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Abstract: Lithium-sulfur batteries have drawn considerable attention because of their extremely
high energy density. Activated carbon (AC) is an ideal matrix for sulfur because of its high specific
surface area, large pore volume, small-size nanopores, and simple preparation. In this work, through
KOH activation, AC materials with different porous structure parameters were prepared using waste
rapeseed shells as precursors. Effects of KOH amount, activated temperature, and activated time on
pore structure parameters of ACs were studied. AC sample with optimal pore structure parameters
was investigated as sulfur host materials. Applied in lithium-sulfur batteries, the AC/S composite
(60 wt % sulfur) exhibited a high specific capacity of 1065 mAh g~! at 200 mA g~! and a good capacity
retention of 49% after 1000 cycles at 1600 mA g~!. The key factor for good cycling stability involves
the restraining effect of small-sized nanopores of the AC framework on the diffusion of polysulfides
to bulk electrolyte and the loss of the active material sulfur. Results demonstrated that AC materials
derived from rapeseed shells are promising materials for sulfur loading.
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1. Introduction

Given the rapid development of portable electronics, electric vehicles, and smart grids, advanced
electrochemical energy storage systems have been investigated extensively [1-11]. Lithium-sulfur
(Li-S) batteries are expected to perform a significant role in the field of energy storage owing to
its ultrahigh theoretical energy density of 2500 Wh kg~!, environmental friendliness, and low
cost [12-19]. However, in practical applications, Li-S batteries are usually hindered by problems
originating from the sulfur cathode, metallic lithium anode, and electrolyte [20-23]. For the sulfur
cathode, key problems mainly comprise three aspects: the low conductivity of sulfur and its discharge
products, the diffusion of polysulfide ions, and the expansion of active material during electrochemical
reaction [12-23]. To solve the abovementioned problems, one of the most effective methods is
loading sulfur into electronically conductive frameworks with good structural stability [24-32].
Various nanoporous carbon materials, such as mesoporous carbon [33], porous graphene [34,35],
porous carbon nanofibers [36,37], hollow carbon spheres [38], and activated carbon (AC) [39], have been
widely studied as loading frameworks for sulfur. During electrochemical reaction, the carbon
framework can not only provide a stable and conductive network for both sulfur and discharge
products, but can also efficiently restrain the diffusion of polysulfides. Among porous carbon materials,
AC, which features a large specific surface area, high pore volume, and small-size nanopores, is a highly
promising framework for sulfur [39]. The large specific surface area and high pore volume can yield
high mass loading and enhance the utilization of sulfur in electrochemical reactions, and nanopore
structures with a small pore size can suppress the diffusion of polysulfide more efficiently [39].
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The utilization and development of biomass resources are some of the most important research
topics at present [40,41]. Biomass materials are rich in resources, widely available, renewable,
and environmentally friendly. In recent years, considerable attention has been focused on AC
prepared from biomass materials as a loading support for sulfur applied to the cathode of Li-S
batteries [40—42]. Zhao et al. reported an AC material made from fish scale for sulfur loading [43].
The resulting nanocomposite cathode showed a discharge capacity of 1039 mA h g~! at the first
cycle and a reversible discharge capacity of 1023 mA h g~! over 70 cycles at 1 C. Yin et al. reported
an AC material by the utilization of coconut shell as a raw material [44]. The obtained AC/sulfur
composite material possessed an initial capacity of 878 mAh g~! and a reversible capacity of
774 mAh g~ ! over 50 cycles at 0.1 C. In our previous works, AC materials were prepared from
waste litchi shells and mango stones [45,46]. As-prepared AC/sulfur composite cathodes exhibited
good electrochemical performance.

In this work, a series of AC materials was prepared using waste rapeseed shells as raw materials.
Influences of KOH amount, activated temperature, and activated time on pore structure parameters of
AC materials were studied. The AC sample with the maximum specific surface area (2090 m? g~!) and
pore volume (1.28 cm® g~ 1) was applied as a loading framework for sulfur. When used as a cathode of
a Li-S battery, the AC/sulfur composite exhibited high specific capacity and good capacity retention.

2. Materials and Methods

2.1. Preparation of Rapeseed Shell-Derived AC

Waste rapeseed shells were collected, cleaned, and dried. Two grams of dried rapeseed shell was
impregnated in 5 wt % KOH solution for 12 h. After filtration, the obtained sample was dried at 90 °C.
Then, the rapeseed shell adsorbed with KOH was activated at 800 °C of 1 h in Ar. After activation,
the obtained sample was treated with 1 M HCl aqueous solution until pH reached 7 and was cleaned
with deionized water. The last product was obtained after drying at 80 °C. Concentration of KOH
solution (2.5, 5, and 10 wt %), activation temperature (700 °C; 800 °C), and activation time (1 and 3 h)

were adjusted. Samples were named as AC-a-b-c, where “a” represents the concentration of KOH
solution, “b” represents the activation temperature, and “c” represents the activation time.

2.2. Preparation of AC/S Composite

For the preparation of AC/S composite, sublimed sulfur (Aladdin, with a purity of >99.95%) and
AC powders with a weight ratio of 60:40 were fully mixed and ground in a mortar. Then, the obtained
mixture was sealed in an autoclave with a Teflon vessel. After 12 h of heat treatment at 155 °C,
the AC/S composite was obtained.

2.3. Material Characterization

Scanning electron microscopy (SEM) was performed on a JEOL JSM-6701F instrument.
Transmission electron microscopy (TEM) was performed on a JEOL JEM-2100 instrument.
Micromeritics ASAP 2020 instrument was utilized to conduct nitrogen adsorption-desorption
analysis. Bruker D8 powder X-ray diffractometer was utilized to collect X-ray diffraction (XRD)
data. Thermogravimetric analysis (TGA) was performed with a PerkinElmer Pyris 1 thermal analysis
instrument under N, flow.

2.4. Electrochemical Characterization

To form the slurry, 80 wt % AC/S composite, 10 wt % Super P, and 10 wt % polyvinylidene
difluoride were mixed in N-methylpyrrolidone solvent. For the working electrode, the slurry was
coated on Al foil and dried at 50 °C for 2 h. The loading mass of composite materials for each electrode
was between 1.0 mg cm~2 to 1.2 mg cm 2. Coin cells (CR2032) were assembled in an Ar-filled glove
box with lithium as the counter electrode and Celgard 2250 film as the separator. The electrolyte
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comprised 1 M bis(trifluoromethane)sulfonimide lithium in dimethoxyethane and dioxolane (volume
ratio 1:1). A charge/discharge test was performed on a LAND CT-2001A apparatus. The pecific capacity
was calculated based on sulfur mass. Cyclic voltammetry (CV) measurements were performed on
a Chenhua CHI 760D electrochemical workstation.

3. Results and Discussion

SEM characterization was used to investigate sample morphology. During the comparison of four
samples, macropores could not be observed in AC-0-800-1 (Figure 1a). However, three-dimensional
interconnecting macropores were observed in AC-2.5-800-1, AC-5-800-1, and AC-10-800-1 samples
(Figure 1b—d). Thus, macropores were formed from activation reaction of KOH. As the concentration
of KOH increased, the macropore walls of AC became thinner until they collapsed. The macroporous
structure of AC is conducive to the infiltration of sulfur into nanopores of AC during the preparation
of sulfur/AC composite. TEM image of AC-5-800-1 also proved the macroporous structure of AC
(Figure le). Furthermore, high-magnification TEM image exhibited that the macropore wall contained
significant amounts of small-sized nanopores (Figure 1f). Abundant nanopores are beneficial for
a homogenous distribution of sulfur.

Figure 1. SEM images of (a) Activated carbon (AC)-0-800-1, (b) AC-2.5-800-1, (c) AC-5-800-1,
(d) AC-10-800-1; (e,f) TEM images of AC-5-800-1.

The pore structure of the AC samples was analyzed by the N, isotherm adsorption—desorption
method. As presented in Figure 2a,c, all samples showed combined isotherms between type I and type
IV behavior. According to the classification of the International Union of Pure and Applied Chemistry,
type I corresponds to adsorption on microporous solids, whereas type IV corresponds to adsorption
on mesoporous solids, indicating the presence of both of micro- and mesoporous structures in the AC
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samples. The high nitrogen uptake at low relative pressure of less than 0.1 in the adsorption branch of
AC samples corresponded to a large amount of micropores. During this process, monolayer adsorption
occurred, owing to the strong interaction between the nitrogen molecules and the pore wall. After the
relative pressure reached 0.1, the adsorbing amount continually increased with increasing relative
pressure, indicating the occurrence of multi-layer adsorption in mesopores. A slight hysteresis loop
can be observed at relative pressures from 0.4 to 0.55 for AC-5-800-1, AC-10-800-1, and AC-5-800-3;
such loop is commonly related to capillary condensation in mesopores. When the relative pressure
approached 0.9, a further increase in volume was detected, indicating the existence of macropores in the
samples. Figure 2b,d illustrate the pore size distribution curves based on the Barrett-Joyner-Halenda
(BJH) equation. AC samples exhibited a pore distribution at about 2 nm, corresponding to high
amounts of micropores and small mesopores. Table 1 summarizes the pore structure parameters of the
AC samples. The Brunauer-Emmett-Teller (BET) specific surface area and pore volume of the samples
depended mainly on the amount of KOH and the activated temperature. In all samples, AC-5-800-1
exhibited the largest BET surface area and the highest pore volume.
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Figure 2. (a,c) N, adsorption—desorption isotherms of activated carbon (AC) samples; (b,d) Barrett—
Joyner-Halenda (BJH) pore size distribution curves from adsorption branch of AC samples.

Table 1. Pore structure parameters of AC samples.

Brunauer-Emmett-Teller (BET) Pore Volume

Samples Surface Area (m? g—1) (cm® g—1) BJH Average Pore Size (nm)
AC-2.5-800-1 1211 0.66 2.8
AC-5-800-1 2090 1.28 2.7
AC-10-800-1 2082 1.24 2.6
AC-5-700-1 1157 0.63 2.7
AC-5-800-3 2035 1.22 2.7

AC-5-800-1 was further studied as a loading framework for sulfur due to its optimal pore structure
parameters. For conciseness, AC-5-800-1 and the obtained sulfur/carbon composites are referred
to as AC and AC/S composite in subsequent sections. Figure 3a presents the XRD patterns of pure
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sulfur, AC, and AC/S composite. The AC sample showed a broad diffraction peak at approximately
26°, implying the amorphous character of AC. For the pure sulfur sample, sharp diffraction peaks
indicated its crystal form. After impregnation into AC frameworks, sulfur-associated crystalline
diffraction peaks were not observed in the AC/S sample. The results demonstrated that sulfur existed
in an amorphous state inside the nanopores of AC. The sulfur content of the AC/S composite was
analyzed by TGA measurements (Figure 3b). The weight of sublimed sulfur decreased sharply in the
range of 180 °C to 360 °C. However, for AC/S composite, the loss of weight started at 180 °C and
ended at 390 °C. Sulfur in the AC matrix was more thermally stable than that in the normal state,
indicating the restraining effect of AC frameworks. TGA analysis indicated that the sulfur content in
the composite closely approximated that of our design. AC/S composite was also characterized by
N, isotherm adsorption—desorption analysis. After the encapsulation of sulfur into AC nanopores,
the nitrogen absorption volume decreased markedly (Figure 3c). For the BJH pore size distribution
curve of AC/S composite, the main peak significantly decreased (Figure 3d), demonstrating that sulfur
deeply impregnated the AC nanopores. The pore volume and BET surface area of AC/S composite
measured 0.03 cm® g~! and 10 m? g~!, respectively. Notable diminution of these two parameters also
suggests that sulfur was infused into the nanopores of the AC hosts.
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Figure 3. (a) XRD patterns of elemental sulfur, AC, and activated carbon/S (AC/S) composite;
(b) Thermogravimetric analysis (TGA) profiles of elemental sulfur and AC/S composite; (c) Nj
adsorption—desorption isotherms and (d) BJH pore size distribution curves from the adsorption branch
of AC and AC/S composite.

Figure 4a,b exhibit SEM images of AC/S composite at various magnifications. The macroporous
structure of AC was partially destroyed due to the grinding treatment during the preparation of AC/S
composite. Bulky sulfur was not observed on the surface of AC/S particles. Figure 4c—e present
SEM images of the composite and corresponding energy dispersive spectroscopy (EDS) mapping for
elemental carbon and sulfur. Sulfur was evenly dispersed in the AC/S composite.

To evaluate the electrochemical performance of AC/S composite, coin cells were assembled with
AC/S composite as the cathode. Figure 5a shows CV curves of AC/S during the initial two cycles at
0.05mV s~! from 1.7 V to 2.7 V. During the discharge process, two peaks at potentials of 2.29 and 2.03 V
corresponded to reductions of sulfur to soluble lithium polysulfides (LiS;, 4 < n < 8) and low-order
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polysulfides to solid-state Li,S, /LiS. During the subsequent charge process, the sample showed two
peaks at potentials of 2.33 and 2.36 V, corresponding to oxidations of LiyS; /LiS to LiS, (4 < n < 8)
and LiyS; (4 < n < 8) to sulfur, respectively [39]. Figure 5b shows typical voltage versus capacity
curves at 200 mA g~ ! for the first and second cycles. The discharge curves exhibit two plateaus, which
can be ascribed to the multistep reduction of sulfur to lithium sulfides. The two plateaus coincide with
the two peaks in CV curves obtained during the discharge process. The composite electrode delivered
an initial discharge capacity of 1065 mAh g~!. The cell was further tested at various charge/discharge
current densities. With increasing current densities, voltage versus capacity curves for AC/S composite
maintained the typical two-plateau characteristic (Figure 5¢). Figure 5d shows that AC/S composite
delivered specific discharge capacities of 980, 840, 750, 680, and 590 mA h g_1 at 200, 400, 800, 1600
and 3200 mA g~ !, respectively. Therefore, the AC/S composite exhibited good rate performance.

carbon| (e) sulfur

Figure 4. (a,b) SEM images of AC/S composite at various magnifications; (¢) SEM image of AC/S
composite and corresponding energy dispersive spectroscopy (EDS) mapping of elemental (d) carbon
and (e) sulfur.
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Figure 5. (a) Cyclic voltammetry (CV) curves of the AC/S composite cathode in the initial two cycles
at 0.05mV s~!; (b) galvanostatic charge/discharge curves of AC/S composite cathode at 200 mA g~1;
(c) galvanostatic charge/discharge curves of the AC/S composite cathode at various current densities;
(d) rate performance of AC/S composite.
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To demonstrate long cycle performance, the cell was tested at 800 mA g~ for 500 cycles under
the galvanostatic mode (Figure 6a). The initial specific discharge capacity reached 942 mA h g1,
and the maximum reversible discharge capacity of 819 mAh g~! was obtained in the second cycle.
The cells still possessed a reversible discharge capacity of 486 mAh g~! after 500 cycles, representing
a high capacity retention of 59%. To further suppress the polysulfide shuttle, 1 wt % LiNO3; was
added to the electrolyte (Figure 6b). After 500 cycles, the average Coulombic efficiency of the sample
reached 97%, with LiNOj3 as an electrolyte additive. At 1600 mA g~!, an initial discharge capacity
of 906 mAh g~! can be obtained. A maximum reversible discharge capacity of 792 mAh g~! was
achieved in the second cycle (Figure 6¢). The specific capacity remained at 385 mA h g~ ! after
1000 cycles (49% capacity retention). The composite cathode delivered an extremely low decay rate of
0.051% per cycle, indicating notable long-term cycle performance. This superior cycle stability was
ascribed to the restraining effect for the diffusion of polysulfides to bulk electrolyte and the loss of
active material sulfur by the AC matrix with a small-size nanopore structure. During the 1000 cycles,
charge/discharge curves maintained the two-plateau characteristic of Li-S batteries (Figures S1-S3).
In addition, the AC/S composite displayed good cycling performance in comparison with other porous
carbon/sulfur composite cathodes (Table 2).
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Figure 6. Long-term cycle performance and coulombic efficiencies of AC/S composite. (a) After 500
cycles under 800 mA g_1 ; (b) after 500 cycles under 800 mA g_1 with the addition of 1 wt % LiNOj in
electrolyte; (c) after 1000 cycles under 1600 mA g~ (the sudden increase of capacity during cycling is
due to the increase in room temperature).
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Table 2. Comparison of porous structure parameters and discharge capacities of porous carbon
materials for Li-S batteries.

) Surface Pore Initietl Capac.ity Cycle Curre.nt
Carbon Host Materials érei L Voéunle1 (Wt %) Capaclt_y1 Retentl(ir; Number Densn_ty; Refs.
(m*g™") (cm’g™") (mAhg™) (mAhg™) (mAg™)
AC from coconut shell 677 0.29 60 878 774 50 167.5 [44]
Microporous carbon from coconut shell 1600 0.66 45.8 1458 411 400 335 [47]
Meso/micro/macroporous carbon 2157 2.26 63 1265 643 50 400 [48]
Mesoporous carbon sphere 1270 41 60 1388 857 100 335 [49]
Micro/mesoporous activated graphene 2995 214 75 620 471 200 1675 [50]
Graphene-based layered porous carbon 2500 1.94 68 886 620 100 837.5 [51]
Honeycomb carbon 614 1.34 66 923 564 100 3350 [52]
AC from rapeseed shell 2090 1.28 60 942 486 500 800 vtgi

4. Conclusions

Through the KOH activation method, AC materials with various pore structure parameters
were fabricated using waste rapeseed shells as precursors. Influences of the amount of KOH,
activated temperature, and activated time on the pore structure parameters of ACs were studied.
The as-prepared AC-800-5-1 sample exhibited the highest specific surface area of 2092 m? g~! and
the largest pore volume of 1.28 cm?® g~! among all of the samples. After the infusion of sulfur into
nanopores of AC-800-5-1, the obtained AC/sulfur composite exhibited high specific capacity, good rate
performance, and long cycle performance as a cathode of Li-S batteries. Our results indicate that AC
materials derived from rapeseed shell provide a promising, conductive framework for sulfur cathodes.
Furthermore, the material offers potential applications in the fields of adsorption and catalyst supports.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2076-3417/7/10/1036/s1,
Figure S1: Galvanostatic charge/discharge profiles of AC/S composite over 500 cycles at 800 mA g~!, Figure S2:

Galvanostatic charge/discharge profiles of AC/S composite over 500 cycles at 800 mA g~! with 1 wt % LiNOj3 as
electrolyte additive, Figure S3: Galvanostatic charge/discharge profiles of AC/S composite over 1000 cycles at

1600 mA g~ 1.
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