infusion of elemental sulfur into porous carbons. Also,
such a process is environmentally benign and highly
reproducible, and can be straightforward to scale up in
industry.
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Figure 3. STEM images of GO-S-Amy in bright field (a) and
dark field (b). Elemental mapping of the region shown in the
yellow square of (b) for carbon (c) and sulfur (d), along with
(e) an overlay of those two maps. (f) EDX spectrum of GO-S-
Amy composite.

Figure 2 exhibits the scanning electron microscopy
(SEM) images of the GO and GO-S-Amy composite.
Compared with the well-defined flake structure of GO,
amorphous and aggregated nanosheets with carbon
black particles on the surface were observed for the
GO-S-Amy composite, which could be attributed to the
interaction between amylopectin and GO. In the scan-
ning transmission electron microscopy (STEM) images
of GO-S-Amy composite, sulfur particles with a dia-
meter of around 500 nm could be clearly observed, as
shown in Figure 3a,b. Elemental maps of sulfur and
carbon (Figure 3) confirmed that the bright particles in
Figure 3b were sulfur particles, along with overlaying
carbon signals from GO sheets. Associated with the
SEM image of Figure 2b, the sulfur particles should
have been confined among the GO layers, because
there was no sulfur particle could be observed on the
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Figure 4. STEM bright field image of the GO-S composite
(@) and the corresponding elemental mapping for carbon
(b), oxygen (c), and sulfur (d). (e) EDX spectrum of GO-S
composite.

surface from the SEM image. Energy-dispersive X-ray
(EDX) microanalysis exhibited strong sulfur peak,
which is around three times of carbon, as shown in
Figure 3f. The relative content of sulfur in GO-S-Amy
should be higher considering that the carbon contri-
bution of amylopectin and the carbon film on the STEM
grid was also included in the EDX intensity of carbon. In
the case of unwrapped GO-S, the sulfur particles could
not be observed in the STEM images, as shown in
Figure 4, which can be attributed to the high vacuum of
STEM and high vapor pressure of the sulfur.3®3°
Although elemental sulfur could still be detected in
the sulfur map, the EDX intensity of sulfur is obviously
smaller compared with the carbon, which suggests
most of the sulfur in GO-S was evaporated in the high
vacuum of STEM. These features, from one side, ver-
ified that the amylopectin wrapped GO effectively
confined the sulfur among GO layers.

The obtained dry GO-S-Amy composite was em-
ployed to make the electrode films with several typical
sulfur mass loadings of 2.0 mgcm™2 4.0and 6.0 mgcm ™2
through control the thickness of electrode films. Figure 5
shows the CV and cycling performance of coin cells
using GO-S-Amy as the cathode with a suffer loading of
4.0 mg cm 2 Two well-defined reduction peaks cen-
tered around 2.3 and 2.03 V were clearly observed,
similar to the CV of the S-Amy electrode described
above. During the initial 10 cycles, the redox curves
become sharper gradually, suggesting the reversibility
actually improved with cycling. As illustrated in Figure 5b,
the GO-S-Amy electrodes showed initial capacities of
817, 650, and 596 mAh g~ ' under different C rates of
C/8, 5C/16, and C/2, respectively. Although there was an
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Figure 5. (a) Typical CV of GO-S-Amy cathode at a sweep rate of 0.1 mV s~ ; (b) First cycle charge/discharge profiles for the
GO-S-Amy cathodes at current densities of C/8, 5C/16, and C/2; (c, d) Charge/discharge capacities vs cycle numbers of GO-S

and GO-S-Amy at different current densities.

initial drop, the capacity stabilized after about five
cycles at both low and high current densities, as ob-
served in Figure 5c. Afterward, there was a much more
gradual decrease in capacity. A control sample of
GO-S without amylopectin coating exhibited a stable
cyclability during the first 25 cycles, followed by a
significant capacity fading. Relative to the unwrapped
GO-S electrode, the GO-S-Amy electrode exhibited
much improved capacity retention with long cycling,
which was ascribed to the cross-linked structures of
amylopectin-wrapped GO and polysulfides. After a
long-term cycling of 175 cycles, a discharge capacity
of 441 mAh g~ was obtained at 5C/16, which corre-
sponded to a 68% capacity retention ratio, as shown in
Figure 5d. At the higher current density of C/2, much
more stable cycling performance was observed, with
a stable capacity around 430 mAh g, which did not
decay significantly after 100 cycles. The relatively
better cycling performance at C/2 can be attributed
to the weaker shuttle effect at higher current density.'®
The improved cycling stability verifies the fact that
the amylopectin-wrapped GO-S structure can help to
immobilize the polysulfides and reduce the capacity
fading, which was in agreement with the successful
confinement of sulfur under high vacuum of STEM. The
branched amylopectin could wrap and bind GO layers
effectively through its cross-linked 3-dimension struc-
ture and supramolecular interaction, which closes the
open channels among GO layers and minimizes the
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diffusion of the polysulfides. As a result, electrodes
employing the amylopectin wrapped GO-sulfur exhib-
ited better cycling stability.

Figure 6 shows the charge—discharge profiles and
cycling performance of the GO-S-Amy composite elec-
trodes with different sulfur loadings of 2 and 6 mg cm 2
at C/8. Obviously, the lower suffer loading of 2 mg cm™
GO-S-Amy cathode delivered higher discharge capacity
and efficiency in this condition. From the Figure S6 of S|,
the Coulombic efficiencies of the electrode with different
sulfur loadings of 2,4, and 6 mg cm ™2 at C/8 were around
98, 94, and 91%, respectively. Here, lower capacity at
higher suffer loading can be attributed to the poorer ionic
transportation and contact in thicker electrode film. We
should point out that, although this composite showed
better cycling stability compared with the pure sulfur
and unwrapped GO-S, slow capacity degradation
could still be observed. Besides, the efficiency was just
around 98% even in low sulfer loading of 2 mg cm ™2,
which indicates that the dissolution of polysulfides and
the subsequent shuttling effect are still not completely
absent in this condition. But the low cost of materials
and the easy scaled up preparation process give the
competitive advantage for this structure.

To further investigate the structure of the GO-S-Amy
composite during the long cycling, a cell was opened
after the 50th full discharge in cell and the electrode
was peeled off from the current collector and redis-
persed in THF under sonication. As shown in the STEM

2
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Figure 6. (a) First cycle charge/discharge profiles for the GO-S-Amy cathodes with the sulfur loadings of 2 and 6 mg cm 2 at C/
8; (b) Charge/discharge capacities vs cycle numbers of GO-S-Amy at different sulfur loadings.

Figure 7. STEM dark field image of GO-S-Amy composite
after the 50th discharge in the cell (a) and corresponding
elemental mapping for sulfur (b) and carbon (c).

images and EDX mapping of Figure 7, the sulfur
particles were disappeared and the elemental sulfur
dispersed homogeneously among the GO layers, ow-
ing to the precipitation of a thin layer of discharge
products (Li,S; and Li,S). EDX spectrum of GO-S-Amy
composite after the 50th discharge exhibited strong
signal of sulfur, as shown in the Figure S7 of SI. It is also
noticeable that the architecture of GO-S was still
maintained after running 50 cycles, which indicates
the stability of this structure. The Fourier transform
infrared spectroscopy (FTIR) spectra of the 50th dis-
charged cathode exhibited obvious peaks at 1580,
1426, and 850 cm ™', as shown in the Figure S8 of the
Sl, suggesting the formation of S—Li or O—Li.*3*° The
summit of broad band between 3600 and 2600 cm ™'

EXPERIMENTAL METHODS

Preparation of S-Amy Composite Electrode. In a typical electrode
making process of S-Amy, 50 mg sulfur and 25 mg carbon black
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resulting from the O—H groups of GO-S-Amy (after the
50th discharge) shifted toward short wavenumber
compared with that of GO-S-Amy, which indicates
the presence of the hydrogen bonds in discharged
GO-S-Amy composite. Meanwhile, an obvious shoulder
at 2535 cm ™' could be ascribed to the S—H stretching
vibration, which suggested the presence of the bal-
ance between O—H and S—H.?®° These observations,
including the STEM and FTIR, suggest that the GO-S-
Amy composite forms a stable cross-linked structure
through the supramolecular interactions, which can
accommodate the charge/discharge reactions and
preserve the structure in long cycling.

CONCLUSIONS

In summary, a natural polymer, amylopectin-
wrapped GO-S nanocomposite has been prepared
and investigated for immobilizing the lithium polysul-
fides in the cathode of Li/S cells. With the help of this
3-dimensionally cross-linked structure, the Li/S battery
exhibited much improved cycling stability and Colum-
bic efficiency compared with the conventional sulfur
electrodes and unwrapped composite. From the com-
parison of STEM images and EDX data, the branched
amylopectin wrapped GO-S successfully confined the
sulfur particles among the GO layers, which helps to
tether the polysulfides during the charge/discharge
processes. Different sulfur loading electrodes were
tested and compared as well; a lower sulfur loading
electrode showed better capacity and efficiency rela-
tive to the higher sulfur loading electrode. While slight
capacity fading presents in these and premier studies,
we believe that these results provide reliable insights
and novel concepts for future Li/S batteries.

were first heated at 155 °C for 12 h to obtain a homogeneous
material. The mixture was dispersed in 100 mL of an aqueous
solution of 15 mg amylopectin under sonication and heated at

VOL.7 = NO.10 = 8801-8808 = 2013 K@LNMLJ\)\

WWW.acsnano.org

8806



80 °C for 1 h, and then 300 mL of ethanol was added slowly to
yield the precipitation of an amylopectin-coated sulfur—carbon
black composite. The above precipitation and 5% polytetra-
fluoroethylene (PTFE) were ground well in a mortar with the
addition of isopropanol and then were roll-pressed to produce
an electrode film, which was heated at 50 °C for 12 h under
vacuum before using to make the coin cell. The coin cells were
fabricated in an argon-filled glovebox using lithium metal as
the counter electrode and a microporous polyethylene separa-
tor. The control experiment of pure sulfur coin cell was also
fabricated according to the same procedure, except that the
cathode composite was made from 50% elemental sulfur, 40%
carbon black, and 10% PTFE binder.

Synthesis of GO-S-Amy Composite. A total of 60 mg GO was well
dispersed in 100 mL of water through a 1 h sonication to obtain
a black homogeneous suspension. For sulfur particles synthesis,
2.0 g of Na,S,03 was first dissolved in 400 mL of 1% PVP
aqueous solution. Then 6 mL of concentrated hydrochloric acid
was added to the above solution, and the system was kept at
room temperature for 40 min with magnetic stirring to get a
white gel solution of sulfur particles. The suspension of GO was
then added into the sulfur gel solution under vigorous magnetic
stirring. After 20 min, the product of GO-S was collected by
centrifuge and further washed twice with water. A total of 10 mg
amylopectin was suspended in 100 mL of water and then
heated to 80 °C for 1 h to get a transparent solution. Freshly
prepared 70 mg of GO-S and 15 mg carbon black were added to
the above solution and stirred for 30 min under sonication for
intensive mixing. The resulting suspension was poured into
300 mL of ethanol, filtered, and dried to get a black powder. The
obtained powder and 5% PTFE were ground well in a mortar
with the addition of isopropanol and then were roll-pressed to
produce an electrode film, which was heated at 50 °C for 12 h
under vacuum before using to fabricate the coin cell. The GO-S-
Amy coin cell was fabricated according to a similar procedure as
for the S-Amy coin cell.
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