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nked PEDOT:PSS as a multi-
functional conductive binder for high-performance
lithium–sulfur batteries†

Longlong Yan,‡ab Xiguang Gao,‡a Joseph Palathinkal Thomas,c Jenner Ngai,a

Haig Altounian,a Kam Tong Leung, c Yuezhong Meng *b and Yuning Li *a

Despite their very high theoretical specific capacity, lithium–sulfur (Li–S) batteries still face issues such as

low sulfur utilization and poor long-term cycling stability due to the low conductivity of sulfur, lithium

polysulfide shuttle effect and large volume change during discharge–charge processes. This work uses

a novel multi-functional polymer binder, PEDOT:PSS-Mg2+, to address the above issues. First,

PEDOT:PSS is a highly conductive polymer, which improves the conductivity of the cathode composite.

Second, cross-linking of PEDOT:PSS with Mg2+ forms a robust network that is able to endure the drastic

volume change of the cathode during discharge/charge. Third, the abundant oxygen atoms present in

PEDOT:PSS strongly interact with lithium polysulfides to suppress the shuttle effect. Li–S batteries with

this new binder showed high initial specific capacity of up to 1097 mA h g�1 and high capacity retention

of up to 74% after 250 cycles at 0.5C with a sulfur content of 70 wt% in the cathode, which are

significant improvements compared with the corresponding Li–S batteries with a conventional PVDF

binder. Additionally, preparation of the cathode material with this new binder uses water as the solvent,

avoiding the use of toxic organic solvents such as N-methylpyrrolidone (NMP).
Introduction

The very high theoretical specic capacity of the sulfur cathode
(1675 mA h g�1) allows lithium–sulfur (Li–S) batteries to reach
a theoretical energy density of 2600 W h kg�1, which is 6 times
those of lithium ion batteries (LIBs) based on intercalation
compounds such as LiCoO2 and LiFePO4.1–5 In addition, sulfur
is inexpensive, environmentally benign and abundant, making
it one of the most promising candidate cathode materials for
next-generation high performance batteries. Despite the above-
mentioned advantages, the practical applications of Li–S
batteries are still hampered by several technical barriers. The
low electrical conductivities of elemental sulfur (5 � 10�30

S cm�1) and its reduced products (intermediate lithium
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polysuldes and lithium sulde) signicantly lower the capa-
bilities of Li–S batteries, especially under high discharge–
charge current densities.6,7 Furthermore, since the intermediate
long chain polysuldes (Li2Sx x ¼ 3–8) are soluble in the elec-
trolyte solution, they can move to the anode during discharging
and return to the cathode during the subsequent charging,
which is commonly called the “shuttle effect”.8–10 Some of the
soluble polysuldes that reach the anode are reduced by lithium
to form insoluble Li2S2 and Li2S deposits, which cannot come
back to the cathode. Both the shuttle effect and the low elec-
trical conductivity of the insoluble Li2S2 and Li2S deposits
formed on the anode surface would result in a reduction of
sulfur utilization and hence capacity decay of Li–S batteries over
time. Moreover, Li–S batteries also suffer from a large volu-
metric change (�80%) due to the dramatic density difference
between sulfur in the charged state and Li2S in the charged
state, which may gradually lead to an irreversible destruction of
the cathode structure and a capacity drop. To address the afore-
mentioned issues, approaches involving embedding sulfur in
carbon-based host materials such as porous hollow carbon,11–13

carbon nanotubes,14,15 nanobers,16,17 and various types of gra-
phene18–22 have been explored and some improvements have
been achieved.

A typical Li–S battery cathode consists of four components:
sulfur, conductive carbon additive, binder, and current
collector. The binder is an important ingredient, which binds
sulfur and conductive carbon together with the current collector
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic representation of the PEDOT:PSS-Mg2+ binder
structure and NPS/SP/PEDOT:PSS-Mg2+ electrode. The coordination
of Mg2+ by the SO3

� is the main process in the gel formation and
polymer–metal framework stabilization.
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to maintain the structural integrity of the cathode. Compared
with other cathode components, the binder has been paid
much less attention for the improvement of Li–S battery
performance. Polyvinylidene uoride (PVDF) and polyethylene
glycol (PEO) are the most commonly used binders for Li–S
battery cathodes.23 However, these binders are suboptimal for
achieving high cycling stability and high capacity of Li–S
batteries because (i) they have linear polymer chains and weaker
interchain interaction and cannot cushion the large volume
change during discharge/charge cycling to retain the structural
integrity of the cathode; (ii) they have relatively weak affinity to
polysuldes and cannot effectively prevent the shuttling of
polysuldes; (iii) they are electrical insulators and make no
contribution to the electron transfer. In particular, for high
sulfur loading cathode composites (S% $70 wt%), which are
mandatory for high energy density Li–S batteries,24,25 the
combined amount of the conductive component and binder
used would be 20 wt% or less. Therefore, a high-performance
binder with high binding strength as well as high electrical
conductivity would be ideal. Recently, some efforts have been
made to develop new binders to replace PVDF and PEO. For
example, Li et al.26 used gum arabic (GA) polymer as the binder
to improve the capacity and stability. Bhattacharya et al.27 re-
ported a polyamidoamine (PAMAM) dendrimer-based binder,
which can encapsulate sulfur more effectively. Chen et al.28

designed a multifunctional cross-linked binder of PEI-HDI with
a 3D network structure for stable Li–S batteries. Although these
new binders showed better performance than PVDF and PEO,
they are electrical insulators and do not contribute to the
improvement of the electrical conductivity of the cathode
composite. A few electrically conductive binders such as
(reduced) graphene oxide-polyacrylic acid (GOPAA),29

PEDOT:PSS,30 PEDOT:PSS-PAA,31 and poly(9,9-dioctyluorene-
co-uorenone-co-methylbenzoic ester) (PFM)32 have been re-
ported to improve the cathode performance of Li–S batteries.
However, Li–S batteries with these conductive binders have not
demonstrated both high capacity and high cycling stability for
high sulfur loading (S $70 wt%) Li–S batteries.

PDEOT:PSS is the most studied and widely used conductive
polymer as the electrode for various electronic and electrical
devices such as organic thin lm transistors, organic photo-
voltaics, and batteries because it is solution-processable and
both electrically (with electrical conductivity of up to 4600
S cm�1 and higher)33,34 and ionically (with the mobility of K+

ions of up to 2.2 � 10�3 cm2 V�1 s�1)35 highly conductive. In
addition, it has been reported that the oxygen atoms in
PEDOT:PSS can strongly bond polysuldes,36 which would be
benecial for the improvement of the cathode cycling stability.
Despite these advantages, previous studies showed that when
PEDOT:PSS alone was used as a binder, very limited improve-
ments in the cathode capacity and cycling stability were ob-
tained.30 A combination of PEDOT:PSS and polyacrylic acid
(PAA) could improve both the capacity and cycling stability of
the cathode.31 It was suggested that PEDOT:PSS facilitated
electron transfer and prevented lithium polysulde dissolution,
while PAA improved the swelling properties of the cathode,
leading to better lithium ion conduction. An impressive initial
This journal is © The Royal Society of Chemistry 2018
specic capacity of 1121 mA h g�1 was achieved, but the specic
capacity still dropped rather rapidly to 834 mA h g�1 (74% of the
initial capacity) aer 80 cycles.

In this work, we used a very convenient approach to cross-
linking PEDOT:PSS to improve the structural stability of the
PEDOT:PSS network formed in the Li–S battery cathode.
Specically, we used the divalent Mg2+ ion as a cross-linker for
PSS in PEDOT:PSS to form a 3-D network binder, PEDOT:PSS-
Mg2+, for the Li–S battery cathode. The Li–S batteries using this
PEDOT:PSS-Mg2+ binder achieved a high initial capacity of 1097
mA h g�1 and signicantly improved cycling stability with
capacity retention of 74% aer 250 cycles at 0.5C. Moreover,
water was used as the solvent for preparing the cathode, making
the fabrication process environmentally friendly.
Results and discussion

PEDOT:PSS is a commercially available water-soluble polymer,
whose chemical structure is shown in Fig. 1a. A PEDOT:PSS
aqueous dispersion comprises PEDOT nanoparticles wrapped
by PSS (polystyrenesulfonic acid), which was added when
PEDOT:PSS was synthesized, in order to solubilize PEDOT.33,35

PSS is also a dopant, giving away some of its protons to PEDOT
to form the PEDOT:PSS complex, which is highly conductive in
the solid state. The PEDOT:PSS dispersion, Clevios PH 1000,
used in this study can provide lms with high electrical
conductivity of up to 1000 S cm�1. The PSS:PEDOT weight ratio
in this dispersion is 2.5 : 1, indicating that the sulfonic acid
–SO2OH groups in PSS is in a large excess. Therefore, we may
utilize the extra –SO2OH groups to crosslink the PSS polymer
chains. Since PSS molecules strongly interact with PEDOT
molecules, cross-linking of PSS could fasten the PEDOT chains
to form a robust conductive PEDOT:PSS 3D network. To cross-
link the PSS, we chose the divalent cation, Mg2+, as the cross-
linker (Fig. 1). To prepare the cathode material, nano-particu-
late sulfur (NPS) with an average diameter of �110 nm (Fig. S1
and S2†) was used as the active cathode material. At room
temperature, NPS and a conductive carbon, Super P (SP), were
uniformly dispersed in a PEDOT:PSS aqueous solution
Sustainable Energy Fuels, 2018, 2, 1574–1581 | 1575
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(1.2 wt%) by ultrasonication and then a small amount of
Mg(NO3)2 was added. The mixture was further sonicated to
obtain a stable, uniform dispersion with NPS/SP/PEDOT:PSS/
Mg(NO3)2 weight ratio of 70 : 20 : 9 : 1. During mixing,
Mg(NO3)2 would react with the –SO2OH groups of PSS,
producing the –SO2O–Mg–O–SO2– linkage (an immediate
increase in viscosity was observed). A trace amount of by-
product HNO3 would form, which could be evaporated during
drying. Therefore, in the dried lm only the Mg2+ ion of
Mg(NO3)2 would remain, which takes up only 2 wt% of the
binder or merely 0.2 wt% of the total cathode material. Even
with such a small amount of Mg2+, the Mg2+/PSS repeat unit
molar ratio would be �4.3, which would be sufficient to achieve
a high cross-linking density. The as-prepared slurry was blade-
coated on Al foil and then dried in a vacuum oven at 50 �C for 12
h. The formed NPS/SP/PEDOT:PSS-Mg2+ layer was peeled off
and subjected to Soxhlet extraction with CS2, which is a good
solvent for elemental sulfur, to evaluate the sulfur retention
ability of this new cathode binder. As comparative references,
NPS/SP/PVDF and NPS/SP/PEDOT:PSS (without addition of
Mg(NO3)2) samples were also prepared and tested. Aer exten-
sive extraction for 5 h with boiling CS2, the NPS/SP/PEDOT:PSS-
Mg2+ sample retained 14% of the initially loaded sulfur (Table
S1†). On the other hand, sulfur in the NPS/SP/PVDF or the NPS/
SP/PEDOT:PSS sample was completely lost aer extraction for 5
h. The improved solvent resistance of the NPS/SP/PEDOT:PSS-
Mg2+ sample against sulfur loss indicates that the PEDOT:PSS-
Mg2+ binder has a stronger ability to retain elemental sulfur, as
a result of the cross-linked binder network. The slurry of NPS + SP
+ PEDOT:PSS-Mg(NO3)2 or NPS + SP + PVDF cathodematerial was
then coated on a carbon paper (CP) current collector substrate.
The coated substrate was dried in a vacuum oven at 50 �C for 12
h, cut into discs, and assembled into CR2025 coin cells to eval-
uate the electrochemical performance. As aforementioned, with
addition ofMg(NO3)2 the viscosity of the NPS + SP + PEDOT:PSS +
Mg(NO3)2 slurry increased notably probably due to the electro-
static interaction of Mg2+ cations with the pendent –SO2O

�

anions of neighboring PSS chains. The appropriately increased
viscosity makes this aqueous slurry stable and facilitates its
coating on the CP current collector substrate to form a smooth
and uniform cathode composite lm. In contrast, the slurry of
NPS + SP + PEDOT:PSS without the addition of Mg(NO3)2 could
not form a stable slurry, rapidly forming precipitates as soon as
agitation was stopped. This posed a challenge to coat the slurry
on the CP current collector and no properly working battery with
the NPS/SP/PEDOT:PSS cathode was obtained in this study.

To examine whether the Mg2+-crosslinking affects the
conductivity of PEDOT:PSS or not, PEDOT:PSS and cross-linked
PEDOT:PSS-Mg2+ lms (thickness � 80 nm) were prepared and
their conductivities were evaluated using a four-point probe
method. The average conductivity of PEDOT:PSS lms was
measured to be 833 S cm�1. Aer cross-linking by Mg2+, the
average conductivity dropped to 668 S cm�1 which corresponds
to a �20% decrease. Therefore, the cross-linked PEDOT:PSS-
Mg2+ lms remained highly conductive.

Fig. 2a presents the cathode capacity versus voltage proles
during the second discharge/charge cycle of batteries with
1576 | Sustainable Energy Fuels, 2018, 2, 1574–1581
NPS/SP/PEDOT:PSS-Mg2+ and NPS/SP/PVDF cathodes. The NPS/
SP/PVDF cathode shows a specic capacity of 1079 mA h g�1 at
a discharge rate of 0.1C. Its discharge curve exhibits a typical
two-step reduction process with the formation of long lithium
polysulde species (Li2Sx, x ¼ �3–8) in the rst plateau at
�2.3 V and lithium disulde (Li2S2) and lithium sulde (Li2S) in
the second plateau at �2.1 V.37–42 During the charging process,
Li2S was oxidized to form Li2S2 at �2.2–2.3 V, Li2S3–8 at �2.3 V
and then the nal product sulfur (S8) at �2.4 V. The NPS/SP/
PEDOT:PSS-Mg2+ cathode shows a signicantly increased
specic capacity of 1219 mA h g�1. It also appears that the NPS/
SP/PEDOT:PSS-Mg2+ cathode exhibits a higher specic capacity
(�270 mA h g�1) than the NPS/SP/PVDF electrode (�220 mA h
g�1) at the end of the rst discharge plateau (Fig. 2a). This result
indicates that the reduction reactions to form the soluble pol-
ysuldes (Li2S3–8) were facilitated by the PEDOT:PSS-Mg2+

binder, which might be due to the improved electrical
conductivity due to the presence of the conductive PEDOT:PSS-
Mg2+ binder as well as the stronger interaction of this new
binder with soluble polysuldes (to be discussed below). The
second discharge plateau at�2.1 V to form Li2S2 and Li2S is also
much longer for the NPS/SP/PEDOT:PSS-Mg2+ cathode, indi-
cating that a larger amount of soluble polysuldes were
involved in this reduction step. This may be contributed by (1)
improved charge transfer by the presence of this conductive
binder, (2) the suppressed diffusion of soluble polysuldes
(Li2Sx, where x > 2) due to the 3D network structure and the
strong polysulde-adsorbing ability of the PEDOT:PSS-Mg2+

binder. It is noteworthy that a smaller voltage hysteresis (DE)
was observed for the NPS/SP/PEDOT:PSS-Mg2+ cathode, which
also suggests that introduction of this conductive binder into
the Li–S cathode can promote the reduction of the intermediate
polysuldes to Li2S2/Li2S.7

The cycling stabilities of cathodes with the PVDF binder and
PEDOT:PSS-Mg2+ binder at a discharge–charge current rate of
0.5C are shown in Fig. 2b. The cathode with the PVDF binder
shows an initial specic capacity of 973 mA h g�1 and a rapid
decrease in capacity to 795 mA h g�1 aer only 10 cycles. The
capacity further dropped to 495 mA h g�1 aer 250 cycles, cor-
responding to a capacity retention of 51%. On the other hand,
the cathode with the PEDOT:PSS-Mg2+ binder shows a signi-
cantly improved initial specic capacity of 1097mA h g�1, which
is 13% higher than that of the cathode with the PVDF binder.
The discharge capacity is maintained at a high value of 807 mA
h g�1 aer 250 cycles, corresponding to a capacity retention of
74%. As discussed previously, the higher sulfur utilization and
better capacity retention of the cathode using the PEDOT:PSS-
Mg2+ binder compared to the PVDF binder are most likely due
to the highly conductive, cross-linked 3-D network structure and
strong polysulde-adsorbing ability of the PEDOT:PSS-Mg2+

binder. Moreover, the coulombic efficiency of the NPS/SP/
PEDOT:PSS-Mg2+ electrode is maintained at >98% aer 250
cycles. The capacities at various C-rates of 0.1C, 0.2C, 0.5C, 1C
and 2C of the NPS/SP/PEDOT:PSS-Mg2+ and NPS/SP/PVDF
cathodes were measured and the results are shown in Fig. 2c. A
highly reversible capacity of 1033 mA h g�1 aer 60 cycles was
obtained when the C-rate was set back to 0.1C for the cathode
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Discharge–charge performance of NPS/SP/PVDF and NPS/SP/PEDOT:PSS-Mg2+ electrodes: (a) typical discharge–charge voltage vs.
capacity profile; (b) cycling performance at 0.5C; (c) rate performance from 0.1C to 2C. (d) UV-vis absorption spectra and photos of the Li2S6
solutions in 1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME) (v/v, 1/1) before (blank) and after addition of SP, SP/PVDF, SP/PEDOT:PSS, and SP/
PEDOT:PSS-Mg2+.
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with the PEDOT:PSS-Mg2+ binder. Highly reversible capacities
of �790 mA h g�1 at 1C and 576 mA h g�1 at 2C were also
achieved. As a comparison, the electrode with the PVDF binder
exhibits a capacity of 846 mA h g�1 aer 60 cycles when the
C-rate was set back to 0.1C. At higher C-rates, the capacities
decreased to �550 mA h g�1 at 1C and �410 mA h g�1 at 2C.
Clearly the battery based on the NPS/SP/PEDOT:PSS-Mg2+

cathode demonstrated higher specic capacities at all the tested
current densities, which results from the improved conductivity
and structural stability of the cathode composite due to the use
of the PEDOT:PSS-Mg2+ binder.

Furthermore, the lithium polysulde-adsorbing ability of the
PEDOT:PSS-Mg2+ binder was studied by using UV-vis spectros-
copy. Li2S6 was chosen as a representative long chain lithium
polysulde, which was synthesized by the reaction of sulfur with
Li2S in a stoichiometric ratio in a mixture solvent of 1,3-dioxo-
lane (DOL)/1,2-dimethoxyethane (DME) (v/v, 1/1).43 Specically,
an SP/PEDOT:PSS-Mg2+ composite with a carbon/polymer
weight ratio of 2 : 1 was added to the Li2S6 solution and kept for
24 h at room temperature before the clear supernatant was
taken out for the UV-vis absorption measurement. For
This journal is © The Royal Society of Chemistry 2018
comparison, SP, SP/PVDF composite, and SP/PEDOT:PSS
composite were also tested similarly. As shown in Fig. 2d, the
blank Li2S6 solution showed a shoulder peak at�400 nm, which
is in agreement with that reported in the literature.43–45 The
solution mixed with SP showed a lighter color and its UV-vis
spectrum also displayed a decrease in the absorption intensity,
indicating that SP has some effect on the adsorption of Li2S6.
For the sample mixed with SP/PVDF, a further slight drop in the
absorption intensity was observed. On the other hand, the
solutions mixed with SP/PEDOT:PSS and SP/PEDOT:PSS-Mg2+

showed much lighter colors and their UV-vis spectra exhibited
a complete disappearance of absorption at�400 nm, indicating
that almost all the Li2S6 species were adsorbed. These results
strongly support that the SP/PEDOT:PSS and SP/PEDOT:PSS-
Mg2+ composites have excellent Li2S6 (and probably other
lithium polysuldes) adsorption ability, which agrees with the
theoretical calculation results that the oxygen atoms in PEDOT
can strongly bind lithium polysuldes.46 The results also
conrmed that the presence of the crosslinking Mg2+ ions in
SP/PEDOT:PSS-Mg2+ does not negatively affect its ability for
adsorbing the lithium polysuldes compared to SP/PEDOT:PSS.
Sustainable Energy Fuels, 2018, 2, 1574–1581 | 1577
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Therefore, the above UV-vis absorption results further demon-
strated that the observed better cycling stability of the NPS/SP/
PEDOT:PSS-Mg2+ cathode compared to the NPS/SP/PVDF
cathode is attributed in part to the stronger lithium polysulde
adsorption ability of the PEDOT:PSS-Mg2+ binder than PVDF.

To further examine the contributions of the PEDOT:PSS-
Mg2+ binder to the enhancement of the battery performance,
electrochemical impedance spectroscopy (EIS) measurements
were performed on the fresh and cycled batteries with
PEDOT:PSS-Mg2+ and PVDF binders in the charged state (Fig. 3).
The Nyquist plot of each fresh battery exhibits a semicircle in
the high frequency region and an inclined line in the low
frequency region (Fig. 3a), which can be deconvoluted into an
equivalent Randles circuit47 shown in the inset of Fig. 3a. The
intercept of the semicircle with the Zreal (the real part of
impedance) axis in the high frequency region corresponds to
the resistance of the electrolyte solution (Re). The semicircle is
ascribed to the charge-transfer resistance (Rct, the diameter of
the semicircle) and related capacitance (CPE, constant phase
element) at the cathode. The inclined line in the low frequency
region is associated with the Li+ diffusion, namely, the Warburg
Fig. 3 Electrochemical impendence spectroscopic (EIS) data of Li–S
batteries with NPS/SP/PVDF and NPS/SP/PEDOT:PSS-Mg2+ electrodes
measured in the charge state: (a) fresh cells and (b) after 10 cycles.

1578 | Sustainable Energy Fuels, 2018, 2, 1574–1581
impedance (Wo). As shown in Table 1, the fresh battery with the
NPS/SP/PEDOT:PSS-Mg2+ cathode exhibits a much lower Rct

(43.1 U) compared to that with the NPS/SP/PVDF cathode
(78.0 U), indicating that the charge transfer resistance
decreased signicantly when the conductive PEDOT:PSS-Mg2+

binder was used. Since Rct is related to the electronic conduc-
tion of the conductive network of the cathode as well as the
faradaic charge transfer at the interface of the conductive
network and the electrolyte,48,49 the results strongly indicate that
the use of the conductive PEDOT:PSS-Mg2+ binder is very
effective to reduce the Rct.

Aer cycling, both batteries showed two semicircles (Fig. 3b),
where the semicircle in the high-to-middle frequency region
(right) is due to the charge-transfer resistance (Rct) and capaci-
tance (CPE2) of the cathode, while the semicircle in the high
frequency region (le) can be ascribed to the interfacial contact
resistance (Rint)/capacitance (CPE1) between the electrolyte and
the cathode.47,49,50 The semicircle that newly appeared in the
high frequency region is mainly due to the formation of an
insulating layer (sulfur and some non-oxidized insoluble Li2S2/
Li2S aer charging) on the surface of the cathode current
collector (CP). The absence of this semicircle in the Nyquist
plots for the fresh batteries is probably due the fact that part of
the CP surface was not covered by the active cathode composite
and was able to be in direct contact with the electrolyte solution.
The battery with the NPS/SP/PEDOT:PSS-Mg2+ cathode showed
a lower Rint of 13.4 U than that of the battery with the NPS/SP/
PVDF cathode (17.3 U), indicating that the PEDOT:PSS-Mg2+

binder in the newly formed layer on the CP surface aer cycling
can effectively reduce the resistance of this interlayer. Another
possible contribution for the appearance of the high-frequency
semicircle aer cycling might be the deposition of insoluble
Li2S2/Li2S on the anode (Li) surface as a result of the diffusion of
polysuldes from the cathode, followed by reduction by Li.
Therefore, the lower Rint observed for the battery with the NPS/
SP/PEDOT:PSS-Mg2+ cathode might also partially result from
the stronger ability of the PEDOT:PSS-Mg2+ binder to trap
soluble polysuldes within the cathode. For both batteries, the
Rct decreased notably, revealing that the surface electro-
chemical activity is initiated during the discharge–charge
processes.47 As observed for their fresh batteries, the Rct of the
cycled battery with the NPS/SP/PEDOT:PSS-Mg2+ cathode
(12.4U) is still much lower than that of the battery with the NPS/
SP/PVDF cathode (24.7 U), which again manifests the enhanced
charge transfer by the conductive PEDOT:PSS-Mg2+ binder. It is
also noticed that the Re of the battery with the NPS/SP/PVDF
cathode obviously increased from 3.6 U to 8.4 U aer cycling,
Table 1 Electrode resistance (EIS) obtained from the equivalent circuit
fitting of experimental data

Cathode Cycle Re (U) Rct (U) Rint (U)

NPS/SP/PVDF Fresh cell 3.6 78.0 —
10th 8.4 24.7 17.3

NPS/SP/PEDOT:PSS-Mg2+ Fresh cell 3.3 43.1 —
10th 3.5 12.4 13.4

This journal is © The Royal Society of Chemistry 2018
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which might be caused by the increased viscosity of the elec-
trolyte solution and thus lowered ion mobility due to the pres-
ence of unreacted polysuldes in the electrolyte.47 For the
battery with the NPS/SP/PEDOT:PSS-Mg2+ cathode, the Re

remained almost the same (from 3.3 U to 3.5 U) aer cycling,
which can be accounted for by the presence of much less
unreacted polysuldes in the electrolyte as supported by the UV-
vis absorption spectroscopy experiments (Fig. 3d). Overall, the
impedance of the NPS/SP/PEDOT:PSS-Mg2+ cathode is signi-
cantly decreased owing to the application of the conductive
cross-linked PEDOT:PSS-Mg2+ binder, which supports the
improved discharge–charge performance as shown in Fig. 2.

Experimental
Materials and instrumentation

PEDOT:PSS (Clevios PH 1000, 1.2 wt%, with a PEDOT:PSS
weight ratio of 1 : 2.5) was obtained from Heraeus, Germany.
Magnesium nitrate (Mg(NO3)2, 99%) was supplied by EM
Science, Germany. Carbon paper (CP) (TGP-H-090; 0.28 mm)
was obtained from Toray, Japan. Super P (SP; 99%) conductive
carbon powder was obtained from Timical, Switzerland. All the
chemicals were used without further purication. UV-vis
spectra were measured with a Shimadzu UV-2501PC spectrom-
eter. The conductivity measurements of PEDOT:PSS and
PEODT:PSS-Mg2+ lms on glass substrates were conducted
using a four-point probe technique with a Signatone Pro-4 and
Keithley 2400 source meter.

Synthesis of NPS

Nano-particulate sulfur (NPS) was synthesized by a previously
reported method.51 Aqueous solutions of 80 mM Na2S2O3

(50 mL) and 0.4 M PVP (the concentration was based on the
repeat unit of PVP) (50 mL) were mixed at room temperature.
Then, concentrated hydrochloric acid (0.4 mL, 37%) was added
under stirring. Aer 2 h, the obtained reaction mixture was
centrifuged at 4000 rpm for 15 min to isolate the precipitated
particles, which were washed with deionized water 5 times and
dried in air and then under vacuum at room temperature to give
the NPS product. The sulfur content of the NPS is �99% as
determined by thermogravimetric analysis (TGA) (Fig. S1†). The
average diameter of the NPS is �110 nm estimated from the
SEM image (Fig. S2†).

Preparation of PEDOT:PSS and PEDOT:PSS-Mg2+ lms

PEDOT:PSS lm was prepared by spin coating PEDOT:PSS
aqueous solution (1.2 wt%) on glass substrates and dried at
120 �C in a vacuum oven. PEDOT:PSS-Mg2+ lm was prepared by
adding a few drops of Mg(NO3)2 solution (11 mM) onto
PEDOT:PSS lm, waiting for 1 min, then spin-coating, and then
drying at 120 �C in a vacuum oven.

Preparation of cathodes

NPS (0.21 g) was uniformly dispersed in 1.2 wt% PEDOT:PSS
aqueous solution (2.3 mL containing �27.6 mg of PEDOT:PSS)
in an ultrasonic bath for 30min. Then SP (0.06 g) was added and
This journal is © The Royal Society of Chemistry 2018
the mixture was homogenized in an ultrasonic bath for an
additional 40 min. Subsequently, 0.5 M Mg(NO3)2 solution
(50 mL containing 3.7 mg of Mg(NO3)2) was added and the
mixture was sonicated for another 30 min. The obtained slurry
was blade coated on a CP current collector and dried briey in
air before being transferred to a vacuum oven and heated at
50 �C for 12 h to form the NPS/SP/PEDOT:PSS-Mg2+ (NPS/SP/
PEDOT:PSS-Mg2+ ¼ 70 : 20 : 10 by weight) cathode. The NPS/SP/
PVDF cathode using PVDF as the binder was prepared similarly
by blade coating a slurry made by mixing NPS, SP, and PVDF at
weight ratios of 70 : 20 : 10 in N-methylpyrrolidone (NMP). The
cathodes were cut into circular disks with a diameter of 12 mm
for the battery assembly.

Battery assembly and electrochemical measurements

CR2025 coin cells were assembled in an argon-lled glove box
using a CP coated with either the NPS/SP/PEDOT:PSS-Mg2+ or
NPS/SP/PVDF composite described above as the cathode.
Lithium foil, a Celgard 2500 lm, and 1M LiTFSI (LiN(SO2CF3)2)
in a 1 : 1 volume of DOL/DME solvent with 2 wt% LiNO3 (50 mL
per cell) were used as the anode, separator, and electrolyte,
respectively. Discharge–charge measurements were carried out
in a voltage window of 1.7–2.8 V at different current densities at
room temperature with a LAND battery tester. The capacities
were calculated based on the mass of sulfur in the cathode
materials. Electrochemical impedance spectroscopy (EIS) of
fresh and cycled (for 10 cycles) batteries in the charged state was
conducted on an SP-300 electrochemical workstation (Bio-Logic
Science Instrument).

Li2S6 adsorption testing of SP, SP/PVDF, SP/PEDOT:PSS, and
SP/PEDOT:PSS-Mg2+

Li2S6 was synthesized by reacting elemental sulfur with Li2S in
a stoichiometric ratio of 5 : 1 in DOL/DME (v/v, 1/1) in a sealed
vessel at 80 �C.43 SP/PVDF, SP/PEDOT:PSS and SP/PEDOT:PSS-
Mg2+ composite slurries were prepared as described above for
the fabrication of the cathode composites, where the SP/poly-
mer weight ratio was kept at 2 : 1. The slurries were dried in air
and then under vacuum at 50 �C for 12 h. Aer drying, the
composites were ground into ne powders in an agate mortar.
Next, SP/PVDF composite (10 mg SP + 5 mg PVDF), SP/
PEDOT:PSS (10 mg SP + 5 mg PEDOT:PSS), and SP/PEDOT:PSS-
Mg2+ composite (10 mg SP + 5 mg PEDOT:PSS-Mg2+) were added
to 3.5 mL of 0.5 mM Li2S6 solution, respectively. The mixtures
were well mixed by shaking the vials. Aer being kept for 24 h at
room temperature, the clear supernatants were taken for the
UV-vis absorption measurements. As a comparison, the Li2S6
adsorption of a same amount of SP (10 mg) was also tested.

Conclusions

In summary, a multi-functional PEDOT:PSS-Mg2+ binder
formed by cross-linking PEDOT:PSS with Mg2+ was developed
for the sulfur cathode in Li–S batteries. This new binder has
high electrical conductivity, a robust 3-D network structure
achieved by the cross-linking of PSS with Mg2+ ions, and
Sustainable Energy Fuels, 2018, 2, 1574–1581 | 1579
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a strong binding ability toward lithium polysuldes due to the
strong interaction between the oxygen atoms in PEDOT and
lithium polysuldes. These functionalities can increase the
conduction and charge transfer reactions, cushion the drastic
volume change during discharge/charge cycling, and trap the
soluble lithium polysuldes in the cathode. The Li–S battery
with a cathode using this new binder exhibited an initial
capacity of 1097 mA h g�1 and capacity retention of 74% over
250 cycles at 0.5C, which are signicant improvements
compared with the Li–S battery using a conventional PVDF
binder. Moreover, the preparation of the cathode slurry and the
subsequent cathode fabrication using the PEDOT:PSS-Mg2+

binder uses water present in the PEDOT:PSS dispersion as the
only dispersing solvent, which eliminates the use of any organic
solvent, making the fabrication of Li–S batteries more envi-
ronmentally friendly. Therefore, this study demonstrated that
the cross-linked PEDOT:PSS-Mg2+ is a very promising new
binder for high-performance Li–S batteries.
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