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Greatly Improved Conductivity of Double-Chain Polymer
Network Binder for High Sulfur Loading Lithium—Sulfur
Batteries with a Low Electrolyte/Sulfur Ratio

Xuejun Liu, Tao Qian,* Jie Liu, Jinghua Tian, Li Zhang, and Chenglin Yan*

Binders have been considered to play a key role in realizing high-energy-den-
sity lithium—sulfur batteries. However, the accompanying problems of limited
conductivity and inferior affinity of soluble polysulfide intermediates bring
down their comprehensive performance for practical applications. Herein, the
synthesis of a novel double-chain polymer network (DCP) binder by polymer-
izing 4,4"-biphenyldisulfonic acid connected pyrrole monomer onto viscous
sodium carboxymethyl cellulose matrix, yielding a primary crystal structure is
reported. Consequently, the resulted binder enables superior rate performance
from 0.2 C (1326.9 mAh g7') to 4 C (701.4 mAh g'). Moreover, a high sulfur
loading of 9.8 mg cm™2 and a low electrolyte/sulfur ratio (5:1, pL mg™)

are achieved, exhibiting a high area capacity of 9.2 mAh cm=2 In situ X-ray
diffraction analysis is conducted to monitor the structural modifications of
the cathode, confirming the occurrence of sulfur reductionrecrystallization
during charge—discharge process. In addition, in situ UV-vis measurements
demonstrate that DCP binder impedes the polysulfide migration, thereby

are targeted at a low sulfur loading of
less than 2 mg cm™2.B Increasing sulfur
loading results in the crack and delamina-
tion of cathode materials from current col-
lector. In addition, due to the large void
space inside and/or large fraction of non-
active carbons, the high sulfur loadings
are realized at the cost of high electrolyte/
sulfur ratios which are used to fully wet
the electrodes.! So it is still critical to
construct feasible Li-S batteries with high
sulfur loading and low electrolyte/sulfur
ratio.

For the traditional slurry-based process,
binders with sufficient adhesivity and elas-
ticity are essential to bond active mate-
rials and conductive additives together.
As one of the most common binders,
polyvinylidene fluoride (PVDF) has been

siidl

giving rise to high capacity retention for 400 cycles.

The rapid development of portable devices and electric vehi-
cles stimulates the search for rechargeable batteries with high
energy density. Lithium-sulfur (Li-S) batteries with superior
theoretical capacity (1675 mAh g!) are regarded as promising
candidates for the next generation rechargeable battery tech-
nology.l!!l However, Li-S batteries still suffer from some for-
midable problems, mainly originating from low conductivity
of sulfur and its discharge product together with lithium poly-
sulfide dissolution and shuttling.”! Although encapsulating
sulfur within conductive carbon hosts (S/C) has been devel-
oped to solve the above issues, majority of the current works
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widely used for Li-S batteries. However,

the nonfunctionalized linear chain struc-

ture cannot afford sufficient adsorption

to the soluble polysulfide intermediates, resulting in the rapid
capacity decay.’l Thus alternatives with polar functional groups
to restrict polysulfide dissolution are highly desirable.”] In the
meantime, an even more challenging issue is how to increase
the mass loading and area capacity to maximize its energy
density. Various polymers, such as carbonyl-S-cyclodextrin,®!
poly(ethylene oxide),”] and gelatin!'® have been applied to
replace conventional PVDF binder, leading to improved elec-
trochemical performance. Unfortunately, all these materials are
poor electronic conductors, resulting in reduced energy density.
Hence, we demonstrate that high-energy-density batteries
can be achieved by exploiting a multifunctional double-chain
polymer network (DCP) binder, which is composed of sodium
carboxyl methyl cellulose (CMC) and 4,4-biphenyldisulfonic
acid connected polypyrrole (Sul-PPy). The benefits of this
binder for high energy storage are multifold. The water-soluble,
viscous CMC matrix endows the cathode with efficient physical
connection between particles and high elasticity to accommo-
date the large volume expansion. Particularly, the Sul-PPy poly-
mers form an electrically percolating network within the CMC
matrix. It should be noted that the addition of a little Sul-PPy
(<6.4 wt%) within CMC endows the DCP binder with reduced
resistance, and thus contributing greatly to the electrical conduc-
tivity of sulfur@double-chain polymer network (S@DCP) cath-
odes. From four-point probe measurements, it is shown that the
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Figure 1. a) Chemical oxidative polymerization of 4,4’-biphenyldisulfonic acid connected pyrrole, producing crystal Sul-PPy polymers. b) Schematic
diagram of the interactions inside the binders with high ion and electron conductivities.

S@DCP cathode (0.010 Q-cm) is twice more conductive than
sulfur@sodium carboxyl methyl cellulose (S@CMC) cathode,
which is much higher than that for sulfur@polyvinylidene
fluoride (S@PVDF). Moreover, plenty of sulfonate groups on
Sul-PPy provide a negatively charged environment to facilitate
lithium ion transport and restrict the migration of negatively
charged polysulfide ions within the cathode, which is clearly
illustrated by in situ UV-vis measurements. This binder serves
multiple functionalities in the electrode, thus excellent rate
capability from 0.2 C (1326.9 mAh g7!) to 4 C (701.4 mAh g7}
can be achieved. More importantly, crack-free electrodes with
high sulfur loading (9.8 mg cm™) are obtained, which allows a
high area capacity of 9.2 mAh cm™. Using this approach, a rela-
tively low electrolyte/sulfur ratio (5:1 uL mg™!) can be obtained.
We demonstrate that this binder provides a new binder-design
perspective to access high-energy-density Li—S batteries.

Small 2018, 14, 1801536

1801536 (2 of 8)

Facilitated transport of ions and electrons is critical to con-
struct high-loading electrodes for Li-S batteries. DCP binder
was designed by polymerizing 4,4’-biphenyldisulfonic acid con-
nected pyrrole monomer onto the viscous sodium CMC matrix.
As shown in Figure 1, the ionic bonding formed between
4,4’-biphenyldisulfonic acid and pyrrole allows directing the
polymerization along a certain direction, thus offering con-
venient electrical conduction pathways to enhance the charge
transfer within the cathode materials. Moreover, the nega-
tively charged sulfonate anion groups bound to the polymer
backbone are prone to be coupled with the positively charged
lithium ion, facilitating fast Li* transport.!!] Fourier transform
infrared spectroscopy was conducted to identify the chemical
bonding of molecular structures. As shown in Figure 2a, apart
from the typical signals of CMC (1323 and 1068 cm™),!? the
characteristic peaks of PPy appear at 1552 and 1398 cm™!, which
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Figure 2. a) Fourier transform infrared spectroscopy of the synthesized DCP binder. b) The N 1s signals of DCP binder, indicating the presence of
charged Py in the polaron (—NH"*—, red) and bipolaron (=NH*—, blue) states. c) The X-ray diffraction spectrum of DCP binder. d) The results of four-
point probe resistivity measurements for S@DCP, S@CMC, and S@PVDF.

are associated with (pyrrole ring [benzenoid ring] stretching)
and C—N stretching, respectively.’3l The characteristic adsorp-
tion peaks for 4,4’-biphenyldisulfonic acid connector are dis-
played as follows: the peak appearing at 1641 cm™ corresponds
to C=C stretching of the biphenyl ring in the connector.'*] The
vibration bands at 1184 and 1040 cm™ are believed to be asso-
ciated with the symmetric/asymmetric S(=0), stretching.[**l
X-ray photoelectron spectroscopy was further utilized to illus-
trate the interaction between PPy and 4,4’-biphenyldisulfonic
acid (BSA) connector. As revealed by the N 1s signals of DCP
binder (Figure 2b), the presence of charged Py in the polaron
(=NH"*—, red) and bipolaron (=NH*—, blue) states clearly
shows the direct linkage between pyrrole monomer and the
connector via the acid-base interaction.' When polymeriza-
tion proceeds with BSA-connected pyrrole (BCP), the reactive
sites of the BCP impose restriction on the direction of propaga-
tion and thus prevent the randomly oriented chain growth. As
shown in Figure 2c, the X-ray diffraction peaks (100,200,300,
400,50 0) agree well with those reported in the literature,
indicating the crystal structure of Sul-PPy in DCP binder. The
crystalline Sul-PPy endows the DCP binder with enhanced elec-
trical conductivity, which is clearly demonstrated in Figure S1
(Supporting Information). The adhesive strength of the DCP
binder was characterized and compared with PVDF and CMC.
As shown in Figure S2 (Supporting Information), after the
peeling test, a large quantity of S@PVDF particles were peeled
off the Al foil, while the S@CMC and S@DCP remained the
typical black color of S/C composite. This is due to the much
higher binding strength for CMC-based electrode compared
with PVDF-based electrode.!]
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Electrochemical test was conducted to evaluate the applica-
tion of DCP binder in Li-S batteries. Figure S3 (Supporting
Information) demonstrates the cyclic voltammetry curves of
S@DCP cathode. Between 1.6 and 2.8 V, the S@DCP cathode
exhibits two cathodic peaks and one anodic peak located at
=2.28, 2.01, and 2.42 V, corresponding to the multiple-step
reduction of Sg and lithium sulfides oxide reaction, respectively.
In addition, CV curves of Li-S batteries employing S@PVDF
and S@CMC cathodes are also carried out and shown in
Figure S4 (Supporting Information). The CV curve of S@DCP
cathode displays sharper peaks and lower polarization com-
pared to other electrodes, indicating the enhanced electrochem-
ical kinetics of the S@DCP cathode.l'! From the four-point
probe measurements (Figure 2d), it can be found that S@DCP
(0.010 Q-cm) is more conductive than S@PVDF and S@CMC.
Therefore, the S@DCP cathode exhibits superior rate capa-
bility from 0.2 to 4 C. As shown in Figure 3a, the highest initial
capacity of 1326.9 mAh g! (0.2 C) is obtained for the S@DCP
cathode. With further cycling at 0.5, 1, 2, and 4 C, the S@DCP
cathode shows reversible capacities of 976.0, 885.2, 796.8, and
701.4 mAh g, respectively, which are much higher than that
of S@CMC and S@PVDF cathodes. Figure S5 (Supporting
Information) shows the galvanostatic charge/discharge profiles
of S@DCP, S@PVDF, and S@CMC cathodes. The S@DCP
cathode exhibits flat and stable plateaus with lower polarization,
demonstrating a kinetically efficient reaction process. In con-
trast, the overpotential grows larger when the current density
is increased and the plateaus shift obviously or even disappear
at high current rates for S@PVDF and S@CMC cathodes,
indicating slow reaction kinetics and high polarization. In
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Figure 3. a) Rate capability of the cells assembled with DCP, CMC, and PVDF binder at various current densities from 0.2 to 4 C. b) Electrochemical
impedance spectra of the cells assembled with DCP, CMC, and PVDF binder (Inset is the equivalent circuits). c) The cycling performance of the sulfur
electrodes based on DCP, CMC, and PVDF binder. d) The cycling stability of S@ DCP cathodes with sulfur loadings of 2.5, 5.2, 6.8, and 9.8 mg cm™2

at 0.5 mA cm™2.

order to further demonstrate the prominent electrochemical
properties, electrochemical impedance spectroscopy measure-
ments of S@DCP, S@PVDF, and S@CMC were carried out in
Figure 3b. The Nyquist plots of these cathodes are composed
of one depressed semicircle in the high-frequency region and
an inclined line at low-frequency region, which is due to the
charge transfer resistance (R,) and a mass transfer process.!”]
The high-frequency intercept on the real axis represents the
ohmic resistance (Ry) of the cell. The fitted R, and R, values are
shown in Table S1 (Supporting Information). It can be found
that the value of R, for S@DCP (33.73 Q) is much lower than
those of S@PVDF (66.51 Q) and S@CMC (76.46 Q), which
means that the S@DCP cathode exhibits faster charge transfer
compared to that of the other electrodes. Besides, the evolution
of different cathode impedance has been measured after 1 and
10 cycles. As shown in Figure S6 (Supporting Information),
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the S@DCP exhibits more stable and much lower resistance,
demonstrating stable composite structure and fast electrode
kinetics.'® However, the resistance values of S@CMC and
S@PVDF rise clearly after 10 cycles compared with that at the
first cycle, indicating the serious depositing and aggregating
process on the surface of electrode.['% Galvanostatic cycling was
further carried out to investigate the benefits of DCP binder
on Li-S Dbatteries. Figure 3c shows the long-term cycling sta-
bility of the S@DCP cathode tested at a current density of
1.5 C. The cell delivers an initial capacity of 845.2 mAh g
After 400 cycles, the capacity stabilizes at 649.2 mAh g1 with
a low capacity fade rate of 0.058% per cycle. Postmortem scan-
ning electron microscopy (SEM) was conducted to distinguish
the difference in the morphology of S@DCP, S@PVDF, and
S@CMC cathodes before and after cycling (Figure S7, Sup-
porting Information). Before cycling, all of the S@DCP,
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S@PVDF, and S@CMC cathodes exhibit typical porous sur-
face containing well-distributed sulfur particles. However, after
100 cycles, the surfaces of S@PVDF and S@CMC are covered
with solid films, which is due to the irregular precipitations of
sulfur species in pores of the particles and between the parti-
cles. In contrast, the S@DCP cathode could still maintain sim-
ilar porous structure after cycling.

Generally, it is critical to construct high sulfur loading elec-
trodes for the purpose of building high-energy-density Li-S
batteries. Therefore, electrodes with varied sulfur loadings
(2.5-9.8 mg cm™2) were prepared to investigate the advantage
of DCP binder in the construction of high sulfur mass loading.
Moreover, although high electrolyte/sulfur ratio is necessary to
fully wet the high reaction surface areas, it comes at the sacri-
fice of the practical electrochemical performances and energy
density of the batteries.?% Thus a low electrolyte/sulfur ratio
(5:1, uL: mg) was used to maximize the overall energy density.
Figure S8 (Supporting Information) shows the voltage pro-
files of the electrodes at a current density of 0.5 mA cm™2. All
the high-loading sulfur electrodes show the typical curves of
conventional Li—S batteries. Specific capacities of 1040.1, 1019.2,
970.6, and 938.8 mAh g! were achieved for the thick electrodes
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with high loadings of 2.5, 5.2, 6.8, and 9.8 mg cm™2, corre-
sponding to areal capacities of 2.6, 5.3, 6.6, and 9.2 mAh cm™
(Figure 3d; Figure S9, Supporting Information). Long-term
cycling stability was further conducted at a slow cycling rate of
0.3 C in Figure S10 (Supporting Information), exhibiting excel-
lent capacity retention of 90.5% after 200 cycles. These results
indicate that DCP binder not only endows the entire sulfur-
based cathode with enhanced conductivity but also effectively
confines the soluble polysulfide within the electrode.

To further understand electrochemical properties of S@DCP
cathode, in situ X-ray diffraction (XRD) was conducted. Special
design of Li—S batteries enables us to realize the real-time moni-
toring of the local structural and chemical evolution of S@DCP
cathode during the charge-discharge process (Figure 4a). As
shown in Figure 4b,c, the main peaks in the range of 20°-24°
are derived from the decomposition of electrolyte (Li,CO; and
Li,S0,),2) which remained almost unchanged during the whole
charge—discharge process. The peaks associated with (2 2 2),
(311),(040), and (3 1 3) reveal the different crystalline planes
of Sg, which decrease during the discharge process, indicating
the sufficient reaction between Sg and lithium ions.[?? This can
be further demonstrated by the color change presented in the

Otz s

@Li,CO;
#DCP @ &LiSO|
&l * # 0 & #+ + E
5 W g
g :WA =
S 1
g
| 1
g )
& |y
ﬁ‘
(=) h
° N
——— .
12 16 20 24 28 12
20 ()

16 20 24 28
26 ()

Figure 4. a) Schematic illustration of the cell component for in situ XRD measurement. b) In situ XRD patterns evolution during initial cycle at a cur-
rent rate of 0.1 C. ¢) In situ XRD patterns extracted from Figure 3b, showing the structural and chemical evolution of S@DCP cathode. d) The contour

plot of in situ XRD patterns collected during the initial cycle.
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Figure 5. a) Potentiostatic discharge curves of Li,Sg/DOL/DME solution at 2.1 V with various binders, including CMC, PVDF, and DCP. Quantitative
evaluation of the concentration evolvement of b) Li,Sg and c) Li,S¢ at different discharge potentials. All the concentration values are calculated based
on UV-vis spectra of the batteries assembled with d) S@PVDF cathode, ) S@CMC cathode, and f) S@DCP cathode between A = 300-800 nm.

contour plot of in situ XRD patterns (Figure 4d). During the
discharge process, the XRD peaks of Sg (marked by red arrow)
are gradually weakened, while the peak associated with Li,S
(marked by pink arrow) increases. Upon the following charge
process, the intensity of Li,S peak decreases progressively and
the reappearance of S peaks toward the end of the cycle can
be observed in the XRD patterns and the corresponding con-
tour plot. However, for S@PVDF and S@CMC, the intensity
of the Sg peaks decreases and finally vanishes during the dis-
charge process, indicating the sufficient reaction between Sg
and lithium ions. When the charge proceeds, the intensities of
Sg remained weak, which are related to the formation of soluble
sulfur species that does not recrystallize on the electrode. In
addition, the structural stability of DCP binder during the whole
charge—discharge process is also demonstrated. As shown in
Figure 4c, the signals of DCP binder appear at the beginning
of discharge process and the intensities of these peaks remain
unchanged. This demonstrates that the DCP binder can retain
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the crystalline structure, which is beneficial to the conductivity
of S@DCP cathode.

The interaction between binders and soluble polysulfide
impacts greatly on the interfacial polysulfide redox and Li,S
deposition. Accordingly, we study the kinetics of Li,S nuclea-
tion by potentiostatically discharging Li,Sg/1,3-dioxolane/1,2-
dimethoxyethane catholyte at 2.1 V on various binders,
including CMC, PVDF, and DCP, respectively. It is known that
Li,S was electrodeposited onto cathodes below the equilibrium
potential. Thus it is reasonable to monitor the deposition of
polysulfide by current flow.?3! As shown in Figure 5a, the poten-
tiostatic currents for all three binders reached the maximum
value at =1500 s. However, in stark contrast to the clear and
strong current peaks for CMC and PVDF, DCP exhibits no
such great peak intensity, indicating the effective prevention of
the early precipitation of Li,S.

As an effective tool to monitor the evolution of polysulfide
intermediates during Dbattery cycling,?? in situ UV-Vis

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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spectroscopy was conducted to quantitatively analyze the effect
of different binders (DCP, CMC, and PVDF) on electrochemical
performance. The characteristic wavelengths of different poly-
sulfide species have been determined in our previous report.[?’!
It is found that the derivatives at A= 570 and 530 nm correspond
to the long-chain polysulfide of Li,Sg and Li,S¢, respectively.
The derivative located at 510 nm is attributed to the mid-chain
polysulfide of Li,S,. The derivative peak of short-chain poly-
sulfide is found at 450 nm. Correlations between concentra-
tions and normalized reflectance of polysulfide (Li,S,, 2<x<8)
were systematically studied as follows: 1) from the measured
spectra, the intensities of the reflection for polysulfide (Li,S,,
2<x<8) at preselected wavelengths are collected. 2) The inten-
sity of the first spectrum is normalized to 1, and subsequently
collected intensities at preselected wavelengths are normalized
based on the first spectrum. 3) Then normalized intensities of
shorter wavelengths are subtracted by the values of longer wave-
lengths. The evolvement of concentrations of different types
of polysulfide can be calculated according to the linear fits of
the normalized intensities measured with different concentra-
tions of the polysulfides, as determined in our previous report.
Figure 5b,c shows the comparison results of the concentration
changes of the lithium polysulfide in the electrolyte, which are
calculated based on UV-vis spectra of the batteries assembled
with S@PVDF, S@CMC, and S@DCP cathode (Figure 5d-f).
It is obvious that the concentrations of polysulfide for all the
cathodes (S@PVDF, S@CMC, and S@DCP) are at the same
level in the beginning but soon show the obvious difference.
Significant increases in the polysulfide concentrations can
be observed for S@PVDF and S@CMC. In contrast, there is
little change in the polysulfide concentration, which keeps
a small value throughout the discharge process in S@DCP-
based cell. Further experiments to confirm that DCP restricts
the migration of negatively charged polysulfides are shown in
Figures S12 and S13 (Supporting Information). It can be clearly
seen in Figure S12 (Supporting Information) that the separa-
tors from S@CMC- and S@PVDF-based cell show conspicuous
yellow color in a large area, implying that a large amount of
polysulfides were diffused from the cathode. For comparison,
the trace of the dissolved polysulfides on the separator from
S@DCP-based cells at the discharge states of 2.27 and 2.09 V
show light yellow color, illustrating the effective trapping of
polysulfide in the S@DCP cathodes during discharge process.
In situ visual-electrochemical study was also examined to illus-
trate polymer—polysulfide interactions. As shown in Figure S13
(Supporting Information), due to the released polysulfides,
the increasingly changed color of electrolyte from colorless to
green-yellow is observed for the S@PVDF and S@CMC cath-
odes, contrary to the constantly colorless electrolytes for the
S@DCP cathode.

In conclusion, we have developed a novel binder by entan-
gling conductive Sul-PPy chains onto the adhesive CMC matrix.
The DCP binder is shown to assist the interparticle physical
connection as well as improved Li*/e” transportation, leading
to high sulfur loading, superior rate performance, and excel-
lent cycling stability. Particularly, the thick electrode with up
to 9.8 mg cm™2 sulfur loading delivers a high area capacity of
9.2 mAh cm™ at a low electrolyte/sulfur ratio (5:1, uL mg™).
The sulfur reduction/recrystallization occurred during the
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cycling can be confirmed by in situ XRD analysis, accompanied
with the structural stability of DCP binder. Additionally, the dis-
solved polysulfide intermediates can be effectively confined in
the cathode, which is due to the repulsive effect of sulfonate
anion groups bound on the polymer backbone and can be fur-
ther proven by in situ UV-vis measurements. This achieve-
ment might open a new area for the design of multifunctional
binders for high sulfur loading Li-S batteries.
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directly from the author.
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