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Abstract

A novel type of one-dimensional ordered mesoporous carbon fiber has been prepared via the electrospinning
technique by using resol as the carbon source and triblock copolymer Pluronic F127 as the template. Sulfur is
then encapsulated in this ordered mesoporous carbon fibers by a simple thermal treatment. The interwoven
fibrous nanostructure has favorably mechanical stability and can provide an effective conductive network for
sulfur and polysulfides during cycling. The ordered mesopores can also restrain the diffusion of long-chain
polysulfides. The resulting ordered mesoporous carbon fiber sulfur (OMCF-S) composite with 63% S exhibits
high reversible capacity, good capacity retention and enhanced rate capacity when used as cathode in
rechargeable lithium-sulfur batteries. The resulting OMCEF-S electrode maintains a stable discharge capacity of
690 mAh/g at 0.3 C, even after 300 cycles.
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ABSTRACT:

A novel type of one-dimensional ordered mesoporous carbon fiber has been prepared via the
electrospinning technique by using resol as the carbon source and triblock copolymer
Pluronic F127 as the template. Sulfur is then encapsulated in this ordered mesoporous carbon
fibers by a simple thermal treatment. The interwoven fibrous nanostructure has favorably
mechanical stability and can provide an effective conductive network for sulfur and
polysulfides during cycling. The ordered mesopores can also restrain the diffusion of
long-chain polysulfides. The resulting ordered mesoporous carbon fiber sulfur (OMCEF-S)
composite with 63% S exhibits high reversible capacity, good capacity retention and
enhanced rate capacity when used as cathode in rechargeable lithium-sulfur batteries. The
resulting OMCEF-S electrode maintains a stable discharge capacity of 690 mAh/g at 0.3 C,
even after 300 cycles.

1. Introduction

Due to its ultra-high energy density (theoretically 2567 Wh kg™) and high theoretical specific
capacity (1675 mAh-g?l), the rechargeable lithium-sulfur (Li-S) battery has attracted
enormous attention in the last several years [1-3]. Sulfur cathodes face several major
challenges, however, which limit their practical applications, including the low conductivity
of sulfur and lithium sulfide [4,5], as well as the large volume changes in the sulfur particles

during charge and discharge processes. A more significant challenge that needs to be
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overcome is the high solubility of high-order polysulfide intermediates in organic electrolytes.
The dissolved high-order polysulfides can diffuse from the cathode and react with the lithium
anode either to generate insoluble lower-order polysulfides in the form of Li.S or Li2So,
leading to the precipitation of these species on the surface during cyclic processes, or form
soluble low-order polysulfides, which is then transported back to the cathode side, resulting
in a shuttle reaction [6,7]. The shuttle reaction and deposition of Li.S or Li>S; on the Li anode
lead to the low utilization of sulfur, low coulombic efficiency of the sulfur cathode, and fast
capacity fading [8,9].

There are two basic strategies to address this problem. The major stream of Li-S research has
focused on the design “inside” the cathode, confining sulfur within various kinds of porous
matrixes, such as porous carbon [10-16] or graphene [17-19], or applying surface coatings of
conductive polymer [20-21] or metal oxides such as TiO2 [22] or Al.O3 [23] to act as a
physical barrier to prevent the soluble polysulfides from dissolving in the organic electrolyte.
An alternative route has concentrated on the “outside” of the cathode, such as by
modification of the electrolyte [24-26] and novel cell configurations [27-29].

Herein, we report a simple electrospinning deposition method (ESD), which can
mass-produce ordered mesoporous carbon fiber (OMCEF). Currently, the majority of carbon
materials used for confining sulfur so far are difficult to be applied in practical applications
due to their complicated preparation processing and high cost. The ESD method is considered
a promising method to mass-produce one-dimensional (1D) carbon materials with the
advantages of simplicity, efficiency, low cost, and high yield. We have employed 1D OMCF
as an improved confinement matrix for high-level sulfur impregnation. The ordered
mesoporous fibrous structure builds a framework of well-connected empty sites, which could
encapsulate a large amount of sulfur. Furthermore, the OMCF framework could facilitate the
transport of electrons and ions and the electrolyte diffusion, and retain the polysulfides,
enhancing the reversibility of electrode, which is hardly achieved by random porous

structures.

2. Experimental section

2.1 Synthesis of OMCF



The OMCF was synthesized through the electrospinning technique. In a typical synthetic
process, 2 g F127 was put in 8 g of ethanol with 1.2 g 0.2 M HCI and stirred for 1 h at 40 °C
to yield a transparent solution. Next, 6 g of 20 wt% resol ethanolic solution and 1.8 g
tetraethyl orthosilicate (TEOS) were added in that order. The resol precursor (Mw < 500) was
synthesized on the basis of previous report [30]. After being stirred for 5 h, 3g 25% polyvinyl
butyral (PVB) solution in ethanol was added to the mixture. Finally, a homogeneous solution
was obtained after 4 h strong mechanical stirring. Triblock copolymer Pluronic F127 and
resol are regarded as template and carbon source, respectively. The role of PVB is to improve
the “spinnability” of the solution, while the TEOS acts as a skeleton in the formation process
for the mesoporous structure, which can be removed in the next step. The experimental
procedure and the formation of ideal mesoporous structure of OMCF are shown in Fig. 1.

During electrospinning process, the solution was
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Fig. 1 A schematic illustration of the experimental procedure and the formation of ideal

mesoporous structure of OMCF.

loaded into a syringe with a metallic needle (inner diameter 0.5 mm) and a flow rate of
0.8 mL h™! under the voltage of 14.5 kV. The distance from needle tip to stainless steel mesh
collector was 12 cm. Then, the collected primary film was dried at room temperature for 24 h.
The as-prepared products were heat-treated at 700 °C for 2 h under flowing nitrogen gas.
Afterwards, the resultant ordered mesoporous carbon-silica fiber was put into 2 mol/L
boiling NaOH solution for 2 h to remove the silica to obtain OMCF. In our study, 0.2 g

OMCEF can be obtained per hour under our preparation condition, and the production can be



easily scale-up. The control sample ordered mesoporous carbon powder (OMCP) was

synthesized through the same process as the OMCF, but without electrospinning technique.
2.2 Fabrication of ordered mesoporous carbon fiber sulfur (OMCF-S) composite

The as-prepared OMCF and OMCP were mixed with sulfur in a weight ratio of 25:75 and
heated to 160 °C in a sealed stainless steel autoclave for 24 h to facilitate sulfur diffusion into
the carbon host to obtain the OMCF-S and ordered mesoporous carbon powder sulfur
(OMCP-S) composite, respectively. Then, the OMCF-S and OMCP-S composite was heated
at 200 °C and kept for 10 minutes under flowing argon gas (50 cm®s) to vaporize the sulfur
deposited on the outside surface of the composite.

2.3 Characterization

The crystal structures of the samples were carried out by powder X-ray diffraction (XRD,
MMA GBC, Australia) and by Raman spectroscopy on an instrument (JOBIN YVON HR800)
equipped with a 632.8 nm diode laser. Thermogravimetric analysis (TGA) was performed to
measure the sulfur content with a METTLER TOLEDO TGA/DSC instrument with a heating
rate of 10 °C min™ from room temperature to 500 °C under a flow of argon. The specific
surface areas and the pore size distribution were analyzed by Brunauer—Emmett-Teller (BET)
method and Barrett-Joyner—Halenda (BJH) model, respectively. The morphologies of the
samples were analyzed by JEOL JSM-7500FA field-emission scanning electron microscopy
(FESEM), and by JEOL 2011 transmission electron microscopy (TEM).

2.4 Electrochemical measurement

To prepare the working electrodes, the OMCF-S and OMCP-S composite was mixed with
carbon black, poly(ethylene oxide) (PEO), and poly(vinylpyrrolidone) (PVP) (75:15:8:2 by
weight) in deionized water to form a slurry, respectively. The slurry was then coated onto
aluminum foil and dried at 50 °C for 24 h. Coin-type (CR2032) cells were assembled by
inserting a carbonized filter paper between cathode and the separator in an argon-filled glove
box. The electrolyte used was 1 M lithium bis(trifluoromethanesulfonyl)imide in a solvent
mixture of 1,3-dioxolane (DOL): dimethoxyethane (DME) (1:1, v/v) containing LiNO3 (1
wt%). The cells were galvanostatically cycled from 1.8 to 2.6 V by using LAND CT2001A

instrument.



3. Results and discussion

Fig. 2a presents SEM image of the resol/F127/TEOS/PVB precursor fibers before calcination.
Obviously, the as-spun resol/F127/TEOS/PVB sample has good fibrous morphology with
smooth surfaces and a uniform fiber diameter of less than 1 pum, indicating that the aqueous
solution containing resol, PVB, and TEOS has excellent spinnability. From Fig. 2b, it is

found that the OMCF after heat-treatment and the removal of the silica still maintains this

Fig. 2 SEM images of (a) electrospun resol/F127/TEOS/PVB fiber and (b) OMCF; TEM
images of OMCEF at (c) low magnification, with the inset and (d) showing high magnification;
(e) STEM image of OMCEF-S and corresponding elemental mapping images of C and S.

fibrous morphology, but exhibits a wrinkled surface morphology, mainly due to the large
weight loss accompanied by gas evolution and removal of silica. The TEM characterizations
of the OMCF were performed to further investigate the ordered mesopore structure (Fig. 2¢
and 2d). The OMCF shows ordered hexagonal mesostructure in large domains (mesopores
with diameters of about 7 nm). The mesoporous structure is directly related to the battery
performance of the sulfur cathode. Fig. 2e shows scanning TEM (STEM) and corresponding
elemental mapping images of the OMCF-S composite, confirming that the sulfur is

homogeneously distributed in the framework of the OMCF matrix.



The N2 sorption isotherms in Fig. 3a illustrate the variation in the structural features of the
OMCEF before and after sulfur loading. The isotherms of the OMCF and OMCF-S are type 1V

isotherms with hysteresis at relative pressure above 0.4, which is characteristic of mesopores.
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Fig. 3 (a) N2 sorption isotherms and (b) pore-size distributions of the OMCF and OMCF-S
composite.

The OMCF host exhibits a high specific surface area of 1345 m?/g and a large pore volume of
1.21 cm®/g. After the sulfur is embedded, the surface area and pore volume decrease to 335
m?/g and 0.41 cm®/g, respectively. Meanwhile, the pore size in Fig. 3b displays a strong
decrease as well, from 6.2 nm to 3.5 nm. This indicates that a large proportion of the
mesopores are filled with sulfur. The amount of sulfur in the OMCF-S composite is 63 wt%
(Fig. S1).

The XRD patterns for the OMCF, S, and OMCEF-S are shown in Fig. 4a. The low intensity
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Fig. 4 (a) XRD patterns and (b) Raman spectra of the OMCF, S, and OMCF-S composite.

and the high peak broadening are typical feature of amorphous carbon in the OMCF sample.



No peaks corresponding to silica can be observed, suggesting that silica has been removed
completely from the composite. In contrast, the pure elemental sulfur has well-defined
diffraction peaks, corresponding to an orthorhombic structure. Although there is a substantial
amount of sulfur (63%) in the OMCF-S composite, the signature peaks of elemental sulfur
were not observed, indicating that the embedded sulfur in the composite exists in the form of
small molecules and thus loses its characteristic of orthorhombic structure. This suggests
good dispersion of the S within the porous carbon host [31]. Raman spectra of OMCF, S, and
OMCEF-S composite were also carried out to further observe their structure in Fig. 4b. Sulfur
shows a series of typical Raman peaks which can be assigned to the S-S bond [32], however,
such typical sulfur peaks disappeared in the OMCEF-S, indicating that sulfur is successfully
embedded into the pores of the OMCF.

Voltage profiles of the OMCF-S electrodes at various cycles are shown in Fig. 5a. The control
sample OMCP-S powder was synthesized through the same process as the OMCEF, but without

electrospinning technique. The OMCP also shows ordered mesoporous structure with pore
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Fig. 5 Voltage profiles of (a) OMCF-S and (b) OMCP-S for selected cycles; (c) cycling
performances of OMCF-S and OMCP-S electrodes at 0.3 C; (d) rate capabilities of OMCF-S
and OMCP-S electrodes.

size of about 7 nm (Fig. S2 and S3). The upper plateau at 2.3 V corresponds to the reduction
of sulfur (Ss) to soluble lithium polysulfides (Li2S4), and the lower plateau at 2.1 V represents

the further reduction of polysulfides to Li>S> or Li>S [3,19,33]. The discharge plateau of the



OMCP-S composite electrode (in Fig. 5b) obviously shrinks with increased cycle number,
however, the OMCEF-S electrode has a good overlap of discharge plateaus during the cycling
tests, suggesting the excellent stability and reversibility of the OMCEF-S electrode. Fig. 5¢
displays the cycling performances of the OMCF-S and OMCP-S electrodes. The initial
discharge capacities for the OMCF-S and OMCP-S electrodes were 1070 and 1080 mAh/g at
0.3 C, respectively. After 300 cycles, the OMCEF-S electrodes retained a reversible capacity of
690 mAh/g, while only 450 mAh/g was left for the OMCP-S electrode. Even at the rate of 1 C,
the OMCF-S electrodes can still maintain 570 mAh g* after 500 cycles (Fig. S4), indicating a
superior cycling performance compared to that of OMCP-S electrodes. The rate capability of
the OMCF-S and OMCP-S electrodes is displayed in Fig. 5d. The discharge capacity gradually
reduced with the increase of rate from 0.2 C to 4 C. The OMCF-S electrode delivered a
satisfactory capacity of 700 mAh/g, even at 4 C, but only a capacity of 440 mAh g* was
obtained for OMCP-S electrode. The 1D interwoven fibrous mesoporous nanostructure with
small dimension and large surface area can provide an effective conductive network for sulfur
and polysulfides and facilitate the efficient contact between active materials and electrolyte.
The ordered mesoporous structure can also effectively restrain the diffusion of long-chain
polysulfides during cycling process. In addition, 1D architecture also possesses favorably
structure stability, which can help to alleviate the structure damage caused by volume
expansion and to keep the integrity of the electrodes during the cycling process especially for
long cycles. All these features result in such a good cycling and rate capabilities performance.

Fig. 6a shows the CV profiles of the OMCF-S cell in the voltage range of 1.8-2.6 V with a
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Fig. 6 (a) CV curves of the OMCEF-S electrode before cycling; (b) EIS spectra of the
OMCEF-S electrodes after cycles.



scanning rate of 0.2 mV s™. Typical reduction and oxidation peaks representing for reaction
of sulfur with lithium during the charge-discharge processes can be observed [19,34]. The
sharp redox peaks with stable overlapping features confirm the high reversibility and
excellent stability of electrode after first cycle [20,35]. The electrochemical impedance
spectroscopy (EIS) analysis for the OMCF-S electrode was also carried out are shown in Fig.
6b. All the EIS curves show a semicircular loop whose diameter represents the
charge-transfer resistance. The semicircle at high frequency is associated with the charge
transfer resistance (Rct) of the sulfur electrode, which is mainly generated at the interface
between the electrode and the electrolyte [36,37]. The electrolyte resistance Rct remained
unchanged even after 300 cycles, indicating that polysulfides were well constrained in the
cathode and to the dissolution of polysulfides into electrolyte and the increase of viscosity
were successfully avoided. The R is stabilized at around 150 Q cm? (calculated after the
electrode area normalization) after the first cycle, suggesting a stable electrochemical
environment in the batteries.

To further investigate the reason why the OMCEF-S electrode shows enhanced performance of

the lithium-sulfur battery compared to OMCP-S electrode, the microstructure of the OMCF-S

Fig. 7 SEM images of (a) OMCF-S electrode after 100 cycles, and (b) corresponding
elemental map images of carbon, and sulfur.

electrode after 100 cycles for Li-S batteries was examined by SEM. The fibrous structure is
still maintained is shown in the Fig. 7, and no obvious change is observed. The elemental
mapping results show that sulfur is still homogeneously distributed throughout the whole

fiber, suggesting the excellent mechanical stability of the OMCF-S, which makes a great



contribution to excellent electrochemical properties of OMCF-S electrode together with its
ordered mesoporous structure.

4. Conclusions

In summary, ordered mesoporous carbon fibers were synthesized by the electrospinning
technique and used to fabricate carbon-sulfur composite, which was then explored as a
cathode material for lithium-sulfur batteries. Not only can the ordered mesoporous structure
ensure good electrical pathways for the active sulfur, but it also can effectively trap soluble
polysulfide intermediates during charge-discharge processes. In addition, the OMCF-S
composite has excellent mechanical stability during charge-discharge process. All the
features lead to excellent electrochemical performance for OMCF-S electrode (690 mAh/g
even after 300 cycles). In particular, the OMCF can be mass produced in a simple way at low
cost, which makes our sulfur-based electrode highly promising for practical application in
lithium-sulfur batteries.
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