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Designing conductive networks of hybrid carbon
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In modern society, flexible rechargeable batteries have become a burgeoning apodictic choice for wearable

devices. Conventional lithium—sulfur batteries lack sufficient flexibility because their electrode materials are
too rigid to bend. Along with the inherent high theoretical capacity of sulfur, lithium-sulfur batteries have

some issues, such as dissolution and shuttle effect of polysulfides, which restricts their efficiency and

practicability. Here, a flexible and “"dead-weight’-free lithium—sulfur battery substrate with a three-

dimensional structure was prepared by a simple strategy. With the cooperative assistance of carbon
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nanotubes and graphene attached to cotton fibers, the lithium—sulfur battery with 2.0 mg cm™2 sulfur

provided a high initial discharge capacity of 1098.7 mA h g~* at 1C, and the decay rate after 300 cycles

DOI: 10.1039/d1ra06568h
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1. Introduction

Sustainable way of energy utilization is an issue that human
beings have been paying close attention to, and there is
a desperate need to resolve this issue."® Accompanied
economic growth followed by the increased consumer demand,
and research into higher energy-density battery systems is
rising.** Lithium-sulfur (Li-S) batteries are known to be
promising alternatives in the next-generation high-energy
storage systems for portable electronics, hybrid vehicles, and
grid-scale storage due to their high potential energy capacity.””
However, the practical implementation of Li-S batteries still
faces two significant challenges: (1) low sulfur power utilization
and low conductivity of the Li,S/Li,S, lithium product decreases
the electron transport in the sulfur cathode throughout the
cycle, leading to inadequate sulfur consumption and extreme
polarization.'**? (2) Polysulfides are highly soluble in the elec-
trolyte. They can disperse in the battery, leading to adverse
reactions between polysulfides and the lithium metal anode,
which are the essential explanations for the rapid decay and the
low coulombic efficiency of the Li-S battery."*** Therefore, it is
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was only 0.046% per cycle. The initial discharge capacity at 2C was 872.4 mA h g~* and the capacity was
maintained 734.4 mA h g™t after 200 cycles with only a 0.079% per cycle decay rate.

necessary to suppress the polysulfide shuttle and increase the
sulfur utilization rate to boost the efficiency of Li-S batteries.

In recent years, researchers have employed various
approaches to address these intractable problems, among
which carbon-based conductive host materials provide a path to
effectively promote the electrochemical performance of Li-S
batteries.'*® For example, Cao et al. utilized an interconnected
mesoporous carbon (MPC-1300) with a large surface area as
a cathode additive. The effectiveness of the sulfur-confined tech-
nique has been exemplified in reports of graphene, graphene
oxide, and other analogous nano-sized carbon materials.>*>
Typically, it is difficult to ameliorate the situation of lithium-sulfur
batteries using only one improvement strategy because the polar-
nonpolar interaction between carbon materials and polysulfides
holds weakly.”** Several studies have revealed that adding polar
adsorbents with strong chemical interactions with polysulfides can
effectively limit the shuttle effect during cycling, representatives of
which are metal species additives®® and functional groups.*
Researchers to date tend to focus on solving inherent problems,
while ignoring the possibility of actual applications of Li-S
batteries. To date, the concern about the straightforward material
preparation and simple structure design has received increasing
attention in the research literature. The existing accounts fail to
resolve the contradiction between areal sulfur loading and satis-
factory electrochemical performance.

Herein, with the combined conductivity-enhancement
effects of CNTS and graphene and the hydroxyl groups in
cotton natural fiber substrate (CCG substrate), the reversible
enhancing charge and discharge capacity and battery cycling
stability were achieved. The battery with a sulfur loading of
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2.0 mg cm > provided a high initial discharge capacity of
1098.7 mA h g~ at 1C, and the decay rate after 300 cycles was
only 0.046%. The initial discharge capacity at 2C was
872.4 mA h ¢”" and maintained 734.4 mA h g~ after 200 cycles
with only a 0.079% per cycle decay rate.

2. Experimental section
2.1 Materials

Sublimed sulfur was purchased from Aladdin, and Li,S was
obtained from Alfa Aesar. Graphene slurry was purchased from
XFNANO Materials Tech Co. Ltd. The carbon nanotube slurry
was purchased from Shenzhen Sanshun Nano New Materials
Co., Ltd. The carbon nanotube slurry contained 5 wt% carbon
nanotubes, 1% polyvinyl pyrrolidone (PVP) dispersant, and the
remaining component was the solvent NMP. The graphene
slurry contained 5 wt% graphene and the other components
were the same as above. All chemicals were of analytical grade
and were used as received without further purification. Poly-
propylene separators and lithium metal chips were obtained
from MTI Corporation.

2.2 Preparation of CCG, CC, CG cathode substrate

The integrated cathode substrate was prepared by a vacuum
filtration method. Typically, 10 g of commercial carbon nano-
tube slurry (Shenzhen Sanshun Nano New Materials Co., Ltd),
10 g of commercial graphene slurry (XFNANO Materials Tech
Co. Ltd) were dispersed in 100 mL of anhydrous ethanol by
ultrasonication for 1 h to form a uniform suspension. The
cotton pads were vacuum-filtrated with the obtained suspen-
sion for 10 min. After drying in an air-dry oven at 90 °C for 5 h,
the substrates were punched into 10 mm round pieces. Before
transforming the substrates into an argon-filled glove box, they
were dried under vacuum for 12 h.

For the cotton carbon (CC) substrate and cotton graphene
(CG) substrate, the procedure followed was similar to the one
mentioned above. The suspensions consisted of 100 mL anhy-
drous ethanol and 10 g carbon nanotubes slurry (10 g graphene
slurry) for the CC (CG) substrate.

2.3 Materials characterization

The CCG substrate surface morphologies and structure were
characterized by scanning electron microscopy (SEM, Hitachi,
S4800) and transmission electron microscopy (TEM, JEM-F200,
Tokyo Electron). Energy-dispersive spectroscopy (EDS, FEI
Quanta 650), which was mounted to the SEM, was used to
examine sulfur elemental mapping. X-ray photoelectron spec-
troscopy (XPS, PHI 5000C) analysis was performed using
a monochromatic Al Ka X-ray to analyze the components of the
CCG substrate before and after cycling. X-ray diffraction (XRD)
and Raman spectra were examined with a Bruker D8 Advance
diffractometer using Cu-Ka radiation scanned between 5° and
85° (26) and Thermo Scientific DXRxi system with a 532 nm
laser, respectively. Fourier transform infrared spectroscopy
(FTIR) spectra were recorded on an infrared spectrometer
(Nicolet 6700) with a KBr plate.
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2.4 Electrochemical measurements

The electrochemical performances of CCG and the compared
substrate were tested using CR2032 coin-type half-cells assem-
bled in an argon-filled glove box. Coin-type cells consisted of the
as-prepared substrate, Li,S¢ catholyte, Celgard 2500 poly-
propylene (PP) separator and a Li foil counter electrode (diam-
eter: 16 mm, thickness: 0.6 mm). The charge and discharge
curves of batteries were measured by a LAND CT2001A battery
tester (Wuhan, China) at a constant temperature of 25 °C within
incubators. The cells were charged and discharged from 1.7 V to
2.8 V. Electrochemical impedance spectroscopy (EIS) (range:
0.01-100 000 Hz) and cyclic voltammogram (CV) curves (scan
rate: 0.1 mV s~ ', range: 1.7-2.8 V) were conducted on a CHI760
electrochemical workstation. The Li,Se solution was prepared
by mixing sulfur (S) and lithium sulfide (Li,S) in a vial (10 mL) at
a stoichiometric mole ratio of 5 : 1, and then, a certain amount
of the electrolyte was added according to the Li,Se solution
concentration. Then, the precursor solution was heated at 60 °C
under vigorous stirring for 24 h, and a dark yellow Li,S¢ solution
was obtained. The sulfur loading was based on a calculation
that included the mass loading of everything in the catholyte of
the cell. For 2.0 mg cm ™2 and 4.5 mg cm ™ > sulfur loadings, 40
uL 0.2 mol L™ and 61 pL 0.3 mol L™! Li,S, solution was added
into the substrate. The additional blank electrolyte was added to
wet the separator. The blank electrolyte was commercially
purchased with 1.0 M lithium bis(trifluoromethanesulfonyl)
imide and 1% lithium nitrate as an additive in 50 : 50 volume
ratio DOL/DME solutions. All operations were under argon
atmosphere.

3. Result and discussion
3.1 Morphology and structure

As shown in Fig. 1, the vacuum filtration process of the CCG
substrate for Li-S batteries was facile and scalable with easily
accessible raw materials. The natural cotton fiber had
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Fig. 1 Schematic of the CCG substrate preparation and its corre-
sponding configurations.
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macropores shown in Fig. 2a. Cotton fibers were spatially
interlaced and had a large space in three dimensions, as shown
in Fig. 2a. During the battery assembly process, while the whole
substrate was compressed and decreased in thickness, the
three-dimensional shape did not change. After 300 cycles, the
configuration of the substrate was still intact in the dis-
assembled battery, as shown in Fig. S3.1 Traditional lithium-
sulfur batteries mostly use metals, such as aluminum foil and
nickel mesh, as current collectors. When using these current
collectors, additional carbon materials and adhesives are
required to bind the active material to them, and the contact
area of this one-dimensional structure is reduced.

Moreover, the electron flow path is only one, which is likely to
cause low sulfur loading and utilization rate. Along with the
inherent hollow structure of the substrate, the volumetric dilation
of sulfur during the battery cycling can be offset, preserving the
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stability of the cells. It can be observed in Fig. 2b that there were
only natural cracks on the surface of the cotton fiber, and the fiber
surface is relatively smooth, as can be seen from the low-
magnification SEM figures. After the loading of carbon nano-
tubes and graphene, the natural cotton fiber was wrapped by the
two additives, as shown in the Fig. 2¢, and appeared to have
exfoliative peels. The surface of the cotton fiber became mottled,
and a uniform layer of the conductive carbon material was wrap-
ped into the fibers. In the enlarged Fig. 2d, it can be clearly
distinguished that the carbon nanotubes and graphene were
loaded on the surface of the cotton fiber. Graphene was wrapped
around the fibers in a scale-like pattern, providing a fiber-axial
electron conduction.” The CNTs were embedded into the fibers
and the interlaced parts were probed out. When the cell was
assembled, the carbon nanotubes of different cotton fiber layers
were interlaced with the fibers, forming a longitudinal pathway.*®

Fig. 2 SEM images of (a and b) cotton fibers, (c and d) CCG substrates. (e) Raman spectra of cotton, CC, CG, and CCG substrates. (f) High-

resolution transmission electron microscope (HRTEM) image of CNTs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.2 Characteristics of substrate and cotton fiber

Fig. 2f shows the TEM images of CNTs with an average diameter
of 15-20 nm and with interlaced filamentous structure.? CNTs
had favorable qualities and provided good and fast ion trans-
form pass.*® The Raman spectra of the three different carriers
are plotted in Fig. 2e. There was no apparent characteristic peak
corresponding to carbon in the Raman spectrum of the cotton
fiber. After adding CNTs and/or graphene, the three substrates
showed two prominent distinct carbon peaks in the Raman
spectrum. The G peak is the major characteristic peak of graphene.
Peak D is a disordered vibration peak.”® The Ip/lg of the CCG
substrate is 0.313, which is superior to the CC (Ip/Ig = 0.340) and
CG (Ip/Ig = 0.518). Due to the addition of graphene and CNTs, the
resulting graphitization degree was better than the cotton fibers.
The additives added to the cotton fiber provided a rich defect
structure for the substrate, and increased the overall degree of
graphitization. Through a simple addition, it could make up for
the insufficient conductivity of the cotton fiber.

XRD tests were carried out for different substrates, and the
results are listed in Fig. 3c. In the XRD diffraction pattern, it can
be seen that the diffraction pattern of cotton fiber can observe
diffraction peaks at 26 = 14.52°, 16.2°, 22.4°, and 34.0°, corre-
sponding to the (110), (110), (020) and (004) reflections of
cellulose with a monoclinic crystal symmetry and a space group
of P2,.** The XRD diffraction patterns of the additives CNTs and
graphene are listed in Fig. S5,T and there is a sharp peak at 20 =
26.4°, corresponding to the (002) reflection of graphite, and
graphene showed a broad peak at the same position. There is
also a faint peak at 54.5° of CNTs, which corresponds to the
(004) reflection.®” Comparing the XRD patterns of the three
substrates with the cotton, CNTs, and graphene, characteristic
peaks corresponded to 26 = 14.52°, 16.2°, and 22.4° of cotton,
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which proved that the substrate did not change the crystalline
state of cotton after loading the additives. Although the CG
substrate had a characteristic peak corresponding to the
graphite (002) reflection in the range of 26.4°, no peaks related
to CNTs and graphene were observed in the CC and CCG
substrates, indicating that these two additives have been
dispersed into the cotton fiber.*

99% of natural cotton fiber is cellulose. According to the
molecular structure of cellulose, numerous oxygen atoms come
from the hydroxyl groups present in the cellulose.”*** X-ray
photoelectron spectroscopy (XPS) and FTIR tests were carried
out on the cotton fiber samples. In the FTIR of Fig. 3f, it can be
observed that the characteristic vibration bands at 3340 cm™*
and 1059 cm™ " correspond to the -OH group stretching and
C-O-C stretching vibrations, respectively.’>** XPS measure-
ments were carried out to study the chemical composition of the
substrates, and the results obtained are shown in Fig. 3a, b,
d and e. The survey spectra of XPS in Fig. S41 prove the existence
of large amounts of oxygen atoms. The deconvolution of carbon
1s spectra of cotton fibers reveal three peaks at 283.2, 284.8, and
285.6 eV, which can be assigned to metal-C, C-C, and C-O
bonds, respectively, and the oxygen 1s peak at 531.2 eV, which
corresponds to the C-O bonds. After the addition of CNTs and
graphene, we also found the corresponding characteristic peaks
of the XPS spectrum of CCG substrates in Fig. 3d and e. The S-O
interaction between sulfur and oxygen atoms was found to fix
polysulfides. The oxygen-containing hydroxyl groups on the
surface of cotton fibers had the chemical entrapments for pol-
ysulfides.>”*® As Fig. S11 shows, the cotton, CC, CG and CCG
substrate were immersed in the diluted Li,Se solution for 24 h,
and the signature yellow color of polysulfide faded, which
apparently exhibited the chemical absorption of the hydroxyl
groups in the cotton.
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Fig. 3 Carbon 1s XPS spectra of (a) cotton fibers and (b) CCG substrate. (c) XRD patterns of cotton, CC, CG, and CCG substrates. Oxygen 1s XPS
spectra of (d) cotton fibers and (e) CCG substrate. (f) FTIR spectra of the cotton fiber.
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Through the energy dispersive X-ray spectroscopy (EDS)
mapping image of the cotton fiber (Fig. S27), oxygen atoms were
distributed in a large amount and uniformly on the entire fiber.
The identical well-distributed oxygen element results were also
presented in CC and CG substrates (Fig. S31). The even scat-
tering of oxygen indicates the distribution of correspondent
functional groups; therefore, the anchoring towards poly-
sulfides prevented the potential of side reactions possibly
caused due to the inhomogeneity of the sulfur.*® After dropping
the polysulfide solution into three different substrates and
going through about 50 cycles of electrochemical cycles, it could
be clearly seen that the carbon and oxygen atom distributions of
the three carriers were not different. However, the sulfur
element distribution in the CCG substrate was finer and more
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refined, and broader and more uniform. It showed that the CCG
substrate built a more accessible three-dimensional conductive
network with two additives, and this excellent effect was also
reflected in the electrochemical performance.

3.3 Electrochemical performance

To evaluate the electrochemical characteristics, we tested the
cycle stability, rate performance, and series of measurements of
the cells using CC, CG, CCG substrates in the type of the 2032-
coin cells with a low sulfur loading of 2.0 mg cm™~> and a high
sulfur loading of 4.5 mg cm™>. At a scan rate of 0.1 mV s,
cyclic voltammetry was performed to describe the kinetics of
electrochemical reactions using CCG, CC, and CG different

substrates, respectively. It can be recognized in Fig. 4c that there
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mances of the battery with CCG substrate, (c) CV of CC, CG, CCG substrates batteries at a scan rate of 0.1 mV s, respectively, (d) EIS profiles of
Li—S batteries using CC, CG and CCG substrates, (e) cycling performances of the batteries with different substrates with a high sulfur loading at

a current density of 0.5C.
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are two closely adjacent oxidation potentials and two reduction
potentials. The two clear reduction peaks referred to the
transformation from sulfur to the long-chain polysulfide, and
then, a step further to the short-chain polysulfide. The two
oxidation peaks were related to the contrary reaction from Li,S/
Li,S, to sulfur. Besides, the oxidation peaks of the CCG
substrate at 2.368 V and 2.431 V, and the battery oxidation peaks
of the CC substrate and the CG substrate at 2.397 V, 2.480 V, and
2.377 V, 2.45 V had a negative shift.*>*

Similarly, the reduction peaks (1.995 V and 2.284 V) of the
CCG base battery positively shifted from the 1.915 V and 2.229 V
of the CC substrate and 1.976 V and 2.223 V of the CG substrate.
Simultaneously, the CCG base's peak intensity was also signif-
icantly higher than the comparative base cell, and these shifts
proved that the CCG base had lower polarization and acceler-
ated redox kinetics. Fig S6T shows the obtained Nyquist
diagrams of the CCG substrate electrode and Al electrodes to
study the electronic conductivity of electrode materials. It
should be noted that the diameter of the CCG substrate elec-
trode semicircle was much smaller than that of Al electrodes,
which proved that the conductivity of CCG was better. The
addition of graphene improved the conductivity of the material,
and the formed 3D network structure between cotton fibers and
additives had a full range of extending conductive paths, and
could enhance electron transmission. The results showed that
the conductivity of the CCG substrate is good enough to serve as
a current collector and a sulfur carrier. Fig. 4d shows the
impedance spectra of the obtained CCG, CC, and CG substrate
batteries under the open circuit potential after the active
materials were loaded. The semicircle corresponding to the
charge transfer resistance (R.;) of CCG is significantly smaller
than those of CC and CG batteries. When CNTs and graphene
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were added, the electrical conductivity of the fiber network
increased, and the polarization reduced, respectively. The
natural particular interconnection structure of the CCG
substrate can extend the current in all directions, effectively
enhancing the electron transmission.

As shown in Fig. 4a, the batteries using CCG substrates
showed a high initial capacity of 1274.0 mA h ¢”* and remained
1098.7 mA h g~ " after 300 cycles at a current density of 1C with
a capacity retention of 86.2%, 984.6 mA h g~ after 400 cycles
with a retention of 77.3%. The initial discharge capacities of CC
and CG substrate batteries were 724.5 mA h g ' and
717.4 mA h g~ ', respectively, which were considerably less than
that of CCG. Although the capacity of these two had a specific
increase with the charging and discharging process of the
batteries, there was still a certain disparity with the CCG
substrate battery capacity even after 200 cycles. The excellent
performance of the CCG batteries made the 100th charge-
discharge curve almost coincide with the first charge-discharge
curve, as shown in Fig. S7.1 Besides, these types of batteries in
Fig. S81 even possessed 872.4 mA h g ' at a 2C charge-
discharge rate, and maintained a capacity of 734.4 after 200
cycles with only a 0.079% per cycle decay rate. Furthermore,
under the case of the high sulfur loading (4.5 mg cm™?), the
cycle performance of the battery was evaluated. Under the
condition of 0.5C rate charge and discharge (Fig. 4¢), the battery
with the CCG substrate had an initial capacity of 993.7 mAh g™"
and remained 1006.0 mA h g™ ' capacity after 140 cycles,
preserving a capacity with basic no attenuation, which was
much higher than the initial capacity of 401.0 and
525.8 mA h g" of CC and CG substrate batteries, respectively.
Although the capacity of the two had a certain increasing trend
during the cycle, it was still far lower than that of the CCG base
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battery. The rate performances of the cells with different
substrates are shown in Fig. 4b and S9.7 With the increment in
the densities from 0.1 to 3.0C, the discharge capacities of CCG
substrate batteries were 1358.4, 1213.6, 1121.0, 1030.1, 879.5,
and 674.4 mA h g, respectively, which were much higher than
those of the batteries with CC and CG substrates. When the rate
returned to 0.1C, the discharge capacity was still
1188.4 mA h g~ ', which proved the excellent rate performance
of these batteries.

The charge and discharge profiles of the CC, CG, and CCG
substrates are plotted in Fig. 5a-c. Two emblematical discharge
plateaus can be recognized from the profiles. The first plateau at
around 2.3 V refers to that the ring of Sg opened with the
participation of lithium to form long-chain polysulfide (Li,S,, n
= 4-8). Another discharging plateau is related to the reduction
of the long-chain polysulfide to a short-chain polysulfide (Li,S,/
Li,S). To have a direct view, the specific capacities of the
plateaus at lower and higher potentials are denoted as Q; and
Q,, respectively. Theoretically, the capacity from reaction (Li,S,-
g — LiyS,/Li,S) was three times of the first one (Sg — Li»S,g).
Nevertheless, the capacity ratio (Q,/Q;) was generally less than
the ideal value due to the torpid transformation and solid-state
charge diffusion when short-chain polysulfides were reduced to
Li,S.*»* In Fig. 5d-f, the capacity ratios at different C rates for
the three compared electrodes are listed. The capacity and
capacity ratio of CCG electrodes are relatively higher than the
CC and CG electrodes, particularly at 0.5C rate and above. The
ratio of CCG electrodes was 2.35 to 1.57 ata 0.1 to 2C rate (1C =
1675 mA h g™ '), confirming that a majority of the polysulfide
could be converted into Li,S,/Li,S.*® With the cooperative effect
of CNTs and graphene, which formed a scaffold on the surface
of the cotton fiber and the space provided by the natural cotton
structure, the electrolyte diffused more quickly and reaction
kinetics accelerated. Moreover, the voltage hysteresis (AE)
between the charge and discharge profiles of CCG was 133 mV
less than the 144 mV and 152 mV for CG and CC electrodes. Low
AE demonstrates the decreased polarization and improved
reaction kinetics by the CCG substrates.***** These experi-
mental results are consistent with the results in the CV curve in
Fig. 4c.

4. Conclusion

In summary, we prepared a base material for a lithium-sulfur
battery with cotton fibers as the main body and added nano-
tubes and graphene, and combined feasible and straightfor-
ward methods to realize a high-performance lithium-ion
battery. This type of substrate electrode, which did not require
additional binders and was easy to prepare, provided a three-
dimensional interconnected conductive frame for the sulfide
active material to improve the utilization of sulfur. The surface
can chemically adsorb polysulfide to achieve a shuttle effect. A
battery with a sulfur content of 2.0 mg cm > could provide
a high initial discharge capacity of 1098.7 mA h g~ . At 1.0C, the
attenuation after 300 cycles is only 0.046%, and the initial
discharge capacity at 2C ratio is 872.4 mA h g~'. The batteries
remained 734.4 mA h g~ after 200 cycles with a decay rate of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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only 0.079% per cycle. Through a series of characterizations and
analyses, it was demonstrated that substrate polarization,
cotton fiber reaction sites, and polysulfide immobilization
performance must be considered simultaneously to achieve
a high-performance lithium-sulfur battery. It provides a low-
cost green manufacturing process for potentially commercial
lithium-sulfur battery applications.
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