Bioresource Technology 395 (2024) 130388

e

ELSEVIER

journal homepage: www.elsevier.com/locate/biortech

: : : ; = i
Contents lists available at ScienceDirect BIORESOURCE

TECHNOLOGY

Bioresource Technology

Electrochemical coverage of reduced graphene oxide layers on sulfur el
supported by biochar for enhancing performance of Li-S battery

Huaxia Chen® , Bomiao Wang “, Dianpeng Sui ", Chongtai Wang®, Yingjie Hua®"

@ School of Chemistry and Chemical Engineering of Hainan Normal University, Key Laboratory of Electrochemical Energy Storage and Energy Conversion of Hainan
Province, Key Laboratory of Electrochemical Energy Storage and Light Energy Conversion Materials of Haikou City, Haikou 571158, China
b Department of Chemistry, College of Science, Northeastern University, Shenyang 110819, China

HIGHLIGHTS

e Carbon fibers and rGO as conductive
components supply double transporting
paths of electrons.

e rGO as blocking layers inhibits the sol-
uble sulfur diffusing into electrolyte.

¢ rGO layers as another redepositing pla-
ces increase the utilization of sulfur.
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ABSTRACT

To improve the electrochemical performance of Li-S batteries, a cathodic material (rGO;50/S/CF-75) was
fabricated for Li-S batteries by adopting a melt-flow method to load sulfur on biomass-derived carbon fibers, then
the reduced graphene oxide was electrochemically covered on the outside surface of the sulfur. The coverage of
reduced graphite oxide layers endows the performance of S/CF-75 multiple improvements. The specific capacity
of rGO150/S/CF-75 cathode delivers a specific capacity of 1451.4 mAh g ™! at 0.1 A g~1. The specific capacity of
rGO150/S/CF-75 cathode can still maintain 537.3 mAh g~ after 1000 cycles at 5 A g~* (109 % capacity
retention). The excellent performance of rGO;50/S/CF-75 cathode is benefit from not only the conductive paths
of reduced graphene oxide layers and protective function of reduced graphene oxide layers inhibiting that the
soluble sulfur diffuse into bulk electrolyte, but also the redistribution of sulfur on conductive carbon components
during the cycling process.

1. Introduction

motors, rechargeable batteries with high energy density and capacity
are needed to power the electric engines in the future (Benitez et al.,

With the development of sustainable vehicles driven by electric 2022; Canals Casals et al., 2016). Lithium-sulfur battery (LSB) as a
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promising system possesses a theoretical specific capacity of 1675 mAh
g ! and a working voltage of 2.1 V leading to a high theoretical gravi-
metric energy density of 2552 Wh kg~!, which are greater than those of
conventional Lithium-ion battery (Li et al., 2015; Song et al., 2019). In
addition, sulfur as active materials have superiorities of natural abun-
dance and environmental benignity. However, sulfur have detrimental
characters such as its insulating and soluble natures. Sulfur converts into
a short-chain Li»S/LiSs and long-chain polysulfides (LisSy, 4 < n < 8)
during the electrochemical reaction of Li ion with sulfur. The long-chain
polysulfides is soluble and can diffuse into electrolyte causing the loss of
sulfur from sulfur electrode. Hence, the insulating and soluble natures of
sulfur limit the specific capacity, rate capacity and cycling stability of
LSB (Cheng & Chung, 2022; Gai et al., 2022; Li et al., 2021b; Lin et al.,
2021).

To tackle abovementioned problems, extensive efforts have been
devoted to fabrication of cathodic electrode for improving the electro-
chemical property of LSB. Aiming to conquer the low conductivity of
sulfur, carbon materials are usually selected as conductive hosts for
loading sulfur to facilitate transportation of electrons (Li et al., 2021a;
Phuc et al., 2020; Wu et al., 2020a; Wu et al., 2020b; Xu et al., 2018;
Zhao et al., 2022). Biomass-derived carbons have been investigated as
potential candidates benefiting from their low cost and sustainability.
However, low utilization of sulfur on carbon materials is responsible for
hardly approaching theoretical specific capacity of LSB (Xue et al.,
2017). Contraposing to issue of the soluble polysulfide, polar metal
oxides such as Co304 (Qiu et al., 2021), FegOg4 (Li et al., 2019), NiO (Zhu
et al., 2021), TiOy (Yan et al., 2020) and ZnO (Zhang et al., 2020)
decorated on carbon can show a strong chemical adsorption with pol-
ysulfide by forming O-S band, which can capture the polysulfide for
inhibiting the shuttle effects. However, poor electrical conductivity of
metal oxide not only restrict the electronic transportations of the elec-
trode, cycling stability and rate-performance of LSB, but also increases
the cost of the electrodes (Junhe et al., 2020; Su et al., 2012; Wang et al.,
2018). Confronting above problems, a kind of electrode based on
complicated strategies has been taken into consideration to apply for
LSB such as metal atom-decorated carbon electrode (Gu et al., 2021),
heterogeneous/homogeneous electrode (Shi et al., 2022) and atom
doping electrode (Ren et al., 2021). These electrodes show the functions
of accelerating the redox reaction of polysulfides and chemically trap-
ping polysulfides to improve the cycling stability of LSB. However, these
complicated strategies could hardly balance the cost-efficiency and
electrochemical property of LSB well (Dong et al., 2021). Hence, prac-
tical and facile approaches are urgent to be proposed to fabricate
appropriate electrode with both excellent electrical conductivity and
fewer losses of sulfur during cycling process to push forward the
development of LSB.

Reduced graphene oxide (rGO) exhibits high conductivity to be an
additive composite for electrode materials. Besides, the two-
dimensional structure of rGO is easy to form conductive layers
covering on the insulating sulfur. The coverage of rGO layers could
supply channels for efficient transportation of electrons. Significantly,
the layers of rGO could also sever as protective layers to inhibit the
soluble polysulfides diffusing from inner of electrode into bulk electro-
lyte during discharging process, which possibly improves the stability of
LSB. Based on above strategies, carbon fibers with mechanical robust-
ness are derived from bio-mass material (Tissue), which are engaged as
conductive support for loading insulating sulfur by a facile and time-
saving melt-flow process. Subsequently, reduced graphene oxide (rGO)
was electrochemically covered on sulfur loaded on carbon fibers to form
conductive and protective layers as shown in Scheme S1 (see supple-
mentary material). The rGO;50/S/CF-75 cathode delivers a superior
specific capacity of 1451.4 mAh g~! at 0.1 A g~ among many reported
carbon-based cathodes of LSB. Meanwhile, the specific capacity of
rGO150/S/CF-75 cathode can maintain in 537.3 mAh g’l after 1000
cyclesat5 A gL
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2. Experimental section
2.1. Material synthesis

Synthesis of biomass-derived carbon fiber. Tissue (Vinda) was
engaged as precursor, which was purchased in local market. First, Tissue
was cut into pieces, and then the pieces were transferred into furnace for
pre-carbonization at 250 °C for 1 h in atmosphere. After that, the sam-
ples continue to calcinate at 300 °C for 1 h and then heated to 700 °C for
1 h in N, with the heating rate of 5 °C min™!. Finally, the samples were
washed with excessive 10 % HCI and pure HyO to remove impurities,
and the samples dried at 80 °C to obtain carbon fiber denoted as CF.

Loading sulfur on carbon fiber. The sulfur powders were uniformly
put on the surface of carbon fiber with different mass ratios of S:CF =
2:1, 3:1 and 4:1, respectively. They were transferred on three pieces of
flat glass, and then, put into oil bath and heated to 150 °C for melting
sulfur powder until the sulfur could not be observed on the surface of
carbon fiber. The samples of S/CF = 2:1, 3:1 and 4:1 were denoted as S/
CF-66, S/CF-75 and S/CF-83, respectively.

Synthesis of Reduced graphene oxide-covered carbon fiber with
loading of sulfur. Graphene oxide (GO) was prepared from 325 mesh
99.5 % flake graphite powder via the method described in literature
(Marcano. et al., 2010), and the concentration of obtained GO is about 5
mg mL L. The electrochemical coverage of reduced graphene oxide on
S/CF-75 was conducted in a two-electrode cell. The electrolyte is 0.01 M
NapSO4. The concentration of GO in electrolyte is 0.1 mg mL LA piece
of graphite foil and S/CF-75 were used as the anode and cathode under a
constant current density of 2 mA em™2 for 60's, 150 s and 300 s, which is
denoted as rGOgo/S/CF-75, rGO150/S/CF-75 and rGOsg/S/CF-75,
respectively.

2.2. Material characterization

The microstructure of the samples was characterized by field-
emission scanning electron microscopy (FESEM, Hitachi SU8010).
Transmission electron microscopy (TEM, JEM-2100) were used to
observe the microstructure of the samples. The Ny adsorption/desorp-
tion isotherm (American Micromeritics ASAP 2020) of the samples were
recorded at 77.1 K after degassing for 12 h. Thermogravimetric analysis
(TGA/DSC3 + ) was used to estimate the mass loading of sulfur in S/CF
by heating the samples from room temperature up to 300 °C under Ny
with a heating rate of 10 °C min~l. UV-visible spectroscopy (UV,
PERSEE T10CS) was used to analyze the electrolytes after long cyclic
process.

2.3. Electrochemical characterization

Electrochemical measurements were performed by using coin-type
cell (CR2025) assembled in a glove box. The S/CF and rGO/S/CF,
acetylene carbon and polyvinylidene fluoride (PVDF) were mixed with a
mass ratio of 8:1:1. N-methylpyrrolidone (NMP) was used to form a
uniform slurry. The slurry was coated on the aluminum foil by spreader.
After being dried, the aluminum foil was cut into disks with diameters of
10 mm, and the disks were pressed at a pressure of 10 MPa for 1 min. The
weight of the active material content was about 0.8 ~ 1.0 mg cm ™2 on
the disks. The disk was used as the cathode, the lithium foil was used as
the counter electrode, the Celgard 2400 film was used as a separator.
Moreover, the 1 M LiTFSI in 1,2-dimethoxy ethane (DME) and 1,3-diox-
olane (DOL) (1:1 v/v) were used as the electrolyte. The assembly of the
button cell (CR2025) was conducted in the Ar-filled glove box. The cy-
clic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) were conducted on a CHI 760e electrochemical workstation
(Shanghai CH Instrument Company, China). The galvanostatic
charging/discharging (GCD) measurement was performed on a Land
battery workstation (Wuhan Land Instrument Company, China). All
gravimetric capacity was normalized by mass of S.
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3. Results and discussion
3.1. Properties of sulfur loaded on carbon fibers

Sulfur is an insulating substance. Carbon is usually engaged as
conductive support for loading sulfur when sulfur is used as an elec-
trode. Cellulosic fibers (Tissue) were carbonized into carbon fibers (CF),
which can provide a robust substrate for loading sulfur (see supple-
mentary material). This work provides a facile operation called melt-
flow method to load sulfur on carbon fibers (see supplementary mate-
rial). The as-prepared samples are named as S/CF-66, S/CF-75 and S/CF-
83, respectively. The 66, 75 and 83 are the mass ratio of sulfur / (carbon
fibers + sulfur).

To confirm the structure of S/CF, the as obtained samples were
characterized by SEM. Fig. 1a-c show the morphologies of S/CF-66, S/
CF-75 and S/CF-83. It can be distinguished from morphologies that the
aggregation of carbon fibers loads a mass of sulfur with irregular
structures. Besides, it can also reflect from elemental distribution of C
and S (Fig. 1d-f) that the sulfur heterogeneously distributes among
carbon fibers. Specifically, much sulfur locate between the carbon fibers,
a few sulfur cover on the surface of carbon fibers and some fibers are not
covered by sulfur. Compared with CF through TEM images (see sup-
plementary material), S/CF-75 shows dark carbon fibers owning to
difficult transmission of electrons from electron gun because of the
relative thickness coverage of insulative sulfur on the carbon fibers.
Thermogravimetric analysis (TGA) of S/CF-66, S/CF-75 and S/CF-83
was performed in Ny atmosphere from room temperature to 300 °C
(Fig. 1g). The weight losses of S/CF-66, S/CF-75 and S/CF-83 are 64.4
wt%, 72.9 wt% and 81.0 wt%, respectively, which generates only a few
losses of sulfur comparing with initial addition of sulfur. The weight loss
of O in carbon fiber can be ignored, because the carbon fiber is formed in
700 °C. Fig. 1h presents the Ny adsorption/desorption isotherm of CF,
which are type-I sorption isotherm curves revealing micropores and
mesopores inside of CF. Meanwhile, pore size distribution shows that the
mesopores dominates inside of the CF and the specific surface area is
441.6 m® gL, Fig. 1i displays the N, adsorption/desorption isotherm of
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CF after loading sulfur (75 %). The micropores almost disappear and the
specific surface area of S/CF-75 decreases to 116.6 m? g~! compared
with that of CF (441.6 m2 g~ 1), which proves that the pores structures in
CF are covered or plugged by the sulfur. Based on above characteriza-
tions of CF and S/CF, the obtained samples of S/CF contain an amount of
sulfur loaded on, between and maybe in carbon fibers, and a part of CF is
naked (without coverage of sulfur).

The coin type of LSBs were assembled to investigate the electro-
chemical performance of S/CF-66, S/CF-75 and S/CF-83, respectively.
Fig. 2a shows the cyclic voltammetry (CV) curves of S/CF-66, S/CF-75
and S/CF-83 at a scan rate of 0.1 mV s~!. During the cathodic scans, the
CV curves of S/CF-66, S/CF-75 and S/CF-83 emerge two reduction
peaks, which corresponds to the reduction of Sg to long-chain poly-
sulfides (Li2Sy, 4 < n < 8) at ~ 2.3 V, and the subsequent transformation
from long-chain polysulfides into short-chain of Li3So/LisS at ~ 2.06 V.
During anodic scans, two overlapped peaks are associated with the
transformation of short-chain of Li3Sy/LisS to long-chain polysulfides
(LisSp, 4 < n < 8) and finally to Sg (Gaikwad et al., 2021; Huang et al.,
2022; Raulo et al., 2021). Among the three CV curves, S/CF-75 exhibits a
larger responding current indicating higher utilization of sulfur in S/CF-
75 electrode during charging/discharging process. Galvanostatic
charging/discharging (GCD) curves of the three electrodes are per-
formed at a current density of 0.1 A g~ in Fig. 2b. The GCD curves of the
three cathodes show charging/discharging plateaus attributing to the
redox reaction of sulfide species. S/CF-75 delivers a superior discharge
capacity of 1115 mAh g~! compared with S/CF-66 (788 mAh g~!) and
S/CF-83 (661 mAh g™1). The different discharge specific capacities of
1115 mAh g~! (S/CF-75) > 788 mAh g~! (S/CF-66) > 661 mAh g~ * (S/
CF-83) may be related to the utilization of sulfur. The higher load of
sulfur in S/CF-75 could lead to larger contact areas between sulfur, CF,
and electrolyte ions compared with S/CF-66 (discharge specific capacity
of S/CF-75 > S/CF-66). These contact areas and sulfur in thin film
contribute to most specific capacity. The sulfur far away from carbon
fiber contribute to less specific capacity owing to its poor conductivity.
An excess of sulfur in S/CF-83 may form thicker sulfur on some parts of
S/CF-83 which may increase the transportation distance of electrons in
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Fig. 1. SEM images of S/CF-66 (a), S/CF-75 (b) and S/CF-83 (c) and corresponding element distribution (d, e and f). (g) TGA curves of S/CF-66, S/CF-75 and S/CF-83
composites. (h) N, adsorption/desorption isotherm and pore size distribution (inset) of CF. (i) N, adsorption/desorption isotherm and pore size distribution (inset) of
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Fig. 2. (a) CV curves of S/CF-66, S/CF-75 and S/CF-83 at 0.1 mV s7L (b) Charging/discharging curves of S/CF-66, S/CF-75 and S/CF-83 at 0.1 A g’l. (c) Rate
performance of S/CF-66, S/CF-75 and S/CF-83 at different current densities. (d) Cycling performance of S/CF-66, S/CF-75 and S/CF-83 at 5 A g’l. (e) Schematic

diagram of redistribution of sulfur.

insulating sulfur leading to lower utilization of sulfur. Besides, contact
areas between sulfur, CF and electrolyte ion is smaller as shown in
Fig. 1f. For above reasons, though the sulfur in S/CF-83 is more than
those of S/CF-66 and S/CF-75, its specific capacity is smaller than those
of S/CF-66 and S/CF-75 due to its lower utilization of sulfur. Fig. 2¢
demonstrates the rate performance of S/CF-66, S/CF-75 and S/CF-83. As
the current density increases to 5 A g}, the specific capacities of S/CF-
66, S/CF-75 and S/CF-83 decrease to 129 mAh g%, 140 mAh g~! and

122 mAh g™, respectively. The excellent rate capacity of S/CF-75 is
attributed to appropriate contact areas and suitable transportation of
electrons of S/CF-75 (as above discussions). The cycling stabilities of S/
CF-66, S/CF-75 and S/CF-83 cathodes were tested at a high current
density of 5 A g~! as shown in Fig. 2d. Interestingly, the specific ca-
pacities of all the three cathodes deliver a tendency of increasement in
the beginning period (up to about 400 cycles) and then decrement to
1000 cycles. S/CF-66, S/CF-75 and S/CF-83 reach the highest specific
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Fig. 3. The schematic diagram of process of increasing specific capacity (a) and decreasing capacity (b) of S/CF-based LSB during cycling process.
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capacity (232 mAh g~1) after 469, (244 mAh g1) 376 and (249 mAh
g 1) 334 cycles, respectively. This phenomenon can be ascribed to the
redistribution of sulfur during cycling process. The soluble polysulfide
from electrode could be divided into two parts which are the block sulfur
among or on carbon fibers and the thin film of sulfur covering on the
carbon fibers. The block sulfur as the main source of sulfur can dissolve
into electrolyte from the contact place with carbon fibers and electro-
lyte. The thin film of sulfur as another source of sulfur could react with
only Li ions and dissolve into in the electrolyte because of the very short
transporting distance of electrons in the thin film of sulfur as shown in
Fig. 3a. In initial discharging process, the soluble sulfur appears and a
part of the soluble sulfur diffuses into electrolyte far from the surface of
the electrode. Then, during charging process, the soluble polysulfides
can redeposit on the naked carbon fibers (surface of conductor) forming
a larger area of thin film sulfur compared with the area of thin sulfur in
initial state. The larger area of thin film of sulfur leads to higher utili-
zation of sulfur resulting in an increasing specific capacity until the
complete conversion of block sulfur into thin film of sulfur (reaching to
the highest specific capacity). The highest specific capacities of S/CF-66
(232 mAh g™ 1), S/CF-75 (244 mAh g~ 1) and S/CF-83 (249 mAh g™ 1)
exist no significant difference indicating that all the carbon fibers are
covered by the thin film of sulfur probably. More sulfur can lead to less
cycles to reach the highest specific capacity. Hence, the cycles reaching
the highest specific capacity of S/CF-66 (469 cycles) are more than those
of S/CF-75 (376 cycles) and S/CF-83 (334 cycles). With the cycling
proceeding, the block sulfur is exhausted, or the amount of sulfur dis-
solving from the block sulfur become smaller than the amount of sulfur
diffusing into electrolyte far from the electrode. In this case, the area of
the thin film of sulfur on carbon fibers become smaller inducing that the
specific capacity decreases as shown in Fig. 3b.

3.2. Properties of S/CF covered by reduced graphene oxide

Electrochemical performances show that S/CF-75 cathode with an
appropriate load of sulfur exhibits superior electrochemical properties
compared with S/CF-66 and S/CF-83 cathodes. Considering the low
conductivity and solubility of sulfur species, a rapid electrochemical
route was adopted to cover rGO layers on S/CF-75 cathode to investigate
if rGO can improve the performance of S/CF-75 because the rGO may
serve as conductive layers increasing conductivity of the electrode and
blocking layers inhibiting the soluble sulfur diffuses to the electrolyte.
The covering process was accomplished in two-electrode system un-
dertaken by galvanostatic technique (2 mA cm™2). In cell system,
graphite and S/CF-75 were used as anode and cathode, respectively.
0.01 M NaySOy4 sever as supporting electrolyte containing 0.1 mg mL~!
GO as source of rGO as shown in Fig. 4a. Previous reports proved that
electrochemical approaches are able to produce rGO on electrode sur-
face(Toh et al., 2014). In the process of electrochemical reduction, the
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oxygen-containing functional groups (C = O, O-H and C-O-C) could
accept electrons, yielding rGO that attaches on electrode surface(Chen
et al., 2011; Guo et al., 2009; Hilder et al., 2011), as illustrated in
schematic diagram Fig. 4b.

During electrochemical coverage process, coverage time is an
important parameter, which could affect the thickness of rGO layer.
Three electrochemical coverage times (60 s, 150 s and 300 s) are chosen
to observe the effects of rGO layers on S/CF-75 electrode, which is
denoted as rGOgo/S/CF-75, rGO150/S/CF-75 and rGOsg0/S/CF-75,
respectively. With the lasting of electrochemical coverage time, the gaps
on the surface of rGO become less and less suggesting thicker coverage
layers of rGO on sulfur and carbon fibers of rGO3¢¢/S/CF-75 compared
with rGOgo/S/CF-75 and rGO;50/S/CF-75 as shown in Fig. 5b, d and f.
To clarify the function of rGO layers, electrochemical tests were ulte-
riorly performed in coin cell configurations, and electrochemical results
of S/CF-75 are still discussed in this section for comparisons.

Fig. 6a shows the comparison of CV curves of S/CF-75, rGOg/S/CF-
75, rGO150/S/CF-75 and rGO3¢0/S/CF-75. The potentials of oxidative/
reductive peaks of rGOgo/S/CF-75, rGO150/S/CF-75 and rGO3¢/S/CF-
75 match well with that of S/CF-75 demonstrating that electrochemical
coverage of rGO layers makes no impact on the electrochemical re-
actions on the electrodes. The responding current of the rGOgo/S/CF-75
differs little from that of S/CF-75 indicating that the connected rGO
layers do not form after a short electrodeposition time, which also can
reflect from the SEM images (Fig. 5a). Hence, rGOgo/S/CF-75 is ignored
in the following discussions. The responding peak currents of rGO150/S/
CF-75 and rGOs30(/S/CF-75 are larger than that of S/CF-75 during redox
process implying that the utilization of sulfur increases owing to the
improvement of electrical conductivity of S/CF-75 by the rGO layers,
because the rGO layers contact on the surface of sulfur supplying
another smooth path for electron transportation. The diameter of
semicircle (Nyquist plot) represents the charge transfer resistance (Ret)
as shown in Fig. 6e. The smaller diameters of semicircles of rGO150/S/
CF-75 and rGOs0(/S/CF-75 indicating the improved electrical conduc-
tivities originating from rGO layers compared with that of S/CF-75. As a
result, more excellent electrical conductivity and higher utilization of
sulfur guarantee enhanced specific capacities of rGO;s50/S/CF-75
(1451.4 mAh g~ 1) and rGOs30/S/CF-75 (1374.5 mAh g™!) at 0.1 A g~}
compared with the specific capacity of S/CF-75 (1115 mAh g™ 1) as
shown in Fig. 6b. The specific capacity of rGO150/S/CF-75 is higher than
that of rGO30/S/CF-75 indicating that the thicker rGO layer (less gaps)
may block the Li ion diffuse into the surface of sulfur as shown in Fig. 6d.
In addition, thicker rGO layers lead to poorer conductivity also limiting
the specific capacity of rGO3po/S/CF-75. The rGO;150/S/CF-75 and
rGO309/S/CF-75 exhibit excellent rate capability with gradually
increasing current density as shown in Fig. 6¢. At the current density of 5
A g’l, the specific capacities of rGO150/S/CF-75, rGO309/S/CF-75 and
S/CF-75 are 485.9 mAh g~!, 381 mAh g! and 140 mAh g7},

Electrochemical
coverage of reduced
graphene oxide layers

Fig. 4. (a) Electrochemical reduction of graphene oxide on S/CF-75 at a constant current of 2 mA cm 2 using two-electrode cell. (b) Schematic illustration of

electrochemical coverage of rGO on S/CF-75.
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Fig. 5. (a) SEM image of rGOg(/S/CF-75. (b) Magnification image of rGOgo/S/CF-75. (c) SEM image of rGO;50/S/CF-75. (d) Magnification image of rGO;50/S/CF-75.

(e) SEM image of rGO300/S/CF-75. (f) Magnification image of rGO3z¢o/S/CF-75.
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Fig. 6. (a) CV curves of S/CF-75, rGOgo/S/CF-75, rGO150/S/CF-75 and rGO300/S/CF-75. (b) GCD curves of S/CF-75, rGOg0/S/CF-75, 1GO150/S/CF-75 and rGO300/S/
CF-75 at 0.1 A g~ . (c) Rate performance of S/CF-75, rGO;50/S/CF-75 and rGOs00/S/CF-75 at different current densities. (d) The schematic diagram of thin and thick
rGO layers. (e) EIS of S/CF-75, 1GO150/S/CF-75 and rGO30/S/CF-75 before cycling. (f) Cycling stability of S/CF-75, 1GO150/S/CF-75 and rGO300/S/CF-75at 5 A g~ 1.
(g) UV-vis absorption of polysulfides in the electrolyte from S/CF-75, rGO150/S/CF-75 and rGO300/S/CF-75-based LSB after long-term cycles.

respectively. The excellent rate capacity of rGO15¢/S/CF-75 is benefiting
from the fast transportation of electrons through both rGO layers and
carbon fibers. Cycling stability of rGO/S/CF-75 achieves increased
retention of 109 % (for rGO150/S/CF-75, from initial 492.0 mAh g’1 to
final 537.3 mAh g_l) and 108 % (for rGO3¢0/S/CF-75, from initial 369.0
mAh g~ ! to final 397.2 mAh g™!) after 1000 cycles at 5 A g~! (Fig. 6f).
The increased specific capacities are also attributed to the redistribution
of sulfur, which are similar to the redeposition of sulfur in S/CF-75
during cycling. The difference is that the surface of rGO layers may
also be places for redeposition of sulfur. However, rGO;50/S/CF-75 and
rGO300/S/CF-75 maintain flat platforms of specific capacities after
reaching the maximal specific capacities compared with S/CF-75. The

flat platforms could originate from the protective function of rGO layers,
which can inhibit soluble polysulfide diffusing into bulk electrolyte as
well as possible. As a result, the soluble polysulfide is mostly confined to
a narrow space forming by the inner surface of rGO and the surface of
sulfur or carbon fibers in a complete cycling process, which ensure an
excellent cycling stability of rGO;50/S/CF-75 and rGO3(¢/S/CF-75, as
illustrated in the schematic diagram inside of Fig. 6g. Because of the
excellent conductivity of rGO, the inner surface of rGO may become
another place redepositing sulfur, which could increase the surface of
sulfur film improving the utilization of sulfur. Additionally, the outer
surface of rGO may contribute a small part of the specific capacity
through deposition of sulfur, which diffuses from inside of the electrode
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into the bulk electrolyte, on it. That may be the reasons why the specific
capacities of rGO;50/S/CF-75 and rGO3go/S/CF-75 are significantly
larger and more stable than that of S/CF-75. The platform of rGOs0/S/
CF-75 seems flatter than that of rGO;5¢/S/CF-75 indicating that the
thicker rGO layers with less gaps on rGOs30/S/CF-75 exhibit stronger
protection for soluble sulfur, but the specific capacity is limited by the
sluggish diffusion of ions because of less gaps on the thicker rGO layers.
The speculation can be proved by UV-vis absorption of electrolyte from
the batteries based on S/CF-75, rGO150/S/CF-75 and rGO3¢o/S/CF-75
after cycling as shown in Fig. 6g. UV-vis absorption of electrolyte from
S/CF-75-based battery shows strongest absorption comparing with those
from rGO;50/S/CF-75 and rGOsg/S/CF-75-based batteries. The stron-
ger absorption indicates more soluble polysulfide in the electrolyte of S/
CF-75-based battery. The color of the electrolyte from S/CF-75-based
battery became yellow after cycling also indicating the more loss of
sulfur from the electrode. The colors of the electrolytes from rGO150/S/
CF-75 and rGOs00/S/CF-75-based battery are almost transparent indi-
cating the blocking function of rGO layers (see supplementary material)
(Zhang et al., 2019; Zhong et al., 2019). Electrochemical impedance
spectroscopy (EIS) is used to analyze the resistance of S/CF-75, rGO150/
S/CF-75 and rGO30o/S/CF-75 after cycling (see supplementary mate-
rial). Two semicircles represent surface film (forming during electro-
chemical cycles) and charge transfer (Bredar et al., 2020), respectively.
Here, the semicircles (charge transfer resistance) of rGO;5¢/S/CF-75 and
rGO30/S/CF-75 with smaller diameters manifest that the rGO layers
work as conductive component in cycling process. From analysis of
electrochemical comparisons, rGOj59/S/CF-75 cathode stands out
because of suitable load of sulfur, appropriate thickness of rGO layers
and connected coverage of rGO layers.

4. Conclusions

The rGO;50/S/CF-75-based LSB exhibit a high specific capacity and
cycling stability. The excellent performance of rGO;50/S/CF-75 cathode
is attributed to three effects of the rGO layers. As conductive component,
the rGO becomes another transporting path for electrons improving the
conductivity of the electrode. As protective layers, the rGO inhibits the
soluble sulfur diffusing into bulk electrolyte enhancing cycling stability
of the LSB. And as redepositing place, the rGO increases the area of
sulfur in thin film raising the utilization of sulfur. This work provides a
facile and efficient way to synthesize the S/carbon-based cathode for
LSB.
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