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r-grafted graphene oxide/CNT
cathode-coating material for lithium–sulfur
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Ki-Hyun Kim,b Kwonnam Sohnb and Jong-Chan Lee *a

A cathode-coating material composed of cationic polymer-grafted graphene oxide (CPGO) and carbon

nanotube (CNT) was prepared, where the CPGO was synthesized by grafting quaternized 2-

(dimethylamino)ethyl methacrylate (QDMAEMA) onto graphene oxide (GO) via atom transfer radical

polymerization (ATRP). GO has good compatibility with carbon black, the main component of the

cathode in lithium–sulfur (Li–S) batteries. Here, the cationic polymer having the QDMAEMA unit was

intentionally grafted onto GO to decrease the shuttle effect by increasing the chemical adsorption of

polysulfide (PS). In addition, when CNT was mixed with CPGO, the compatibility with carbon black was

found to be further increased. The lithium–sulfur (Li–S) battery with a sulfur-deposited Super P® carbon

black (S/C) cathode coated with a mixture of CPGO and CNT was found to have much improved cell

performance compared to those coated without any coating material, with only CPGO, with the mixture

of GO and CNT, and with the mixture of PQDMAEMA and CNT. For example, the Li–S battery with the

cathode coated using the mixture of CPGO and CNT retained a discharge capacity of 744 mA h g�1 after

50 cycles at 0.2C-rate, while those of the Li–S batteries with bare S/C and CPGO-S/C cathodes were

found to be much smaller, i.e., 488 mA h g�1 and 641 mA h g�1, respectively, under the same conditions.

Therefore, the mixture of CPGO with CNT as the cathode-coating material showed a synergetic effect

to enhance the cell performance of the Li–S battery system.
Introduction

With the advent of the era of electric vehicles, the development
of next-generation lithium battery systems with high energy
density for realizing long driving distances is the most high-
lighted issue.1–4 Since the traditional graphite anode-transition
metal oxide cathode-based lithium-ion batteries have certain
disadvantages for use in electric vehicles, including their low
energy density (maximum energy density of 260 W h kg�1),
which limits the driving distance, the demand for next-
generation batteries with high energy density continues to
grow.5,6 Among the various next-generation lithium battery
systems, lithium–sulfur (Li–S) batteries are regarded as one of
the most promising and practical candidates since they have
a very high energy density (2600 W h kg�1) and sulfur is
a naturally abundant resource.7
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Li–S batteries are mainly composed of a lithiummetal anode
(3860 mA h g�1, �3.04 V vs. standard hydrogen electrode) and
sulfur-based cathode (1675 mA h g�1). This battery form has
a unique multi-step discharge mechanism accompanying the
phase transition of sulfur from a solid (S8) to solution (Li2Sx (x¼
4–8)), and then to solid (Li2S) again.8,9 Since polysuldes (PSs)
having the chemical structure of Li2Sx (x ¼ 4–8) are soluble in
liquid electrolyte, PSs formed during this multi-step phase
transition process are dissolved into the liquid electrolyte and
pass through the separator to ultimately reach the anode in an
irreversible process.10 The PSs that reach the lithium metal
anode are partially reduced to Li2S2 or Li2S, and then deposited
on the anode surface, leading to the development of passivation
layers. Since the deposited PS destabilizes the solid-electrolyte
interface (SEI) layer, the discharge capacity and coulombic
efficiency of Li–S batteries decay and the lithium dendrite
growth is accelerated, which is known as the “shuttle effect”.10,11

To minimize the shuttle effect, various strategies have been
studied, including the introduction of carbon host materials in
the cathode,12 manipulation of the electrode architecture,13–16

development of organosulfur polymers,17–19 and the introduc-
tion of interlayers and separator coating materials.20–23 In
particular, the introduction of a carbon host material, such as
porous carbon, carbon nanotubes (CNTs), graphene, and
RSC Adv., 2021, 11, 25305–25313 | 25305
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carbon derivatives, has been most widely studied to solve the
shuttle problem and much research has been performed in this
area since Nazar and co-workers rst utilized mesoporous
carbon CMK-3 as the host material for molten sulfur.12,24–27 In
addition, the carbon host material can also alleviate the other
critical drawbacks of sulfur, such as its high intrinsic resistance
(5 � 10�30 S cm�1) and volume expansion during the charge–
discharge process.24,25 However, the capacity decay caused by
the shuttle effect cannot be fully resolved by the carbon host
material because of the poor affinity between the hydrophobic
carbon and polar PS having an ionic characteristic.28,29

Herein, a cationic polymer-graed graphene oxide (CPGO)
was prepared and used as a coating material for the cathode in
Li–S batteries to further mitigate the shuttle effect, wherein the
CPGO was synthesized by polymerizing quaternized 2-(dime-
thylamino)ethyl methacrylate (QDMAEMA) through atom
transfer radical polymerization (ATRP) using a GO-containing
initiation moiety as a macroinitiator. To the best of our
knowledge, this is the rst report to use such a GO graed by
a cationic polymer as the coating material for Li–S battery
systems. We intentionally graed the cationic polymer on GO
because polymers with cationic moieties introduced into Li–S
batteries as the binder and coating materials in the cathode
have been reported to alleviate the shuttle effect.30–33 We further
found that themixture of CPGOwith CNT had amuch improved
coating ability on the cathode based on hydrophobic sulfur and
Super P® carbon, resulting in a better battery performance of
a Li–S battery fabricated by the cathode coated with the mixture
over other Li–S batteries fabricated by the cathode coated with
CPGO, a GO/CNTmixture, and a cationic polymer/CNT mixture.
Experimental
Materials

Graphene oxide (GO) was provided by Promico CO., Ltd (Korea).
Carbon nanotubes (CNTs) were provided by LG Chem. (Korea).
Sulfur, 2-(dimethylamino)ethyl methacrylate (DMAEMA), iodo-
ethane, hydroquinone, copper(I) bromide, N,N,N0,N00,N00-pen-
tamethyldiethylenetriamine, poly(acrylic acid) (Mv ¼ 450 000),
poly(vinyl alcohol) (Mw ¼ 9000–10 000, 80% hydrolyzed) were
purchased from Aldrich and used as received. 2,20-Azobis(iso-
butyronitrile) (AIBN) was purchased from Aldrich and recrys-
tallized in ethanol before use. Carbon black, Super P®
conductive, and 2-bromo-2-methylpropionyl bromide were
purchased from Alfa Aesar and used as received. All the other
reagents and solvents were obtained from reliable commercial
sources and used as received.
Synthesis of graphene oxide having bromo-initiation sites
(GO-Br)

The graphene oxide macroinitiator having bromo-initiation
sites was synthesized by the SN2 reaction of GO with 2-bromo-
2-methylpropionyl bromide. GO (0.50 g) was dispersed in
100 mL of dimethylacetamide (DMAc) by sonication for 3 h and
the resultant solution was added in to a 250 mL one-neck
round-bottomed ask equipped with a magnetic stirring bar.
25306 | RSC Adv., 2021, 11, 25305–25313
Triethylamine (0.76 g, 7.5 mmol) and 2-bromo-2-
methylpropionyl bromide (1.72 g, 7.5 mmol) were added to
the solution and stirred for 24 h at room temperature under
a nitrogen atmosphere. Aer the reaction, the crude product
was ltered and washed with deionized water several times to
remove the unreacted 2-bromo-2-methylpropionyl bromide and
triethylamine. Aer being dried under vacuum conditions at
60 �C for 24 h, GO-Br was obtained.

Synthesis of the quaternized 2-(dimethylamino)ethyl
methacrylate (QDMAEMA)

DMAEMA (15.0 g, 0.095 mol), iodoethane (16.37 g, 0.105 mol),
and hydroquinone (0.08 g, 0.73 mmol) were dissolved in 56 mL
of acetonitrile and added to a 250mL one-neck round-bottomed
ask equipped with a magnetic stirring bar. Aer being stirred
for 18 h at 45 �C, the crude product was precipitated in diethyl
ether. Aer that, the crude product was ltered and washed with
diethyl ether several times to remove unreacted DMAEMA and
iodoethane. Aer being dried under vacuum conditions at room
temperature for 24 h, a white powder was obtained with 90%
yield. For convenience, quaternized 2-(dimethylamino)ethyl
methacrylate is abbreviated as QDMAEMA. 1H NMR [400 MHz,
[D6]DMSO, d (ppm), TMS ref] of QDMAEMA: 4.52 (COO–CH2),
3.72 (CH2–CH2–O), 3.48 (CH2–CH2–N

+(CH3)2), 1.91 (N+–CH2–

CH3).

Synthesis of poly(quaternized 2-(dimethylamino)ethyl
methacrylate) (PQDMAEMA)

PQDMAEMA was synthesized by a free radical polymerization of
QDMAEMA. QDMAEMA (2 g), and AIBN (0.02 g) were dissolved
in 10 mL of acetone and the solution was deoxygenated three
times by freeze–pump–thaw cycles. The resultant solution was
heated at 80 �C for 16 h in an oil bath under nitrogen condi-
tions. Aer the reaction, the crude product was precipitated in
methylene chloride three times to remove any unreacted
monomer. Aer ltering and being dried under vacuum at
room temperature, PQDMAEMA was obtained as a powder in
70% yield. 1H NMR [400 MHz, [D6]DMSO, d (ppm), TMS ref] of
PQDMAEMA: 3.61 (COO–CH2), 3.24 (C–N+–(CH3)2(CH2CH3)),
1.35 (CH2–C–CH3).

Synthesis of PQDMAEMA-graed graphene oxide (CPGO)

The synthesized GO-Br (0.2 g) was dispersed in 15 mL of
dimethylformamide (DMF) and added to a 100mL Schlenk ask
equipped with magnetic stirring bar. The solution was soni-
cated for 30 min and QDMAEMA (3.09 g, 9.72 mmol) was added
to the solution. The solution was deoxygenated three times by
freeze–pump–thaw cycles and copper(I) bromide (0.070 g, 0.486
mmol) was added and the mixture was deoxygenated again
three times by freeze–pump–thaw cycles. N,N,N0,N00,N00-Pen-
tamethyldiethylenetriamine (0.084 g, 0.486 mmol) was added to
the mixture and deoxygenated once again by freeze–pump–thaw
cycles and heated at 70 �C for 48 h in an oil bath under
a nitrogen atmosphere (Scheme 1). Aer the reaction, the crude
product was ltered and washed with methanol several times to
remove copper catalyst and other reagents. Aer being dried
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of PQDMAEMA-grafted graphene oxide (CPGO).
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under vacuum conditions at 60 �C for 24 h, a black powdery
product was obtained.

Preparation of CPGO-coated sulfur@Super P® carbon black
(CPGO-S/C) powder for the cathode

Sulfur-deposited Super P® carbon black (S/C) powder was
prepared by a melt diffusion of sulfur for Li–S batteries.
Elemental sulfur and Super P® carbon black (7 : 3, w/w) were
ground in a mortar and heated at 155 �C for 30 min under
ambient conditions to obtain S/C powder. CPGO-coated S/C
(CPGO-S/C) powder was prepared as follows. CPGO (3.0 mg)
was dispersed in acetone (0.1 mg mL�1) by tip sonication for
45 min and the dispersed mixture was centrifuged at 3000 rpm
for 5 min. Aer that, the supernatant was collected and mixed
with S/C powder (0.3 g) dispersed in acetone solution (0.1 g
mL�1) and stirred for 1 h. Aer ltration of the nal mixture, the
CPGO-S/C powder was obtained.

Preparation of CPGO/CNT, GO/CNT, and PQDMAEMA/CNT-
coated sulfur@Super P® carbon black (CPGO/CNT-S/C, GO/
CNT-S/C, and PQDMAEMA/CNT-S/C) powders for the cathode

CPGO- and CNT-coated S/C (CPGO/CNT-S/C) powder was
prepared as follows. CPGO (1.5 mg) and CNT (1.5 mg) were
individually dispersed in acetone (0.1 mg mL�1) by tip sonica-
tion for 45 min and the dispersed mixtures were centrifuged at
3000 rpm for 5 min. Aer that, the supernatants were collected
andmixed with S/C powder (3.0 g) dispersed in acetone solution
(0.1 g mL�1) and stirred for 1 h. Aer ltration of the nal
mixture, the CPGO/CNT-S/C powder was obtained. S/C powder
coated with GO and CNT (GO/CNT-S/C) and that coated with
PQDMAEMA and CNT (PQDMAEMA/CNT-S/C) were also
prepared in the same way.

Characterization
1H NMR spectra were recorded on an Ascend™ 400 spectrom-
eter (400 MHz) using [D6]DMSO (Cambridge Isotope Laborato-
ries) as a solvent at room temperature, with TMS as a reference.
Fourier transform infrared (FT-IR) spectra were recorded in the
absorption mode on a Nicolet 6700 spectrophotometer with
a resolution of 8 cm�1 in the vibrational frequency range from
600 to 4000 cm�1. Thermal gravimetric analysis (TGA) was
conducted using a TA Instruments TGA Q-500 instrument
© 2021 The Author(s). Published by the Royal Society of Chemistry
under a nitrogen (N2) atmosphere. The samples were heated to
100 �C, isothermally for 10 min, and then heated to 700 �C at
a heating rate of 10 �C min�1. The molecular weights (Mn, Mw)
were analyzed by gel permeation chromatography (GPC) appa-
ratus equipped with a quaternary pump and three columns: KF-
806L, KD-806M, and GF-7M. The refractive index (RI) detector
was calibrated using polystyrene standards. Field-emission
scanning electron microscopy (FE-SEM) was performed on
a JEOL JSM-6700F with an accelerating voltage of 10 kV.
Transmission electron microscopy (TEM) was performed on
a LIBRA 120 with an accelerating voltage of 120 kV. TEM spec-
imens were prepared by drop casting a 0.1 wt% dispersion in
acetone on the carbon-coated grid. The X-ray diffraction (XRD)
spectra were obtained using Rigaku Smart Lab (Cu Ka) spec-
trometers. The surface compositions of the GO and CPGO were
investigated by X-ray photoelectron spectroscopy (XPS, Kratos
Inc., AXIS-HSi) using Al (1486.69 eV) as the radiation source.
Survey scans were conducted, followed by a high-resolution
scan in the C 1s, O 1s, N 1s, and I 3d regions, with a range of
0–1500 eV at an angle of 30�.

Cell fabrication and electrochemical characterization

Cyclic voltammetry (CV) tests were performed using
a WBSC3000 battery cycler (WonATech) with a cutoff voltage of
1.8–2.8 V (vs. Li/Li+) at 25 �C. The cell was assembled using
a lithium metal anode, Celgard 2320 separator, and bare S/C or
CPGO/CNT-S/C cathode with 40 mL of liquid electrolyte con-
taining 1.0 M lithium bis(triuoromethane)sulfonimide
(LiTFSI), and 0.1 M lithium nitrate salt in DOL : DME
(1 : 1 vol%) in a 2032 coin cell. For the charge/discharge tests of
the Li–S batteries, bare S/C, CPGO-S/C, CPGO/CNT-S/C, GO/
CNT-S/C, and PQDMAEMA/CNT-S/C powders were used as the
cathode active material and dispersed in water with Super P
(5 wt%), poly(vinyl alcohol) (0.5 wt%), and poly(acrylic acid)
(10 wt%) using a Thinky mixer. The dispersed slurry was coated
on an aluminum current collector and dried at 50 �C for 24 h.
The loading amount of sulfur was 2.0–2.3 mg cm�1 in all the
samples. The prepared cathode and lithium metal anode were
assembled together in a 2032 coin cell with 40 mL of liquid
electrolyte containing 1.0 M lithium bis(triuoromethane)sul-
fonimide (LiTFSI), and 0.1 M lithium nitrate salt in DOL : DME
(1 : 1 vol%) with Celgard 2320 as a separator. All the compo-
nents were assembled in an argon-lled glove box (H2O <
RSC Adv., 2021, 11, 25305–25313 | 25307
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0.5 ppm, O2 < 0.5 ppm). The charge/discharge tests of the Li–S
batteries were performed with a WBSC3000 battery cycler
(WonATech) with cutoff voltages of 1.8 ¼ �2.8 V (vs. Li/Li+) at
25 �C. Electrochemical impedance spectroscopy (EIS)
measurements were conducted by complex impedance spec-
troscopy from 10 �C to 80 �C with a Zahner Elektrik IM6 appa-
ratus in the frequency range of 0.1 Hz to 1 MHz at an applied
voltage of 10 mV.
Fig. 2 (a) TGA profiles of graphene oxide (GO), GO-Br, CPGO, and the
linear cationic polymer (PQDMAEMA) where the PQDMAEMA was
prepared intentionally from free radical polymerization (see Fig. S2† for
the synthetic scheme and 1H NMR spectrum of PQDMAEMA), (b) FT-IR
spectra of GO, GO having bromo-initiation sites (GO-Br), and CPGO,
(c) wide-scan XPS spectra of GO, GO-Br, and CPGO, (d) Br 3d XPS
spectrum of GO-Br, (e) N 1s XPS spectrum of CPGO, (f) I 3d XPS
spectrum of CPGO.
Results and discussion
Synthesis and characterization of the cationic polymer-graed
graphene oxide (CPGO)

Cationic polymer-graed graphene oxide (CPGO) was synthe-
sized by the reaction of 2-bromo-2-methylpropionyl bromide
with graphene oxide (GO) to introduce bromo-initiation sites,
followed by atom transfer radical polymerization (ATRP) of the
cationic monomer, QDMAEMA, as shown in Fig. 1. QDMAEMA
was synthesized by the reaction between 2-(dimethylamino)
ethyl methacrylate (DMAEMA) and iodoethane, where the
chemical structure of QDMAEMA was conrmed by 1H NMR
(Fig. S1†). Given the living characteristic of ATRP, the chain
length of each polymer arm in CPGO should be very close.34

Aer graing the cationic polymer on GO, the chemical
composition was changed; whereby the contents of carbon,
hydrogen, and nitrogen, increased as shown in the elemental
analysis results (Table S1†). The successful introduction of the
bromo-initiation sites and the graing of the cationic polymer
was also conrmed by the XPS study of GO, GO-Br, and CPGO.
In the XPS spectrum of GO-Br, the characteristic peak of Br 3d
could be newly observed by the introduction of bromo-initiation
sites. In the XPS spectrum of CPGO, the characteristic peaks of
the ester moiety from the C 1s and O 1s spectra became
intense35 (Fig. S3†) and the characteristic peaks of the quater-
nized ammoniummoiety and iodine newly appear, which could
not be observed in GO and GO-Br (Fig. 2(e) and (f)).36,37 From the
elemental analysis and XPS results, the amount of graed
Fig. 1 Synthetic routes for graphene oxide having bromo-initiation
sites (GO-Br) and cationic polymer-grafted graphene oxide (CPGO).

25308 | RSC Adv., 2021, 11, 25305–25313
cationic polymer was calculated using the content of nitrogen
(3.1 and 3.2 wt% from the XPS and elemental analysis) and the
molecular weight of the monomeric unit, and it was found to be
about 70 wt% of CPGO. To investigate the molecular weight of
the graed cationic polymer of CPGO, the cationic polymer was
detached from CPGO using a previously reported method,38

whereby the CPGO was treated with 1 M KOH/ethanol solution
to hydrolyze the ester linkage between the graed polymer and
GO. Aer that, GPC analysis was carried out and the molecular
weight of the graed polymer obtained by GPC is shown in
Fig. S4.† The molecular weight of the graed polymer could be
larger than the obtained one since the ester linkage in the
graed polymer can also be hydrolyzed by KOH solution.39 We
believe that the polymers with different molecular weights can
also affect the cell performance of Li–S batteries, with such work
representing a different set of work for another possible publi-
cation. GO, GO-Br, CPGO, and PQDMAEMA have different
thermal decomposition behaviors, as shown in Fig. 2(a), where
the char yield of GO-Br was smaller than that of GO aer the
introduction of the bromo-initiation sites. Since the graed
cationic polymers were chemically bonded to hydroxyl group,
the weight loss of CPGO below 230 �C was much less than that
of GO (Fig. 2(a)).40–45 In addition, since the graed cationic
polymer was completely decomposed below 500 �C, a much
larger weight loss was observed for CPGO below 500 �C and its
char yield was also much less than that of GO. The graed
polymer of CPGO started to decompose at 230 �C and was
© 2021 The Author(s). Published by the Royal Society of Chemistry
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completely decomposed below 500 �C in the TGA curve; thereby
the amount of weight loss caused by the decomposition of the
graed polymer was about 65 wt%, which is quite close to the
result obtained by the elemental analysis and XPS results. Such
mismatched results from TGA and elemental analysis have been
also reported by others before.46,47 We found that the ATRP
condition at 70 �C for 48 h in DMF did not reduce GO, whereby
the TGA curves of the pristine GO and the GO treated using the
ATRP condition without the monomer were very close (Fig. S5†).
Therefore, the CPGO should contain most of the oxygen func-
tional groups that are very important characteristics of GO in
coating applications.48 In the FT-IR spectra of GO, GO-Br, and
CPGO in Fig. 2(b), the intensity of the peak in the range of 3100–
3300 cm�1 assigned to the hydroxyl group in GO became very
small with the introduction of bromo-initiation sites (GO-Br).49

Aer the graing of the cationic polymer, the characteristic
peak of the quaternized ammonium group at 1580 cm�1 newly
appeared and the peaks corresponding to carbon–nitrogen and
carbon–oxygen bonds in the graed cationic polymer at 1220
and 1150 cm�1, respectively, became very intense.50 In the XRD
patterns of GO and CPGO in Fig. S6,† the characteristic peak of
GO (001) at 10� was not observed in CPGO, indicating that the
amorphous structure was formed by graing the cationic
polymer.51 The TEM images and EDS mapping results also
demonstrated the successful preparation of CPGO, where the
characteristic elements of the graed cationic polymer could be
clearly observed in the EDS mapping images (Fig. S7†).
Preparation of the CPGO/CNT-coated S/C (CPGO/CNT-S/C)
cathode

Fig. 3(a) shows the preparation method of the CPGO/CNT-
coated S/C (CPGO/CNT-S/C) powder for Li–S batteries. Other
powders coated with CPGO, GO/CNT, and PQDMAEMA/CNT
Fig. 3 (a) Preparation method of the CPGO/CNT-S/C powder. TEM
images of: (b) sulfur-deposited Super P® carbon black (S/C), (c)
CPGO-S/C, and (d) CPGO/CNT-S/C powders. SEM images of: (e) bare
S/C, (f) CPGO-S/C, and (g) CPGO/CNT-S/C cathodes.

© 2021 The Author(s). Published by the Royal Society of Chemistry
were also prepared in the same way as described in Fig. 3(a).
Fig. 3(b)–(d) show the TEM images of bare S/C, CPGO-S/C, and
CPGO/CNT-S/C powders, respectively. Aer the coating of CPGO
or CPGO/CNT on the S/C powder, the S/C powders were covered
by CPGO (Fig. 3(c) and (d)). In the case of the CPGO/CNT-S/C
powder, CNTs were further observed as expected where CNTs
are known to increase the dispersion and conductivity of GO
derivatives (Fig. 3(d)).52–54 The EDS mapping images in Fig. S8†
also show that the S/C powders were covered by CPGO.

Fig. 3(e)–(g) show the SEM images of the cathodes fabricated
with bare S/C, CPGO-S/C, and CPGO/CNT-S/C powders, respec-
tively. In all the samples, the weight ratio of S/C : conductive
carbon : poly(acrylic acid) binder was 85 : 5 : 10, and the
loading amount of sulfur was 2.0–2.3 mg cm�2. The S/C parti-
cles in Fig. 3(e) were found to be covered by CPGO and CPGO/
CNT, as shown in Fig. 3(f) and (g), respectively, forming
entangled nets enwrapping the S/C particles. Furthermore, the
CPGO/CNT-S/C cathode showed that the powders were more
uniformly coated by the better dispersion of the mixture of
CPGO and CNT than CPGO alone. The cationic moiety in these
cathode-coating materials is known to be able to capture
anionic PS by strong ionic interaction.30,31 In addition, since the
anionic PS can be diffused out from the S/C particles during
battery cycling, a uniform coating is the key factor for the
improvement of the cell performance.55,56 To demonstrate the
synergetic effect of CPGO on the cell performance obtained by
graing of the cationic polymer onto GO, GO/CNT and
PQDMAEMA/CNT-coated S/C (GO/CNT-S/C and PQDMAEMA/
CNT-S/C) cathodes were also prepared to compare their cell
performances with bare S/C, CPGO-S/C, and CPGO/CNT-S/C
cathodes. Fig. S9† shows the SEM images of GO/CNT-S/C and
PQDMAEMA/CNT-S/C cathodes, where the GO/CNT coating on
S/C showed an entangled net-like morphology similar to that of
the CPGO/CNT coating on S/C, while the PQDMAEMA/CNT
coating on S/C showed aggregation because of the low
compatibility between the hydrophilic cationic polymer and
hydrophobic S/C (Fig. S9†).57 Therefore, the cationic polymer
that can capture the anionic PS cannot be easily coated on
hydrophobic S/C, while CPGO having the cationic polymer can
be well-coated on S/C to form the entangled net structure shown
in Fig. 3(g).
Cell performance of Li–S batteries

Fig. 4(a) shows the cycle performance of the Li–S batteries
assembled with bare S/C, CPGO-S/C, and CPGO/CNT-S/C cath-
odes at a 0.2C-rate. All the cells were assembled with a lithium
metal anode and Celgard separator with 1 M LiTFSI and 0.1 M
lithium nitrate in DOL/DME (1 : 1, v/v) liquid electrolyte. As
shown in Fig. 4(a), the cycle performance of Li–S batteries was
improved as the bare S/C cathode was coated with CPGO or
CPGO/CNT because CPGO having the cationic polymer can
capture the anionic PS. In addition, the cell assembled with the
CPGO/CNT-S/C cathode showed better cycle performance than
the cell with the CPGO-S/C cathode, and this can be attributed
to the more uniform coating of CPGO/CNT on S/C than that of
CPGO only on S/C.53,54 Consequently, the cell assembled with
RSC Adv., 2021, 11, 25305–25313 | 25309
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Fig. 4 (a) Cycle performance of the cells assembled with bare S/C,
CPGO-S/C, and CPGO/CNT-S/C cathodes with a C-rate of 0.2C at
25 �C. (b) Rate capability of the cells with bare S/C and CPGO/CNT-S/
C cathodes at 25 �C, cycle performance of the cells assembled with
bare S/C and CPGO/CNT-S/C cathodes with a C-rate of 0.5C (c) and
1C (d) at 25 �C. Cyclic voltammetry curves of the cells assembled with
(e) bare S/C and (f) CPGO/CNT-S/C cathodes.

Fig. 5 Surface SEM images of (a) bare lithium metal before cycling, (b)
lithium metal dissembled from the cell with bare S/C cathode, and (c)
lithium metal dissembled from the cell with CPGO/CNT-S/C cathode
after 120 cycles cycled at 0.5C. SEM images of the (d) bare S/C cathode
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the CPGO/CNT-S/C cathode retained a discharge capacity of
744 mA h g�1 aer 50 cycles, while the retained discharge
capacity of the cells with bare S/C and CPGO-S/C cathodes were
found to be smaller, such as 488 mA h g�1 and 641 mA h g�1

aer 50 cycles, respectively. We also conducted cycle tests of the
cells with GO/CNT-S/C and PQDMAEMA/CNT-S/C cathodes
(Fig. S10†) to further verify the advantage of CPGO as the
coating material. The cycle performance of the cells with bare S/
C and GO/CNT-S/C cathodes was found to be close, while the
cell with the PQDMAEMA/CNT-S/C cathode showed a poorer
cycle performance than that of the cell with the bare S/C
cathode. Although GO/CNT was found to be coated on S/C
quite uniformly as CPGO/CNT, the cycle performance of the
cell with the GO/CNT-S/C cathode was poorer than that of the
cell with the CPGO/CNT-S/C cathode, because GO without any
cationic moieties cannot well capture the anionic PS as CPGO
with the cationic polymer. In the case of the cell with the
PQDMAEMA/CNT-S/C cathode, the poorest cycle performance
was observed because PQDMAEMA/CNT could not form
a uniform coating due to the low compatibility between the
hydrophilic PQDMAEMA and hydrophobic Super P carbon, even
though the PQDMAEMA has a strong PS-capturing
ability.30,31,57,58 Since the CPGO has a strong PS-capturing
ability through the cationic polymer and a fair coating ability
with Super P carbon by the GOmoiety, the cycle performance of
the cell with the CPGO-S/C cathode was found to be better than
those of the cells with the GO/CNT-S/C and PQDMAEMA/CNT-S/
C cathodes. The best cycle performance was observed from the
25310 | RSC Adv., 2021, 11, 25305–25313
cell with the CPGO/CNT-S/C cathode because of the advanta-
geous feature of the mixture of CPGO and CNT having a cationic
characteristic and much improved coating ability by the addi-
tion of CNTs.59

Further long-term cycle tests at high current densities (0.5
and 1C) and rate capability tests of the cell with CPGO/CNT-S/C
cathode were compared with those of the cell with the bare S/C
cathode. As shown in Fig. 4(b), the cell with the CPGO/CNT-S/C
cathode showed a better rate capability than the cell with the
bare S/C cathode. In the long-term cycle tests at 0.5C and 1C in
Fig. 4(c) and (d), the cell with the CPGO/CNT-S/C cathode
exhibited a better cycle performance with a higher coulombic
efficiency than the cell with the bare S/C cathode, where the
discharge capacity values of the cell with the CPGO/CNT-S/C
cathode were 579 mA h g�1 (aer 120 cycles) and
533mA h g�1 (aer 150 cycles) at 0.5C and 1C, respectively. Also,
as shown in the charge–discharge curves of the cells with the
bare S/C and CPGO/CNT-S/C cathode at 0.5C (Fig. S11†), the cell
with the CPGO/CNT-S/C cathode showed smaller overpotential
values than the cell with the bare S/C cathode, which could be
attributed to the small cell polarization due to the suppressed
shuttle effect. Cyclic voltammetry (CV) tests were conducted to
analyze the electrochemical redox reaction of Li–S batteries
assembled with bare S/C and CPGO/CNT-S/C cathodes. From
the CV curves in Fig. 4(e) and (f), typical two cathodic peaks of
Li–S batteries at 2.3 V and 2.0 V are shown, corresponding to the
reduction of elemental sulfur S8 to long chain PS (Li2Sx, x ¼ 4–
8), and then to the nal discharge product, short chain PS (Li2S),
respectively.60,61 The anodic peaks at 2.3 V and 2.4 V correspond
to the reverse reaction of PS from the short chain to the long
chain one, and then to elemental sulfur, respectively.60 In the
CV curve of the cell with the CPGO/CNT-S/C cathode, the
cathodic peak at around 2.0 V has a narrower shape without
a shoulder peak than that of the cell with the bare S/C cathode.
Also, the anodic peaks of the cell with the CPGO/CNT-S/C
cathode at 2.3–2.4 V showed a smaller overpotential value of
0.16 V at the rst cycle than the cell with the bare S/C cathode,
which showed a value of 0.21 V, when the current value is 0.002
A. This result demonstrates that the cell polarization and
and (e) CPGO/CNT-S/C cathode after 120 cycles cycled at 0.5C.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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diffusion of PS during cycling can be suppressed by the intro-
duction of CPGO/CNT coating.60
SEM and EIS analyses before and aer cycling

In order to further gure out the reason for the improvement of
the cell performance by the CPGO/CNT coating, themorphology
change of the lithium metal anode and cathode aer cycling
was examined by SEM. Fig. 5(a)–(c) show the surface
morphology of the lithium metal anode dissembled from the
cells with the bare S/C and CPGO/CNT-S/C cathodes before and
aer cycling. A very rough surface with many lithium dendrites
was observed from the cell with the bare S/C cathode aer
cycling, while a much smoother surface with a few dendrites
was observed from the lithium metal anode of the cell with the
CPGO/CNT-S/C cathode. Since the CPGO/CNT coating can
suppress the shuttle effect of the Li–S batteries, a stable SEI
layer between the lithium metal anode and electrolyte can be
developed and the lithium dendrite growth can be suppressed.62

The bare S/C and CPGO/CNT-S/C cathodes were also
dissembled from the cells and the surface morphology change
before and aer cycling was observed by SEM. The SEM images
of the bare S/C and CPGO/CNT-S/C cathodes before cycling are
shown in Fig. 3(d) and (f). Aer the cycle tests, precipitated PSs
on the surface of the Super P carbon particles could be observed
because the PSs diffused out from the bare S/C cathode during
cycling.63,64 As the elemental sulfur was reduced and PSs were
formed, the volume of the sulfur expanded and the PSs diffused
out from the Super P carbon. During the charge process,
however, the PSs that have diffused out from the cathode
cannot diffuse into the Super P carbon due to the poor
compatibility between the hydrophobic carbon and anionic PSs.
Consequently, the sulfur and PSs formed during the cycling
precipitate on the S/C, thus forming precipitation layers as
shown in Fig. 5(d).64,65 In the case of the CPGO/CNT-S/C
cathode, however, the CPGO/CNT coating layer acts as a phys-
ical barrier to the volume expansion of sulfur and also CPGO
having a cationic polymer can attract the dissolved anionic PSs,
thus it showedmuch less precipitate on the surface, as shown in
Fig. 5(e). In the EIS spectra, the impedance of the cell with the
CPGO/CNT-S/C cathode was slightly smaller than the cell with
the bare S/C cathode, possibly because CNT can decrease the
impedance (Fig. S11†).66 Aer cycling, quite a smaller interfacial
impedance was observed from the cell with the CPGO/CNT-S/C
cathode due to the suppressed shuttle effect by the coating
material.67 In addition, although the electrolyte resistance of
both cells with the bare S/C and CPGO/CNT-S/C cathode was
increased aer cycling, because the PS increased the viscosity of
the electrolyte, the resistance increment of the cell with the
CPGO/CNT-S/C cathode was smaller than that of the cell with
the bare S/C cathode due to the suppressed shuttle effect by the
CPGO/CNT coating.68

We admit, however, that the performance of the Li–S battery
system assembled with the CPGO/CNT-S/C cathode is not yet
good enough to be used for practical applications. Furthermore,
there are a lot of reports that show much better cell perfor-
mance than ours.13–23 In this work, however, we mainly focused
© 2021 The Author(s). Published by the Royal Society of Chemistry
on the synthesis of the cationic polymer graed on GO and the
effect of CPGO as a coating material without the need for an
optimization process for the cell fabrication. Still we clearly
showed that the mixtures CPGO and CNTs were better coating
material systems than CPGO alone, the mixture of GO and
CNTs, and the mixture of cationic polymer (PQDMAEMA) and
CNTs for the Li–S battery systems. Therefore, further works to
optimize the fabrication procedure for the CPGO/CNT-S/C
cathode, including investigating the change of the chemical
structure and the molecular weight of the cationic polymer, the
control of the graing density, the change of the types of CNT,
the ratio control between CPGO and CNT, and so on are under
progress to try to improve the cell performance.
Conclusions

In this study, we presented the preparation of cationic polymer-
graed graphene oxide (CPGO) and its application as a cathode-
coating material for Li–S batteries. It was found that CPGO
having the cationic polymer could be quite uniformly coated on
S/C powder, resulting in an improvement of the cell perfor-
mance because the graed cationic polymer on CPGO can
capture the anionic PSs. In addition, we found that the
uniformity of the coating on S/C powder could be further
improved by mixing CNT with CPGO. As a result, compared to
the cell performance of the cells with the bare S/C (without any
coating), CPGO-S/C, cationic polymer/CNT-S/C, or GO/CNT-S/C
cathodes, the cell with the CPGO/CNT-S/C cathode showed
the best discharge capacity values of 599 and 538 mA h g�1 aer
100 cycles at 0.5 and 1C, respectively. The improved cycle
performance of Li–S batteries with the CPGO/CNT-S/C cathode
can be ascribed to the fast electrochemical kinetics achieved by
the suppression of both the shuttle effect and volume change of
sulfur during cycling by the coating of the cathode with the
mixture of CPGO and CNT, where CPGO contained a cationic
polymer and CNT could improve the compatibility with the
hydrophobic carbon material in the cathode. We hope this
study provides a direction for the cathode-coating strategies of
Li–S batteries with S/C cathodes, which have high potential for
next-generation energy storage systems.
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