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Lithium sulfur batteries are considered as potential energy storage systems for electrical devices owing to

their high energy density, low cost, and environmental friendliness. However, the hasty capacity fading

originating from the solution and migration of polysulfides is the major obstacle for their industrial

application. The polysulfide adsorption and repulsion effect achieved by adding an extra coating layer on

the side of the cathode and separator have been separately proved to be effective in mitigating the

shuttle effect. Herein, a cooperative coated separator, which employs a hybrid carbon matrix as the

coated material, including an appropriate ratio of N-doped activated conductive carbon and commercial

acetylene black, and sulfonated polystyrene as the binder, is established to prevent the migration of

polysulfides and serves as a secondary current collector to reutilize the active materials for high-

performance lithium sulfur batteries. The research results showed that the coated separator with 50 wt%

N-doped activated conductive carbon as the coating material and sulfonated polystyrene as the binder

showed highlighted cycle performance, and 731 mA h g�1 was maintained after 150 cycles at

800 mA g�1(the capacity retention was 86.0%). The superior performance may be because the coated

separator can efficiently restrain the polysulfides by physical and chemical effects and also reject the

polysulfides by the anion electrostatic effect. In summary, this study provides a new cooperative way to

address the shuttle effect and promotes the development of lithium sulfur batteries.
1. Introduction

The rapid growth of electric automobiles and portable elec-
tronic devices propels higher performance demands on
batteries. Hence, it is extremely urgent to exploit a novel green
energy storage lithium-ion battery with high specic energy.1–4

Among the next alternatives of energy storage systems, lithium
sulfur (Li–S) batteries are regarded as one of the most potential
batteries due to their high theoretical specic capacity
(1675 mA h g�1) and high energy densities (2600 W h kg�1),
which far exceeds those of the traditional lithium-ion
batteries.5–9 Furthermore, the intrinsic characteristics of the
sulfur cathode, such as environment benignity, low cost, and
abundant resources, further push forward the progress of Li–S
batteries.10–13 However, their practical commercial applications
are still impeded by the sharp capacity degradation, severe
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volume change, limited coulombic efficiency, transfer of high-
order lithium polysuldes (LPSs) into low-order LPSs and the
migration of low-order LPSs between the cathode and anode
creating the “shuttle effect”.14–19

To address the abovementioned challenges, signicant
efforts have been made, and various strategies have been
investigated. The general strategy is to anchor sulfur in various
carbon materials with xed special construction and pore
sizes.20–22 Although these strategies could effectively trap LPSs in
the cathode and strengthen the electrochemical performance of
Li–S batteries, the complex designed structures and the high-
priced treatment techniques are inapplicable in large-scale
manufacturing processes. Based on the previous studies,
a series of functional separators with the electrostatic effect,23,24

physical constraint effect,25,26 and chemical adsorption
effect14,27,28 have been designed for simplication. For instance,
a particular sulfonated acetylene black (AB–SO3

�)-coated sepa-
rator with electronegative coating layers could effectively
enhance the performance of Li–S batteries, owing to the elec-
trostatic repulsion between the AB–SO3

� and LPSs.29 Zhu et al.30

prepared a carbon-based aerogel to modify the separator, which
could deliver a reversible discharge capacity, due to the screen
size effect of the coated layer. Quan-Hong Yang et al. designed
a tight coating composed of Li4Ti5O12 and graphene on the
This journal is © The Royal Society of Chemistry 2019
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separator, which could develop an excellent cycle lifetime in Li–
S batteries (697 mA h g�1 aer 500 cycles at 1C, the capacity
retention was 85.7%), as a result of the chemical adsorption
effect of Li4Ti5O12 on LPSs.31 Moreover, carbon matrices doped
with heteroatoms have been proved to have a large potential for
the adsorption of LPSs.32,33 Although these modied methods
from a single angle have shown improved performances,
settling the shuttle effect of Li–S batteries still remains a big
challenge. Recently, the application of polystyrene
sulfonate@HKUST-1 has been demonstrated to increase the
capacity, due to the facilitation of lithium ion transport and the
electrostatic effect. Besides, the application of N, P element in
Li–S batteries has been further proved its strong chemical
adsorption to polysuldes, improving rate and cycling
performance.1,34,35

Herein, a novel coated separator was devised, as shown in
Fig. 1, which employed the sulfonated polystyrene (SPS) as the
binder and appropriate ratio of N-doped activated conductive
carbon (NACC) and acetylene black (AB) as the coated materials.
The coated separator could effectively mitigate the shuttle effect
via the repulsive effect and chemical effect of N-doped carbon.
Compared with ordinary conductive materials, N-doped carbon
could act as a good anchor of LPSs. Moreover, NACC rooted
from biomass tea, is low-cost and easily prepared. Besides, SPS
has a large repulsive effect due to the functional group –SO3H.
To further explore the effect of SPS-N-doped carbon (S-NACC) in
Li–S batteries, the AB-coated separator with polyvinylidene
uoride (P-AB) as the binder was introduced for comparison;
moreover, the S-NACC-coated layer could be used as a screen for
the diffusion of LPSs due to the cooperated effect of –SO3H and
N-doped carbon, which could restrict the soluble LPS species by
a physical region and also mitigate the shuttle of soluble LPSs
by anion electrostatic effect, leading to a superior rate perfor-
mance (710 mA h g�1 at 1600 mA g�1) and stable cycle stability
aer 150 cycles (retained 86.0% at 800 mA g�1).
2. Experimental
2.1 Synthesizing materials and coated separator

2.1.1 The synthesis of sulfonated polystyrene (SPS). The
diagrammatic drawing of the synthesis of SPS is shown in
Fig. 1 Working diagrams of S-NACC-coated separator and details of
the carbonization of tea and the sulfonation of polystyrene.

This journal is © The Royal Society of Chemistry 2019
Fig. S1.† First, 4.5 g polystyrene (PS) was dissolved in a three-
necked ask with 45 mL 1,2-dichloroethane as the solvent at
60 �C. Then, 10 mL concentrated sulfuric acid (95–98%) was
added into the above solution dropwise. Aer reacting for 90
minutes under magnetic stirring at 60 �C, the solution was
quickly transferred into boiling water to precipitate the
prepared SPS for further ltration and collection. Then, the
gathered SPS was washed several times with deionized water
until the neutral ltrate was obtained, and the nal product was
dried by freeze drying for 2 days.

2.1.2 Preparing N-doped activated conductive carbon. The
N-doped activated conductive carbon (NACC) was prepared by
the activated method, according to previous literature.36 Ordi-
nary tea was grinded by ball-milling method for two hours, and
the powder was pyrolyzed at 350 �C for 4 h and at 750 �C for 8 h
in a horizontal tube furnace with argon to obtain carbonated
products. Then the carbonated products were activated by KOH
as follows: a given mass of the products was impregnated using
KOH aqueous solution (themass ratio of KOH and products was
4) for 24 h, and then the KOH-products were centrifuged and
dried at 80 �C in an oven for 12 h. Later, the dried mixture was
transferred into a container and heated at 800 �C for 1 h in
a horizontal tube furnace under an argon atmosphere at the
heating rate of 5 �C min�1. Aer cooling down to room
temperature, the activated product was neutralized by 1 M HCl
solution until the pH was about 7. Subsequently, the processed
product was centrifuged, washed with deionized water, and
then dried at 80 �C in a vacuum oven for 12 h.

2.1.3 The preparation of coated separator. A blade coating
method was used to prepare the coated layer. A slurry of the
coated material was prepared from a mixture of NACC, AB and
SPS in an appropriate weight ratio (x : y : 10%) using N-methyl-
e-pyrrolidinone (NMP) as the solvent. Then, using an automatic
coating machine, the slurry was coated on one side of the
pristine separator, and the coated separator was dried at 55 �C
in a vacuum oven for 14 h aer being placed overnight at room
temperature. As the control, the AB-P-coated separator with the
binder polyvinylidene uoride (PVDF) was treated by the same
process. PVDF Kynar 740, was bought from the Shanghai East
Fluorine Chemical Technology Co., Ltd.
2.2 Preparing sulfur/carbon cathode and assembling cells

Sulfur was bought from the Chengdu Kelong chemical reagent
factory and directly used without other treatments. Ketjen black
(KB) powder was purchased from the Shandong Coase new
energy co. LTD. The sulfur/carbon (S/C) cathode powder was
prepared by mechanical mixing and following the solid state
method. The sulfur powder and KB were mixed at a weight ratio
of 4 : 1, and then subjected to ball milling for 40 min. To
acquire the experimental S/C materials, the mixture was heated
at 155 �C for 12 h in a tube furnace with Ar atmosphere. And
then the heated product as active material (70 wt%) mixed
amount of AB (20 wt%) with PVDF (10 wt%) nally makes up the
composite of slurry dispersed in NMP. Then, the slurry was
coated on an aluminum foil and dried in a vacuum oven for 12 h
at 80 �C. The electrode with a diameter of 14 mm was gathered
RSC Adv., 2019, 9, 12710–12717 | 12711
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Fig. 2 (a) Reaction formula of SPS and 1H NMR spectra of the prepared
SPS in DMSO-d6; (b) the FT-IR spectrum of SPS; (c) XPS survey of C 1s
spectra and (d) N 1s spectra for the prepared NACC.
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by cutting the obtained piece; the average weight of the sulfur-
KB, acetylene black and PVDF coated on the Al foil was 1.3 mg
cm�2.

The batteries were assembled using different separators in
a glove box, lled with Ar atmosphere, and the content of H2O
and O2 was 0.1 ppm. Moreover, 0.65 M lithium bis(tri-
uoromethanesulfonyl)imide (LiTFSI) solution in 1,2-dime-
thoxy ethane (DME)/1,3-dioxolane (DOL) (1 : 1, v/v) with 0.1 M
LiNO3 additive was used as the electrolyte, and the counter
electrode was lithium metal. The addition of the electrolyte was
about 30 mL in every cell.

2.3 Characterization

The surface morphologies of NACC and the separators were
detected by means of eld emission scanning electron micros-
copy (SEM, SPA400 Seiko Instruments). Atomic force micro-
scope (AFM) was used to study the surface morphology of the
modied separators. Fourier transform infrared spectroscopy
(FT-IR) using the KBr method in the wave number range of 400–
4000 cm�1 was carried out on a Nicolet iS50 to observe the
SO3

2� of SPS. Thermogravimetric analysis (TGA, TA Instru-
ments, Q600) was used to determine the content of S with a heat
speed of 10 �C min�1 from 25 to 500 �C. X-ray photoelectron
spectroscopy (XPS) was used to analyze the effect of the coated
separator. Raman spectra were gathered with a HORIBA HR800
using 532 nm laser to observe the property of NACC. The 1H
NMR spectra were obtained on an Avance III 400 (Bruker) to
determine the DS of the SPS, which employed a solution of the
SPS polymer in deuterated dimethyl sulfoxide (DMSO-d6) and
tetramethylsilane (TMS) was the internal standard. The energy
dispersive X-ray spectrometer (EDX) image was used for
morphology analysis. The Brunauer–Emmett–Teller (BET)
surface area was obtained from the nitrogen adsorption–
desorption isotherms.

The electrical impedance spectroscopy (EIS) tests of the
batteries were conducted using the electrochemical workstation
(Germany, ZenniumIM6). The assembled batteries were galva-
nostatically measured using the LAND-CT2001A battery testing
system in the potential window of 1.0–2.8 V to observe the
electrochemical stability of Li–S batteries.

3. Results and discussion

The reaction formula of SPS is depicted in Fig. 2a, which details
the construction and aromatic proton numbering of SPS. It can
be seen that –H on the counterpoint is likely to be replaced by
–SO3H, because of the electronic effect of polystyrene. The 1H
NMR spectra of SPS in DMSO-d6 reect the 1H NMR spectra of
the SPS to conrm the degree of sulfonation (DS ¼ y/(x + y)) of
SPS. According to the method described in the literature,37 the
proportional peak area of the distinct peak (20, 20) at 7.4 ppm
denoted as (A20, 20) and the integrated peak area of the signals at
7.1 ppm corresponding to all the other aromatic hydrogens
denoted as (A10, 10) are in accord with the following equation:

2d

ð5� 3dÞ ¼
A2

0
;2
0

A1
0
;1
0
ð0\d\1Þ (1)
12712 | RSC Adv., 2019, 9, 12710–12717
where d is the number of –SO3H per repeat unit. The estimated
degree of sulfonation is acquired as DS ¼ d � 100%. It could be
calculated that the DS of the SPS employed in this research is
76.7%. Fig. 2b displays the FT-IR spectrum of SPS, and it can be
seen that the stretching vibration of the aromatic ring is at
1634.8 cm�1. The vibrations at 697.9 and 1166.9 cm�1 reect the
stretch vibration of the C–S bond and S]O bond, respectively,
indicating the success of the sulfonation reaction.

The TGA result of the S/C composite powder is shown in
Fig. S2.† The sudden weight loss comes from the sublimation of
sulfur when the temperature changes to 360 �C, indicating that
the sulfur content is about 79.6 wt%, which is in agreement with
our designed value (80%). As shown in Fig. S3,† NACC displays
an irregular morphology aer activation. To explore the pore
structure and specic surface area, the nitrogen gas adsorption–
desorption isotherms and the distributed pore size of NACC
were studied, as displayed in Fig. S4a and b.† The calculated
specic surface area of NACC is 484.2 m2 g�1 and the cumula-
tive pore diameter is at 3.9 nm, which would be helpful for
enhancing the contact area of the electrolyte and providing
transport channels for lithium ions.30,38 Raman spectroscopy
was applied for revealing the structural information and prop-
erty of the carbonmaterials, as shown in Fig. S5.† The two peaks
at 1336.3 and 1599.1 cm�1 correspond to the D bond and G
bond, respectively. The former bond is indexed to the existence
of amorphous carbon or decient graphitized carbon, and the
latter band is related to the tangential vibration of the sp2-
bonded carbon atoms in the crystallographic graphite struc-
ture.34,39 In addition, it could be calculated that the peak height
ratio of ID/IG is 1.01, which shows a favorable graphitization
degree for NACC. The graphitic structure developed in NACC is
benecial for the electronic conductivity.

The surface valances state of N and C element in NACC were
further explored by XPS. The tted C 1s spectra (Fig. 2c) of NACC
exhibit three peaks at about 284.5, 285.8 and 288.3 eV, corre-
sponding to the three categories C]C, C–O and CO3

2�,40,41
This journal is © The Royal Society of Chemistry 2019
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respectively. The high content of C]C bond is consistent with
the results of the Raman spectra. The N 1s spectra are shown in
Fig. 2d, which reveal the presence of the three nitrogen species,
graphitic-N (401.2 eV), pyrrolic-N (400.9 eV) and pyridinic-N
(398.1 eV), respectively.34,42 The three combined ways of N
atom and carbon atom would be helpful for conning the
soluble LPSs.

To further study the surface morphology of the modied and
initial separators, the atomic force microscope (AFM) technique
was applied. Fig. 3a and b shows the 3D topographic AFM
images of the different separators; it can be seen that the
surface appearance clearly changes aer coating, and the
coating separator shows a relatively smooth and tight surface.
The 2D morphological image of the pristine separator shows
a series of pores in micron ranges, but the coated separator
(Fig. 3c) shows a close-grained surface, which may be benecial
for blocking LPSs through the separator. The SEM images of the
coated separators show three-dimensional porous networks
with numerous particle stacking, which could effectively restrict
LPSs by a physical region. Nevertheless, the pristine separator
has many pores, which are not benecial to inhibit the migra-
tion of LPSs. The result is in keeping with the AFM results.
Furthermore, the Raman result of the S-NACC-coated separator
is shown in Fig. S5b,† which is similar with the Raman result of
NACC, since the main composites of the coated separator are
carbon materials. Fig. 3h is the section image of the S-NACC-
50%-coated separator; it can be seen that the thicknesses of the
Celgard and the coated layer are around 14.1 and 18.3 mm,
respectively.
Fig. 3 AFM 3D morphological images of (a) pristine and (b) NACC-coate
coated separator; SEM images of (e) routine separator, (f) P-AB-coated
NACC-50%-coated separator; (i) the EDS elemental maps of S-NACC-5

This journal is © The Royal Society of Chemistry 2019
In order to examine the trapped effect in the coating layer,
the SEM and EDX results of the S-NACC-50%-coated separator
are shown in Fig. 3i and j. It can be seen that there is no obvious
sulfur signal in the SEM image before cycling. However, aer
cycling there is an apparent sulfur signal in the coated layer,
which manifests that the S-NACC-50%-coated separator could
effectively restrict the dissolved LPSs by the construction of
a barrier region. It's worthmentioning that there is about 0.98%
sulfur in the coated separator before cycling, which could be
associated with the addition of SPS (10%). This result is in
keeping with the 1H NMR test of SPS.

The rate performance of the different separators is depicted
in Fig. 4a, and all capacities are on account of the weight of the
absolute sulfur material. Among them, from 100 to
1600 mA g�1, the S-NACC-50%-coated separator delivers higher
reversible discharge capacities of �1200 and �820 mA h g�1,
respectively, and the discharge capacities of the P-AB-coated
separator are lower, �1000 and �710 mA h g�1, respectively.
In contrast, the conventional separator only maintains the
capacities of �700 and �490 mA h g�1, respectively. The rate
capabilities of the three samples obviously indicate that the S-
NACC-50%-coated separator is better than the P-AB-coated
separator and the conventional one in Li–S batteries. What's
more, 960 mA h g�1 could be maintained when the current
density changed to 200 mA g�1 because the NACC-50%-coated
separator could effectively mitigate the shuttle effect of LPSs in
Li–S batteries. The initial charge–discharge curves of the
different separators at 800 mA g�1are shown in Fig. 4b. The
voltage curves of all the batteries express a similar voltage
d separator; 2D morphological images of (c) routine separator and (d)
separator and (g) S-NACC-50%-coated separator; (h) thickness of S-
0% before cycling, (j) after cycling.

RSC Adv., 2019, 9, 12710–12717 | 12713
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Fig. 4 (a) Rate capacity, (b) the three different charging–discharging curves at 800mA g�1, (c) cycling performance at 800mA g�1, and (d) EIS of
the three samples without any measurement and schematic of equivalent circuit (inset); (e) cycling performance at the current density of
800 mA g�1 for different additions of NACC.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 1
0:

39
:0

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
platform during the discharge–charge processes, which
consists of two discharging plateaus, a short higher plateau at
2.30 V and a long lower plateau at 2.10 V. Additionally, only
a long plateau during the charging process. The two plateaus
during the discharging–charging processes correspond to the
two-step sulfur redox reactions. Specially, the former plateau at
2.30 V shows that the sulfur obtained electrons and yielded
long-chain LPSs (Li2Sx, 4 < x < 8), and the latter plateau at 2.10 V
is associated with the further transformation of the long-chain
LPSs into lower-order Li2S2 and Li2S. The voltage gaps between
the charge and discharge plateaus of the pristine sample, P-AB
sample and S-NACC-50% sample are gradually decreasing,
indicating that the S-NACC-50% sample possesses the lowest
polarization and better dynamitic performance. The corre-
sponding dQ/dV results of the three different separators are
shown in Fig. S6,† which are in agreement with the results of
the rate capacities.

Fig. 4c presents the cycling performance of the three samples
at 800 mA g�1. The initial discharge capacities of the S-NACC-
12714 | RSC Adv., 2019, 9, 12710–12717
50%, P-AB and conventional separator are 847.5, 760.3 and
543.4 mA h g�1, respectively. In addition, the S-NACC-50%
sample maintains a capacity of 731.3 mA h g�1 aer 150 cycles,
and the capacity retention is 86.0%. Nevertheless, the capacity
of the P-AB sample is 529.9 mA h g�1, corresponding to
a capacity retention of 69.7%. The capacity of the Celgard
sample is 404.7 mA h g�1 (the capacity retention is 74.4%). It is
noticeable that the Li–S cells using the S-NACC-50%-modied
separator deliver a more stable cycling performance than the P-
AB-coated and pristine Celgard; the low capacity attenuation
may be attributed to the LPSs prevented by the repulsive effect
and the effect of the functional surface groups. The EIS
measurement results of fresh batteries with the three separators
are shown in Fig. 4d. It is clearly seen that the three samples
display the representative semicircles at high frequencies and
a short oblique line in the low-frequency area. The high-
frequency semicircle represents the charge-transfer resistance
(Rct) of the sulfur cathode, and the low-frequency sloping lines
reect the lithium-ion diffusion resistance within the
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 XPS spectra of (a) N 1s, and (b) S 2p for P-AB-coated separator and S-NACC-50%-coated separator after cycling.

Fig. 6 (a) The Polysulfide rejection tests for P-AB-coated separator
and (b) S-NACC-50%-coated separator. (c) The surface of Li anode
before and after cycling. (d) The diagram of Li2Sx (x¼ 1, 2) deteriorating
the surface of lithium.
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electrodes.43 From correlative equivalent circuit models, the cell
with the S-NACC-50%-coated separator showed a Rct value of 9.9
U, which is lower than that of the cell with the P-AB-coated
separator (26.4 U) and conventional separator (38.0 U). It
could be guessed that the charge-transfer resistance would be
reduced by the addition of SPS and NACC, which could decrease
the kinetics impedance, and the result is corresponding to the
cycle performance tests.

The self-discharge behaviors are mainly impacted by the
shuttle effect in Li–S batteries, which has a close connection
with the industrial application.44 To evaluate the performance
of the three samples, the open circuit potential of Li–S batteries
was recorded with the change of time, which is shown in
Fig. S7.† The open voltage of Li–S batteries with the pristine
separator rapidly decayed to 2.30 V while the open voltage of
those with the P-AB- and S-NACC-50%-coated separators were
about 2.32 V, within 6 h. This indicted that high-order LPSs
turned into low-order LPSs during the self-discharging
measurement. As for the coated separator, the capacity reten-
tion is higher than that for an uncoated separator.

To better understand the effect of the addition of NACC,
different ratios of NACC additions in the coated separator were
compared. The cells with S-NACC-33% (the mass ratio of NACC
and AB is 1 : 2), S-NACC-50% and S-NACC-67% (the mass ratio
of NACC and AB is 2 : 1) were studied. Research shows that the
This journal is © The Royal Society of Chemistry 2019
additions of NACC have an impact on the performance of Li–S
batteries. Fig. S8† shows the rate performance of the three
samples. It could be seen that the S-NACC-50% presented
a better performance than the S-NACC-33% and S-NACC-67% at
various rates, especially at 1600 mA g�1. Furthermore, Fig. 4e
presents the cycling performances of the three samples at
800 mA g�1. The initial discharge capacities are 847, 775 and
749 mA h g�1, respectively. Aer 100 cycles, the S-NACC-50%
delivers a capacity of 794 mA h g�1 and the capacity retention is
93.7%. The rate and cycle performances for different ratios of
NACC additions demonstrate that S-NACC-50% may be more
benecial to remit the shuttle effect; the chemical and physical
effect are inuenced by the proper ratio used. Because of the
irregular morphology, NACC may not be benecial to trap LPSs,
but the character of including N would show good chemical
effect on LPSs. So the use of a proper ratio of NACC in the coated
separator is feasible. To further research the cycle performance
of S-NACC-50%, the cycle performance at 1600 mA g�1 aer 100
cycles was studied, as presented in Fig. S9;† the acquired
capacity was 620 mA h g�1, corresponding to a capacity reten-
tion of 88.1%.

To further explore the function mechanism of the S-NACC-
50%-coated separator on LPSs, the XPS spectra of P-AB- and S-
NACC-50%-coated separator were obtained, as shown in Fig. 5.
It can be seen that there are mainly two N species, graphitic-N
(401.1 eV) and pyridinic-N (398.4 eV), in Fig. 5a.34,45 Particu-
larly, the content of graphitic-N in the S-NACC-50% sample is
higher that in the P-AB sample, which may be due to the
introduction of NACC which innately consists of natural
nitrogen, and the results are in keeping with the XPS analysis of
NACC. As shown in Fig. 5b, for the two samples, the peaks of S0

(164.2 eV), S–O (165.7 eV), SO3
2� (167.5 eV), C–S (169.5 eV) and

sulfate (170.3 eV)46 are detected; the detected sulfur signals aer
cycling indicate that the active materials are effectively trapped
in the coated separator. Paying attention to the P-AB-coated
separator, the peak of S�1 (162.6 eV) shows a discharge
product of S cathode. However, the peak of S�1 couldn't be
detected in the S-NACC-50%-coated separator and the content
of S0 is lesser than that in the P-AB-coated separator, which may
be associated with the repulsive effect of SPS, resulting in less
RSC Adv., 2019, 9, 12710–12717 | 12715
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LPSs being deposited on the coated separator. This result
demonstrates the strong repulsive effect of SPS for LPSs.

In order to visually verify the effect of the two types of coated
separators, polysulde diffusion experiments were conducted,
as shown in Fig. 6a and b. According to previous studies,47 the
polysulde (Li2S6) solution was prepared for this experiment.
Comparing the change of color aer 24 h, it could be seen that
the S-NACC-50%-coated separator shows a better rejection to
polysuldes than the P-AB-coated separator. This implies that
the S-NACC-50%-coated separator could effectively reject the
LPSs and mitigate the shuttle effect. Fig. 6c presents the
surfaces of Li anode;48 it can be seen that the surface is smooth
for fresh Li anode. However, the surfaces have changed aer
cycling. For the P-AB-coated separator, the surface is rougher
than for the S-NACC-50%-coated separator, indicating that
more LPSs move to the Li anode and react with Li anode; the
process of deterioration is shown in Fig. 6d.
4. Conclusion

In summary, a S-NACC-50%-coated separator was designed by
a combination of the physical effect, chemical effect and
repulsive barrier to mitigate the shuttle effect of LPSs in Li–S
batteries. The enhancement of Li–S batteries could be strongly
related with the application of NACC and SPS. For one thing, the
conductive carbon (NACC and AB)-coated separator could trap
LPSs by the physical and chemical effect and reutilize the
trapped LPSs as the upper current collector. For another, the
introduction of SPS could reject the LPSs by the repulsive effect,
due to the existence of –SO3H in SPS. The S-NACC-50%-coated
separator could obtain a discharge capacity of 731 mA h g�1

aer 150 cycles at 800 mA g�1. Hence, the design of the S-NACC-
50%-coated separator could be regarded as an effective route to
improve the electrochemical performance of Li–S batteries and
promote their practical application.
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