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Some of the most promising alternatives in the energy storage sector are lithium—sulfur batteries, which
have a high energy density and theoretical capacity. However, the low electrical conductivity of sulfur
and the shuttle effect of polysulfides remain important technical obstacles in the practical use of
lithium—sulfur batteries (LSBs). This work employed a glass fiber separator with sulfonated carbon
nanoparticles (SCNPs) to reduce the shuttle effect. The negatively charged sulfonic groups in SCNPs
might prevent polysulfide migration and anchor lithium polysulfides. By using carbon-based interlayers,
this method improves ion conductivity. Furthermore, the equally scattered sulfonic groups serve as
active sites, causing sulfur to be distributed consistently and limiting sulfur growth while enhancing
active sulfur utilization. After 200 cycles at 1C, the SCNP separator-containing cell showed a specific
capacity of 1080 mA h g~1. After 200 cycles, the cell with a CNP separator only showed a specific
capacity of 854 mA h g%, demonstrating that CNPs' polysulfide diffusion suppression was ineffective.
The cell with the SCNP separator still showed a high capacity of 901 mA h g™ after 500 cycles, with an
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1. Introduction

Lithium-ion (Li-ion) batteries have revolutionized the portable
electronic product market due to their high voltage and energy
densities, but going beyond Li-ion batteries to increase battery
capacity is essential. The lithium-sulfur (Li-S) cell is one
example of electrode materials with alternative electro-
chemical couples. Li-S cells deliver a specific energy of
2500 W h kg™, which is roughly three times higher than that
of lithium-ion cells (700 W h kg™ "), and have sparked a lot of
research interest in recent decades.'™ One of the most
important drawbacks of Li-S batteries is their low recharge-
ability, which is caused by high solubility of partially reduced
sulfur species known as the shuttle effect (LiPS shuttle). The
diffusion of soluble LiPS away from the cathode while
charging, as well as their unwanted reduction on the anode,
leads to reduced coulombic efficiency and fast self-discharge
rates for Li-S cells.**** Various methods have been used to
reduce the shuttle effect in the past, such as modifying the
sulfur cathode, separator, electrolyte, or lithium metal
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average coulombic efficiency of almost 987%.

anode.”™ Many recent studies have focused on keeping poly-
sulfides contained inside the cathode or separator by intro-
ducing a chemical or physical barrier."*** The separator in Li-
S cells allows lithium ions to pass through, while blocking the
diffusion of other ions, particularly polysulfides. Recently,
modifying commercial separators with functionalized
membrane coatings (carbon compounds, metal oxides, con-
ducting polymers and 2D nanomaterials) has accrued a great
deal of interest.’>®

Carbon materials including graphene, carbon nanotubes,
conductive carbon black, and nano carbon have all been shown
to be efficient interlayers in Li-S systems. A carbon interlayer
with micropores can serve as a physical barrier, preventing
LIPSs from dissolving into the electrolyte through physical or
chemical adsorption. Carbon matrixes with a polar composition
are typically considered as promising interlayer candidates for
the successful entrapment of soluble LIPSs to achieve high
specific capacity.’*> Most of the carbon matrixes are nonpolar
and offer weak interaction with polar Li,Sx. Cation selection
membranes are being used in Li-S batteries. Zhang et al. found
that using a GO and Nafion membrane with cation selective
groups as a blocking layer could greatly reduce the shuttle
effect's impact.”®*** Electron-rich ion selective groups, such as
carboxyl and sulfonic groups, have a strong tendency to attract
polar Li,Sy. Most cation selection membranes have low
conductivity, resulting in an increase in internal impedance and
reduced reutilization of anchored Li,Sy on the membranes.?®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Polymers with negatively charged polar groups, such as -SO;
and -COO, can effectively hinder the migration of soluble pol-
ysulfides, with the negatively charged groups on cation-selective
membranes providing transport channels for Li and thus
improving the electrochemical efficiency of Li-S cells. The
presence of negatively charged groups allows Li* hopping and
inhibits the migration of negatively charged polysulfide
anions.>*>°

Many studies have investigated effective methods for
immobilizing lithium polysulfides through chemical binding
via heteroatom doping (such as S, O, and N). Heteroatom
doping can improve carbon material conductivity, enhance the
affinity between intermediate polysulfides and functionalized
carbon frameworks, and improve polysulfide immobilization,
all of which improve the electrochemical efficiency of LSBs.>***
With the above issues in mind, we employed sulfonated carbon
nanoparticles (SCNPs) as a high-efficiency coating on a glass
fiber separator to merge ion selective blocking and polar
interaction. To accomplish this, we modified electron conduc-
tive carbon nanoparticles with sulfonic groups. The SCNPs were
coated on a glass fiber separator by using the slurry method.
After these modification processes, our cells exhibited high
reversible discharge capacities of 1490, 1383, 1249 and
1172 mA h g~ ' at rates of 1, 2, 4 and 5C, respectively. The rate
capability of the cell with the SCNP separator is obviously better
than that of the cell with the CNP separator. After 500 cycles at
1C, the cell with the SCNP separator delivered a high capacity of
901 mA h g !, with an average coulombic efficiency of more
than 98%.

2. Experimental section
2.1 Materials

Carbon nanoparticles (<100 nm particle size (TEM), Sigma-
Aldrich), sulfuric acid (H,SO, 99.999%, Sigma-Aldrich),
dimethyl sulfoxide ((CH3),SO, anhydrous, =99.9%, Sigma-
Aldrich), polycarboxylate functionalized graphene (PC-FGF,
Sigma-Aldrich), N-methyl-2-pyrrolidone (NMP, 99%, Sigma-
Aldrich), polyvinylidene fluoride (PVDF, M, 1000-1200 kg
mol ™", Solef 5130, Solvay), 1,3-dioxolane (DOL, 99%, Sigma-
Aldrich), 1,2-dimethoxyethane (DME, 99.5%, Sigma-Aldrich),
sulfur (S, 99.5-100.5%, Sigma-Aldrich), bis(trifluoromethane)
sulfonamide lithium (LiTFSI, 99.95% trace metals basis, Sigma-
Aldrich), and lithium nitrate (LiINOj3, 99.99%, trace metal basis,
Sigma-Aldrich) were used without further purification. The
coating was done on glass microfiber filters (Whatman, Grade
GF/C) with a thickness of 260 pm.

2.2 Separator preparation (SCNP)

In this study, sulfonated carbon nanoparticles (SCNPs) have
been investigated as an efficient coating on a glass fiber sepa-
rator. The sulfonated glass fiber separator on the face of
a cathode allows hopping of positively charged Li ions, but it
prevents polysulfide anions from being transported. As a result,
it contributes to increased cycling life and capacity retention by
suppressing the shuttle of polysulfides between the cathode and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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anode. These approaches enhanced the ion conductivity by
employing carbon based interlayers. Sulfonated carbon nano-
particles cathode facing side glass fiber separator was made
using the slurry method, which involved combining 210 mg of
the treated sulfonated carbon composite and 60 mg of dimethyl
sulfoxide ((CH;3),SO) in a 2.33 ml PVDF-NMP solution. The
slurry was cast onto one side of a glass fiber separator and
vacuum dried at 60 °C for 24 h. For treated sulfonated carbon
composite preparation, first 10 mg of nano carbon were put
inside the glass fiber separator and then put into a mixture of
5 ml H,SO, and 100 ml dimethyl sulfoxide and stirred at 80 °C
for 4 h, and then the carbon composite was filtered, washed
with deionized water and finally dried in a vacuum oven at 60 °C
for 24 h (Scheme 1).

In this method, subjecting the nano carbon to concentrated
sulfuric acid (H,SO,) was investigated with high sulfonic acid
loadings (>1 mmol g~ '), to alleviate the unwanted oxidation of
the carbon substrate by SO; and/or H,SO,, and nano carbon was
sealed into a separator pouch.

2.3 Cathode preparation

The sulfur cathode was prepared using the slurry technique.
First, polycarboxylate functionalized graphene (PC-FGF) and
sulfur powder were combined in N-methyl-2-pyrrolidone at
a weight ratio of 80 wt% S, 10 wt% PC-FGF, and 10% NMP
(12 wt% PVDF in NMP) and ground in an agate mortar to
produce a slurry, which was then coated onto aluminum foil
using the doctor blade method. The coated cathode was dried
for 12 hours in an air oven at 60 °C and cut into 12 mm disks.

The S loading in was 5 mg cm 2.

2.4 Electrolyte preparation

1 M bis(trifluoromethane) sulfonamide lithium (LiTFSI) in
a solvent mixture of 1,3-dioxolane (DOL) and 1,2-dimethoxy-
ethane (DME) (1 : 1) was considered as an efficient electrolyte
for polysulfide trapping. The amount of electrolyte in each coin
cell was kept constant at 20 L mg ™" of S.

2.5 Characterization

CR2032-type coin cells were assembled with the PC-FGF/S
composite cathode, CNP and SCNP coated glass fiber separa-
tors, lithium metal anode and electrolyte in an argon-filled
glove box. The cells were cycled between 1.4 and 3.2 V on
a Neware BTS 3008 battery tester. Surface characterization of the
modified separators was carried out using SEM equipped with
an EDS. Cyclic voltammetry (CV) measurements and electro-
chemical impedance spectroscopy (EIS) tests were performed
using a CHI660E electrochemical workstation at a scan rate of
0.1 mV s~ in the potential range of 3.2-1.4 V (vs. Li*/Li) and 1
MHz to 1 Hz at an AC voltage amplitude of 10 mV. XRD
diffraction analysis was carried out with a Rigaku SmartLab
diffractometer by using filter Cu Ko radiation (k = 1.541 A).
Raman analysis was carried out with a Renishaw Raman Spec-
troscopy system using a 532 nm argon laser as the excitation
source. Elemental compositions were analyzed using X-ray

Nanoscale Adv., 2021, 3, 4492-4501 | 4493
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Scheme 1 Synthesis of sulfonated carbon nanoparticles on a glass fiber separator.

photoelectron spectroscopy (hemispherical analyzer, Thermo
Scientific K-Alpha XPS).

3. Results and discussion

Fig. 1 shows the SEM images and elemental mapping analysis of
CNPs, and CNP and SCNP separators. The coating thickness on
the glass fiber separator was approximately 35 pm. The carbon
sulfonated carbon nanoparticle-coated

nanoparticle- and

Carbon

10um
——

separators can be seen in the SEM photographs shown in
Fig. 1b and c. They have flat plate morphologies and they are
tightly attached to the glass fiber separators. The SCNP layer is
more porous, which may make it easier to capture the soluble
polysulfides.

Fig. 1d-i display the corresponding EDS elemental mapping
for carbon, oxygen, and sulfur, respectively. The sulfonic groups
are evenly distributed on the SCNP surfaces, employing carbon
and oxygen as references.
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Fig.1 FE- SEM images of (a) carbon nanoparticles (b) carbon nanoparticles on glass fiber surface (c) sulfonated carbon nanoparticles on glass
fiber surface; EDS elemental of (d) carbon nanoparticles (e) sulfonated carbon nanoparticles mapping of (f) carbon corresponding to (b); (g)

carbon (h) oxygen, and (i) sulfur corresponding to (c).
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As shown in Fig. 2a, CNP Raman peaks are located at 1252
and 1753 cm ™' (v C=C). After sulfonation, a peak at 1256 (C=
C) and a shifted peak at 1690 cm™" (v S-O) are observed corre-
sponding to the stretching bands of the sulfonic acid groups,
proving the successful introduction of sulfonic groups on the
CNPs.

The XPS survey spectra of CNP and SCNP separators are
shown in Fig. 2b. O 1s, C 1s, S 2s and S 2p peaks were observed
at 527, 338, 246 and 172 eV, respectively. The XPS spectrum
specifically reveals that the SCNPs incorporate sulfonic groups.
The S 2p XPS spectrum (Fig. 2¢) displays two main peaks at

View Article Online
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164.9 and 172.1 eV, which could be assigned to S 2p,,, and S 2p3,
2, Fespectively.®3*

As seen in Fig. 3a, the cell with the SCNP separator showed
a specific capacity of 1080 mA h g * after 200 cycles at 1C (1C =
1675 mA g~ ). In contrast, the cell with a CNP separator dis-
played a specific capacity of only 854 mA h g~ after 200 cycles,
indicating that CNPs' suppression of polysulfide diffusion was
much less effective. The rate capability of the cells is shown in
Fig. 3b. The cell with the SCNP separator demonstrates specific
capacities of 1490, 1383, 1249 and 1172 mA h g ' at rates of 1, 2,
4 and 5C, respectively. When it returns to 2C after 50 cycles, the
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Fig. 2 (a) Raman spectra of CNPs and SCNPs. (b) XPS spectra of CNPs and SCNPs; (c) corresponding high-resolution S 2p XPS spectrum of
SCNPs.
@ a) % b
3 5 1c m SCNP
E 1500- E 15004, %, 2€ u CNP
= = ' %5 4C 2¢
£ 3 ~\NI*»‘ bl | P Iﬁ%“%w“
o n ; .
10004 g10004 T P !\ !WM [M
o ] hy i
& u CNP = i I \m““i\“”“mwi '
o
§ 500 T T T T T T T g 500 1 T T T T T T
@ 0 50 100 150 200 @ 0 10 20 30 40 50
cycle number cycle number
c) _ d)
S a £
L g
Sl 4 3 < -
a2 Wé@ﬁ’@ 100 g §1500- <' 100 §
S = ()
& £ S
150 o ® =
é & 1000+ 1% E
3 2 SCNP £
T T T T T T T 0 E 'g 500 . . . r 0 3
9 o0 b e 20 & 0 00 200 300 400 500 S
cycle number
cvcle number
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discharge capacity recovers to 1247 mA h g~ '. The rate capa-
bility of the cell with the SCNP separator is obviously better than
that of the cell with the CNP separator. The cell with SCNPs
delivered a higher average coulombic efficiency of 100% after
200 cycles at a rate of 1C. In contrast, the coulombic efficiency of
the cell with the CNP separator decreased up to 85% after 200
cycles, indicating less suppression of polysulfide diffusion by
CNPs (Fig. 3c¢).

Long-term cycling stability was investigated for the cell with
the SCNP separator and is shown in Fig. 3d. After 500 cycles at
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1C, the cell with the SCNP separator delivered a high capacity of
901 mA h g™, with an average coulombic efficiency of more
than 98%.

Fig. 4a shows the CV curves of the cells with CNP and SCNP
separators at a scan rate of 0.1 mV s~ *. The cell with the SCNP
separator exhibits two sharp cathodic peaks located at 2.40 V
and 1.80 V where the peaks are related to the conversion of
sulfur to the long chain polysulfides (Sy’~, 4 < X = 8) and
subsequently reduction to short chain polysulfides (Li,S, and
Li,S). One sharp anodic peak is located at 2.42 V corresponding
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Fig.4 (a) Cyclic voltammetry (CV) curves of the cells with CNP and SCNP separators at a scan rate of 0.1 mV s~ and in the voltage range from 1.4
to 3.0 V. (b) Impedance spectra of the fresh cells with CNP and SCNP separators.

Table 1 Fitted values for the equivalent circuit elements

Separators CNPs SCNPs
R (Q) 0.430 0.541
R (Q) 16.2 20.1
CPE (F) 1.092 x 1077 0.696 x 1077
Z, (S. sec”.5) 0.0038 0.0041
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Fig. 5
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(a) The hundredth discharge curves of the cells with CNPs and SCNPs; (b) the discharge curves of the cell with SCNPs at different current

© 2021 The Author(s). Published by the Royal Society of Chemistry
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to the oxidation process of short chain polysulfides to long
chain polysulfides and original sulfur. For the cell containing
SCNPs, a very weak oxidation peak at about 1.7 V is seen, which
may be attributed to Li" extraction from SCNPs. The cathodic
scan, however, shows no corresponding reduction peak (Li"
insertion into SCNPs), which may be explained by the cathodic
peak, 1.80 V, being extremely near the potential of Li" insertion
into SCNPs.*3¢

The cell with the CNP separator showed a shift in cathodic
peaks to 2.38 V and 1.98 V. The broad anodic one is located at
2.30 V. In comparison to the case of CNPs, the CV curve of the

View Article Online
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cell with SCNPs showed higher current intensity and a greater
redox field indicating a more reversible redox reaction. An EIS
impedance test was performed for both cells.

As shown in Fig. 4b, the fresh cell with the SCNP separator
demonstrates lower impedance displaying higher polysulfide
trapping ability of SCNPs than that of CNPs. Table 1 displays the
fitted values. The ohmic resistance R. for both batteries is about
4 Q meaning that both cells were correctly fabricated and tested
in the same state. It can also be shown that the charge transfer
resistance (R.) of the cell using CNPs is much higher than the
charge transfer resistance (R of the cell using SCNPs. The
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(a) Time-voltage curve of the interruption process (the sixteenth discharge was suspended at 2.3 V for 60 h) and (b) the corresponding
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Fig.7 SEM images of the surface views of (a) SCNP and (c) CNP separators for 200 cycles at 1C, and the corresponding EDS analysis of (b) SCNPs

and (d) CNPs.
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addition of sulfonic groups efficiently minimized the R.. from
20.1 for the cell with CNPs to 16.2 Q for the cell with SCNPs,
resulting in lower cell polarization.

The hundredth discharge curves of the cells with CNP and
SCNP separators are shown in Fig. 5a. The cell with the SCNP
separator demonstrated a discharge capacity of 1183 mA h g™,
with two discharge plateaus at 328 and 855 mA h g™, respec-
tively. The discharge capacities related to the two plateaus of the
cell with SCNPs are larger, reflecting that the incorporation of
sulfonic groups leads to higher utilization of soluble polysulfides
and more efficient conversion and reduction of polysulfides. On
the other hand, the CNPs could only serve as a physical shield for
the polysulfides.’”*® The rate capability of the cell with SCNPs
has been investigated under various C rates from 0.5 to 4C as
shown in Fig. 5b. The uniformly distributed sulfonic groups
could contribute to a uniform polysulfide distribution. Conse-
quently, the excessive aggregation of lithium sulfides may be
alleviated to some degree in the subsequent discharge process.
As a result, the cyclability of the cell with SCNPs under different
rates delivers 1470, 1307, 1202 and 1038 mA h g " at 0.5C, 1C, 2C
and 4C rates, respectively, indicating the advantages of the
sulfonic groups in increasing the electrochemical performance
of the cell even at a high rate of current.
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The efficiency of self-discharge was evaluated and the
discharge was suspended at 2.3 V for 60 hours at the sixteenth
discharge.***° The soluble polysulfides can move to the lithium
anode during the interruption, resulting in the lack of active
content. The capacity failure of self-discharge is represented by
A/Qgixteenth- The 4 values of CNPs and SCNPs were 198 and
99 mA h g, corresponding to a loss rate of 18.1%, and 7.2%,
respectively. The cell with SCNPs exhibits superior inhibition of
self-discharge (Fig. 6).

Fig. 7a-c show the SEM images and EDS analysis of SCNP
separator surfaces cycled for 200 cycles at 1C. In comparison to
that before cycling, the cell with SCNPs showed more poly-
sulfide adsorption on the separator surface after 200 cycles,
showing that the sulfonic groups can effectively adsorb poly-
sulfides. The stronger sulfur signal in the SCNP surface means
less polysulfide migration toward the anode and the SCNP
coatings on the separator can alleviate the migration of poly-
sulfides as well. As shown in Fig. 7b-d, the sulfur signal was
lower, proving that more polysulfides migrate toward the anode,
leading to severe capacity fading.

The XPS S 2p spectra of the CNPs and SCNPs are measured
before and after cycling in order to better understand polysulfide
blocking and adsorption. All samples are completely washed with
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Fig. 8 Raw XPS spectra of (a) fresh CNPs, (b) CNPs after cycling, (c) fresh SCNPs and (d) SCNPs after cycling.
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Fig.9 Representation of the electro-chemical interaction of sulfonic and lithium sulfides on carbon particles. Red, yellow, gray, white, blue and
purple indicate oxygen (O), sulphur (S), carbon (C), hydrogen (H), nitrogen (N) and lithium (Li), respectively.

DME prior to XPS testing. Fig. 8a and b show no obvious peaks for
Li,S-S and Li,S,-S molecules. In contrast, the Li,S-S and Li,S,-S
molecules were clearly observed on the surface of SCNPs after
cycling (binding energies of 168 and 164.5 eV). The XPS spectra
which support polysulfides adsorption on SCNPs are shown in
Fig. 8c and d. As a result, the adsorption of polysulfides on the
surface of SCNPs has been thoroughly established.**

As shown in Fig. 9, we combined ion selective blocking and
polar contact to create a high-efficiency interlayer. The electron
conductive CNPs were modified with sulfonic groups and
a chemical process was used to introduce the SCNPs onto the
glass fiber separator.

4. Conclusion

Cycling stability, rate capability, coulombic performance, and
self-discharge inhibition in the cell are all improved by the pres-
ence of sulfonic groups on CNPs as a dual functional glass fiber.
The SCNP-treated cell has a higher level of self-discharge inhibi-
tion. The cyclability of the cell with SCNPs at various rates yields
1470,1307,1202 and 1038 mA h g’1 at 0.5C, 1C, 2C, and 4C rates,
respectively, demonstrating the benefits of the sulfonic groups in
improving the electrochemical performance of the cell even at
high current rates. The CV curve of the cell with SCNPs showed
a higher current intensity and a larger redox field than the CV
curve of the cell with CNPs, suggesting a more reversible redox
reaction. Unlike complicated separator or cathode preparation,
our work is easy to experiment with and reproduce, making it
perfect for practical use and scale-up production.
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