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with hierarchical micro–
mesoporous structure obtained from rice husk and
its application for lithium–sulfur batteries

Duc-Luong Vu, Jae-Sung Seo, Ha-Yan Lee and Jae-Won Lee*

Rice husk is one of the most earth abundant, low-cost, and eco-friendly agricultural residues. In this study,

we successfully synthesized micro/mesoporous activated carbon from rice husk (AC-RH) through

carbonizing the rice husk and activating it with ZnCl2. Elemental sulfur was loaded to the micro/

mesopores through a solution infiltration method to form an AC-RH/S composite. The obtained AC-RH/

S composites with different sulfur-loading levels were tested as cathode materials for lithium sulfur (Li–S)

batteries. The AC-RH/S composite with sulfur loading (AC-RH/S1) of 23 wt% showed an initial discharge

capacity of 1352 mA h g�1 at 0.1 C-rate. After 100 cycles of charge/discharge at a current density of 335

mA g�1, the AC-RH/S1 composite retained a high specific capacity of 518 mA h g�1 with a capacity

retention of 49%. The material delivered a capacity of 426 mA h g�1 at 2C rate. These results suggest

that rice husk can be a sustainable resource for the large-scale production of activated carbon, which is

a promising material for the cathodes of Li–S batteries.
1. Introduction

Lithium–sulfur batteries are attracting considerable attention
as a promising energy storage device for electric power owing to
their remarkably high theoretical energy density of 2600 W h
kg�1 and specic capacity of 1672 mA h g�1 (based on overall
reaction: S8 + 16Li 4 8Li2S) which is 3–4 times higher than the
present lithium-ion battery system.1–5 Meanwhile, as a cathode,
sulfur has advantages of having a low cost, widespread avail-
ability, natural abundance, and environmental friendli-
ness.1,3,4,6 However, common use of sulfur cathodes is still
impeded by many issues that need to be further resolved.
Utilization of sulfur cathodes is limited due to their low
coulombic efficiency and fast capacity fading. More critically,
poor reversibility of sulfur due to the dissolution of lithium
polysuldes (Li2Sx, 2 < x # 8) and large volumetric expansion
during the lithiation process results in limited cycle life of Li–S
batteries.7–9

Many researchers have attempted to solve these problems by
wrapping sulfur with graphene,10 forming a composite of sulfur
and carbon,11–13 doping with metal oxide nanoparticles,14–16 and
coating with conductive polymer17,18 to improve the electronic
conductivity of the cathode and prevent dissolution of lithium
polydisuldes. Especially, a porous carbon matrix has a large
surface area to trap the lithium polysuldes.19,20 Notably, acti-
vated carbons from biomass materials have shown their
potential in electrochemical energy systems due to their
nam-gu, Cheonan 330-714, Republic of
abundance, low cost, easy regeneration, and environmental
friendliness.21,22

Highly porous activated carbons have been used in various
elds owing to their unique characteristics; activated carbons
with high micropore volume have been considered as the most
suitablematerials for gas storage or adsorption of volatile organic
chemicals.23 A hierarchical structure consisting of multiple levels
of pore sizes is benecial for electrochemical capacitive ability
because micropores (0.7 to 2 nm) enhance the capacitance by
increasing the electrode/electrolyte interfacial area.24

Rice husk is an agricultural waste with a high yield of over
130 million metric tons globally per annum and is a promising
carbon precursor for producing low cost activated carbon.25,26

The major components of rice husk are cellulose (38%), hemi-
celluloses (18%), and lignin (22%) which yield carbon when
pyrolyzed under an inert atmosphere.27 Preliminary studies
have shown that rice husk is also suitable for the production of
activated carbon.28–30 George et al. studied the carbon from rice
husk as an anode material for lithium-ion batteries and it
exhibited promising electrochemical performances.31 Wang
et al. obtained carbon ber from rice husk using hydrothermal
carbonization and applied the carbon ber as an anode in
a lithium-ion battery. It delivered superior rate capability
retaining 137 mA h g�1 at a C-rate of 10.32 Teo et al. applied the
activated carbon derived from rice husk with high surface area
as a supercapacitor electrode and achieved good electro-
chemical performances.33 In addition, activated carbons from
rice husk have been utilized as effective adsorbents for the
removal of acid dyes from aqueous solution34 and adsorbents of
Cr(VI) from synthetic solutions.35
This journal is © The Royal Society of Chemistry 2017
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Table 1 Elemental analysis result for ACRH

C (%) H (%) N (%) O (%) S (%)

80.0 0.8 0.9 1.5 0.1
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To the best of our knowledge, little attention has been paid
to the feasibility of using activated carbon from rice husk as
a cathode material for Li–S batteries. Most recently, the acti-
vated carbon derived from rice husk has been used for Li–S
batteries.36 However, there are two distinct differences between
our study and the previous literature. The activated carbon was
prepared by a physical activation process in the previous study
which is composed of autoclave treatment of rice husk,
carbonization in Ar atmosphere and SiO2 etching while we ob-
tained the activated carbon by a chemical activation process. In
this paper, we report an easy and scalable approach for
synthesizing hierarchical porous activated carbon from rice
husk for Li–S batteries. The micro/mesoporous activated carbon
was obtained by carbonization of rice husk and chemical acti-
vation. We used zinc chloride (ZnCl2) as an activation agent
because it has high activating ability and also restricts the
formation of tar.29 The composite of activated carbon from rice
husk/sulfur (AC-RH/S) was obtained by impregnating melted
sulfur into the pore of AC-RH.

2. Experiment
Preparation of AC-RH

The rice husk used in this study was sourced from a local rice
mill in Thai Binh province, Viet Nam. First, rice husk was
cleaned several times using hot deionized (DI) water to remove
impurities and was then dried at 120 �C in a convection oven for
24 h. The dried rice husk was pre-carbonized in a tube furnace
at 350 �C for 2 h at a heating rate of 5 �C min�1 and the sample
was then ground with ZnCl2 (w/w ¼ 1 : 1.5) in a mortar. The
mixture was calcined at 600 �C for 3 h at a heating rate of 3 �C
min�1 under N2 atmosphere in a tubular furnace. The obtained
sample was washed with DI water, 1.0 M HNO3 aqueous solu-
tion, and 1.0 M HF aqueous solution to remove inorganic
impurities and SiO2 content in the rice husk. Finally, the sample
was washed with DI water and dried at 100 �C for 24 h in
a vacuum oven.

Preparation of AC-RH/S

The AC-RH/S composites were prepared by following a conven-
tional melting diffusion strategy. The AC-RH and sulfur with
different ratios were ground together in a mortar, transferred to
a tubular furnace and heated at 155 �C for 15 h with a heating
rate of 3 �Cmin�1 under a N2 atmosphere. Aer cooling to room
temperature, the AC-RH/S composites were obtained. The ob-
tained AC-RH/S composites with a mass ratio of AC-RH : S ¼
1 : 0.5, 1 : 0.7, and 1 : 1 were denoted as AC-RH/S1, AC-RH/S2,
and AC-RH/S3, respectively.

Materials characterization

Thermogravimetric analysis (TGA) was carried out under N2

ow with a temperature ramp of 10 �C min�1 from 30 to 700 �C
using a thermogravimetric analyzer (Netzsch, TG-209C).
Nitrogen adsorption–desorption isotherms were measured at
77 K on a nitrogen sorption apparatus (Micromeritics,
ASAP2020) and the surface areas were calculated using the
This journal is © The Royal Society of Chemistry 2017
Brunauer–Emmett–Teller (BET) method. X-ray diffraction (XRD)
was conducted using the Rigaku D Max/2000 PC with Cu Ka
radiation (l ¼ 0.15418 nm) in the 2q angular range of 10 to 60�

at a scanning rate of 4� min�1. The morphology of the particles
was characterized by scanning electron microscopy (SEM,
Hitachi, S4700 and SEM, JEOL JSM model 820) equipped with
energy dispersive spectroscopy (EDS, OXFORD 7593 H). Raman
spectra were measured using a 632.8 nm laser with a JY HR800
(Horiba) under ambient conditions with a laser spot size of
approximately 1 mm.
Electrochemical characterization

A cathode slurry was prepared by mixing the active material AC-
RH/S (60 wt%), super P carbon black (conducting agent-Timcal)
(20 wt%), and a polyvinylidene uoride (PVDF, KF 1300, KUR-
EHA) binder (20 wt%) with dispersion and dissolution of the
mixture in N-methyl-2-pyrrolidene (NMP). To prepare the elec-
trodes, the cathode slurry was coated on aluminum foil, le to
dry at 45 �C for 24 h under nitrogen atmosphere and then roll-
pressed prior to use. The loading level of sulfur was in the range
of 0.31 and 0.79 mg cm�2 depending on the ratio of sulfur to
activated carbon. For electrochemical measurements, the coin-
type battery test cells (CR2032) were fabricated with the cathode
prepared as above, lithium metal as an anode, and the micro-
porous polyethylene membrane (Celgard 2400) as a separator.
We used 20 ml mg�1 of S of a 1.0 M solution of lithium bis(tri-
uoromethanesulfone)imide (LiTFSI) in a mixture of 1,3-diox-
olane (DOL) and dimethoxymethane (DME) with a volume ratio
of 1 : 1 including 0.1 M LiNiO3 as an electrolyte. All of the cells
were prepared in an argon-lled glove box in which oxygen and
moisture contents were maintained below 1.0 ppm.

Galvanostatic charge and discharge tests of the cells were
performed on a cycler (PNE solution, KOREA) at different
current densities in the potential range of 1.5–3.0 V vs. Li+/Li.
The cyclic voltammetry (CV) measurements were conducted on
the same instrument in the potential range of 1.5–3.0 V vs. Li+/Li
at a scanning rate of 0.1 mV s�1 using an electrochemical
analyzer (France, Bio-logic, VSP). The electrochemical imped-
ance spectra were recorded by applying an AC voltage of 5 mV
amplitude in the frequency range of 1 mHz to 500 mHz. All the
electrochemical tests were performed at room temperature.
3. Result and discussion

We measured the element composition of the porous carbon
with an organic elemental analyzer (Thermo Scientic FLASH
EA-2000) and the result is given in Table 1. The carbon content
in the activated carbon is generally dependent on the precursor
type and the carbon content in the precursor. The carbon
RSC Adv., 2017, 7, 4144–4151 | 4145
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Fig. 2 Pore structure of the activated carbon from rice husk and the
composite. (a) N2 adsorption/desorption isotherms and (b) pore size
distribution of AC-RH and AC-RH/S1 samples.
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content in the activated carbon from rice husk is close to the
typical value of common activated carbon and similar to that
from corncob or capsica (80–82%). However, the oxygen content
is very low compared to the other kinds of the activated carbon
(C/O ¼ 53.3). The high value of C/O may have a favorable effect
on the performance of Li–S battery.

The morphologies of AC-RH and AC-RH/S1 were character-
ized by SEM and the results are shown in Fig. 1. As can be seen
in Fig. 1(a), AC-RH has hollow tunnels over the entire surface;
these tunnels are generated from the evolution of the decom-
posed gaseous products of volatiles upon activation. The pores
have different sizes and shapes.

Many small particles less than 1 mm are non-uniformly
agglomerated. The external surfaces of the activated carbons
are covered in cavities which are quite irregular as a result of
activation. Large quantities of akes and slit-shaped micro/
mesopores are also observed at the surface. It seems that the
cavities resulted from the evaporation of ZnCl2, of which the
boiling point is approximately 732 �C during carbonization.37

From the energy dispersive spectroscopy (EDS) results of the
samples, silicon was not detected and we assumed that SiO2 was
completely removed during the HF-etching process.

The N2 adsorption–desorption isotherms and pore size
distribution of the samples are given in Fig. 2. The N2 adsorp-
tion–desorption curve provides quantitative information on the
adsorption mechanism and porous structure of the carbona-
ceous materials.38 The isotherms typically show three steps with
the increase in relative pressure. The rst step is a steeply
increasing region at low relative pressure of less than 0.05,
which implies the adsorption or condensation in small micro/
mesopores. The adsorption amount then slowly increases with
relative pressure without any notable hysteresis, which
demonstrates the progressive lling of large micro/mesopores.
Finally, the adsorption amount increases abruptly close to the
saturation pressure of nitrogen because of the active capillary
condensation. The pore size distributions of the samples
calculated using the density functional theory (DFT) model are
presented in Fig. 2(b). The calculation was conducted assuming
a slit-shaped geometry. AC-RH exhibited hierarchical pores that
are composed of micropores (<5 nm), mesopores (5–50 nm),
and macropores (>50 nm). We can see that most of the meso-
pores are lled with sulfur and the macropores reduce to
Fig. 1 SEM images of AC-RH and AC-RH/S1 samples, EDS mapping
elements of samples.

4146 | RSC Adv., 2017, 7, 4144–4151
mesopores upon impregnation of sulfur into the pores of AC-
RH/S1 as shown in Fig. 2(b). The BET specic surface area of AC-
RH is calculated to be 1199 m2 g�1 and the pore volume is 0.752
cm3 g�1, with an average pore width of 2.24 nm. The large
specic surface area and pore volume offer advantages because
they allow the electrolyte and Li-ions to easily access the surface
of the electrode.39

We carried out TEM analysis for the activated carbon. In
Fig. 3, disordered hierarchical porous structure which contains
mesopores and micropores could be observed. The large
quantities of white spots between the disordered carbon layers
suggests that abundant micropores and mesopores exist in the
activated carbon from rice husk and these pores are expected
give enough space where enough sulfur can be impregnated
and dissolved polysuldes can be captured.

The thermal behaviors of pure sulfur and the AC-RH/S
composites were examined to determine the amount of sulfur
in the composite. TGA analysis was conducted for the samples
from ambient temperature to 700 �C with a heating rate of 10 �C
min�1 under nitrogen atmosphere. As shown in Fig. 4,
a signicant loss in weight between 180 �C and 300 �C was
observed for elemental sulfur, which corresponds to the evap-
oration of sulfur. The AC-RH/S composites exhibited a weight
Fig. 3 TEM image of AC-RH (a) and high-resolution TEM image of AC-
RH (b).

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Thermogravimetric analysis (TGA) of pure sulfur, AC-RH, and
AC-RH/S composites.
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loss from 205 �C to 300 �C, which corresponds to the removal of
the sulfur remaining outside of the pores. The sulfur existing in
the pores appears to evaporate gradually, even aer 300 �Cwhile
no weight loss is observed with pure sulfur aer 300 �C. The
amounts of sulfur loaded in AC-RH/S1, AC-RH/S2, and AC-RH/S3
were estimated to be 23, 42, and 60 wt%, respectively. We
observed that the sulfur in the composite evaporates at
a slightly elevated temperature compared to the pure elemental
sulfur. This is likely due to the strong interaction between
carbon and sulfur, and good encapsulating capability of AC-
RH.40

The powder X-ray diffraction (PXRD) patterns of the pure
sulfur, AC-RH, and AC-RH/S samples are shown in Fig. 5. The
diffraction peaks of graphitic carbon were barely recognizable
in the pattern of the AC-RH sample, which indicates that the
activated carbon from rice husk is amorphous. The character-
istic peaks of element sulfur were not detected for AC-RH/S1.
This indicates that sulfur was successfully impregnated into the
pores of AC-RH. The absence of characteristic peaks for crys-
talline sulfur in the XRD pattern indicates a very low degree of
crystallization in the AC-RH/S composite. This suggests that the
impregnated sulfur is amorphous or that the sulfur particles
Fig. 5 XRD patterns of pure sulfur, AC-RH, and AC-RH/S composites.

This journal is © The Royal Society of Chemistry 2017
trapped in the activated carbon are difficult to crystallize.12

Meanwhile, the diffraction peaks of sulfur were observed for the
AC-RH/S2 and AC-RH/S3, indicating that these samples include
the stable crystalline phase of sulfur with an orthorhombic
structure outside of the pores.41

The Raman spectra of AC-RH exhibit characteristic G- and D-
bands as shown in Fig. 6. The G-band of AC-RH (ca. 1580 cm�1)
reveals the presence of C]C stretching vibrations (sp2 hybrid-
ization), while the D-band (ca. 1350 cm�1) is attributed to the
breathing mode of six-member rings. The Raman intensity and
wavenumber of both the D- and G-bands are unchanged in the
spectra of the AC-RH/S composites, indicating that the carbon
matrix and the impregnated sulfur do not interact in the
composite materials.42 The intensity ratio (ID/IG) is essentially
a measure for the zone edges of the clusters, which depend on
cluster sizes and distributions.

In this study, the intensity ratios (ID/IG) for AC-RH and AC-
RH/S are in the range of 1.00 � 0.05. This result indicates
a high number of structural defects in AC-RH, which could be
related to the activation process with ZnCl2.43

The rst charge and discharge curves of the AC-RH/S
composite electrodes with different amounts of sulfur loading
are given in Fig. 7. All of the discharge curves of the AC-RH/S
composite electrodes have two voltage plateau regions which
correspond to the multistep reduction of sulfur during the
discharge process. The upper plateau at approximately 2.3 V
represents the transformation of sulfur to higher-order lithium
polysuldes (Li2Sn, 4 # n # 8). Meanwhile, the lower plateau at
approximately 2.1 V corresponds to the transformation of the
higher-order lithium polysuldes to the lower-order lithium
polysuldes (Li2Sn, n < 4), which can precipitate the solid
products of Li2S2 and Li2S owing to their low solubility in the
electrolyte.9,41

Upper plateau reaction:

nS + 2Li+ + 2e� / Li2S(n�1) + S (4 # n # 8) (1)

Lower plateau reaction:

Li2Sn + 2(n � 1)Li+ + 2(n � 1)e� / nLi2S (n < 4) (2)
Fig. 6 Raman spectra of AC-RH and AC-RH/S1.

RSC Adv., 2017, 7, 4144–4151 | 4147
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Fig. 7 Initial charge/discharge profiles of AC-RH/S at a current density
of 167.5 mA g�1 in the voltage range of from 1.5 to 3.0 V.
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The rst discharge capacities of AC-RH/Si (i ¼ 1, 2, and 3) are
1376, 1321, and 1205 mA h g�1, respectively. The discharge
capacity of the AC-RH/S1 sample shows 1196 mA h g�1 in the
second cycle with a much higher capacity retention rate than
AC-RH/S2 (1102 mA h g�1) and AC-RH/S3 (977 mA h g�1). This
indicates that the sulfur content of 23 wt% gives the highest
sulfur utilization.

The cycling performances of the cells of the AC-RH/S
composites were further investigated and the results are
shown in Fig. 8. The cycling performance wasmeasured at a rate
of 0.2C in the potential range of from 1.5 to 3.0 V. As clearly
shown in the Fig. 8, the discharge capacity drastically decays at
initial stage upon cycling for all of the samples. The main
reason for the decay is the capacity loss derived from dissolu-
tion of polydisuldes into the electrolyte and decomposition of
LiNO3 in the electrolyte under 1.6 V especially in the early stage.

The decay appears to be more severe with increasing sulfur
content because the amount of sulfur existing on the surface of
the activated carbon (not in the pore) which is vulnerable to
dissolution increases with increasing total sulfur content. The
AC-RH/S1 sample exhibits better cycling performance (518
mA h g�1 aer 100 cycles: capacity retention, 49%) than AC-RH/
Fig. 8 Cycling performances of AC-RH/S samples at 335mA g�1 in the
voltage range of from 1.5 to 3.0 V.

4148 | RSC Adv., 2017, 7, 4144–4151
S2 (355 mA h g�1 aer 100 cycles: capacity retention, 38%) and
AC-RH/S3 (321 mA h g�1 aer 100 cycles: capacity retention
38%). The rapid capacity decay in the rst few cycles might be
caused by the volumetric expansion and re-distribution of the
active sulfur during the initial lithiation process.7

An increase of the carbon content in the AC-RH/S composite
electrodes leads to higher specic discharge capacities because
of the facilitated electrochemical reactions of sulfur with
lithium due to the high electronic conductivities of the
electrodes.44

Fig. 9(a) presents the rate capability of the AC-RH/S
composites at various current densities from 0.168 to 3.35
A g�1 in the potential range of from 1.5 V to 3.0 V (vs. Li+/Li) at
ambient temperature.

Aer 10 cycles at a current density of 0.168 A g�1, the AC-RH/
Si (i ¼ 1, 2, and 3) cathode showed a reversible capacity of 931,
799, and 700 mA h g�1, respectively. The discharge capacity
decreased gradually, exhibiting higher overpotential with
increasing current density.

At high current density of 3.35 A g�1 (2 C-rate) aer 50 cycles,
AC-RH/Si (i ¼ 1, 2, and 3) cathode maintained the reversible
capacity of 426, 377, and 326 mA h g�1, respectively. AC-RH/S1
showed a superior rate capability compared to that of the other
Fig. 9 (a) Rate capability performance of AC-RH/S samples, (b)
charge/discharge capacity of AC-RH/S1 sample at different C-rates in
a voltage range of from 1.5 to 3.0 V.

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Nyquist plots of AC-RH/S1 electrode in the frequency range of
from 500 mHz to 1 kHz.
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samples. Returning current density to 0.1C aer cycling, the
specic capacity of AC-RH/Si (i ¼ 1, 2, and 3) recovered to 763,
547, and 485 mA h g�1, respectively. This indicates good cycling
stability of AC-RH/S at various current densities. Specically,
the coulombic efficiency values approached 100% aer 2–3
initial cycles (Fig. 8(b)), indicating a negligible loss of active
material due to the dissolution and shuttling of lithium poly-
suldes during cycling.

In addition, other biomass-derived carbons that have been
considered as a cathode material for Li–S batteries are
summarized in Table 2. Rice husk-derived activated carbon has
advantages over other biomass-derived carbons. (1) The hier-
archical porous structure of the activated carbon plays the role
of an excellent electrode material; micropores are able to store
short-chain sulfur molecules generated from the breakup of the
S8 crown-like structure, and the mesoporous structure facili-
tates Li+ mobility and thus enhances the rate capability of the
composite. (2) The high surface area larger than 1000 m2 g�1

provides enough contact area between the sulfur and carbon
matrix. Especially, the chemically-activated carbon from rice
husk has larger specic surface area than that from physical
activation process. The higher specic capacity of the chemi-
cally activated carbon is believed to be due to the larger specic
surface area than the physically-activated carbon. (3) Chemical
activation at moderate temperature generally avoids the serious
deterioration in the electronic conductivity of AC-RH, and gives
smaller and more uniform pore size distribution than physical
activation at high temperature. (4) The earth-abundant rice
husk could be a sustainable resource for large-scale production
of activated carbon.

In order to investigate the reactionmechanism of the AC-RH/
S composite in Li–S cell, electrochemical impedance spectra
(EIS) were measured for the AC-RH/S1 electrode at different
states of charge and the results are given in Fig. 10. The ohmic
resistance (Ro) from the high frequency intercept on the real axis
is composed of the resistance of the electrolyte, the intrinsic
resistance of the active materials, and the contact resistance
Table 2 Summary of biomass-derived carbon for Li–S batteries

Biomass-derived carbon

Properties

SSA/
m2 g�1

Sulfur
loading/
mg cm�2

Initial
capaci

Silk cocoon 3243 0.2 1443
Corn cob 1198 — 1600
Peapod like 977 — 1106
Porous carbon from pig bone 2157 — 1265
Porous carbon from rice husks 655 1.0–2.1 1032
Luffa sponge (interlayer), luffa sponge
(electrode)

3211 1.5 1544.2
475 (0.

Sisal-derived activated carbons 818 — 950
Graphene/SWCNT hybrids 513 — 1121 (0
Commercial activated carbon (YP17D) 1488 — 1400
Commercial activated carbon (BP20) 1696 — 1364 (0

Graphene nanosheets 2313 — 1379 (0

This journal is © The Royal Society of Chemistry 2017
between the electrode and current collector.45 As the upper
plateau reaction (reduction of sulfur) proceeds, sulfur trans-
forms to soluble high-order lithium polysulde, and thus the
concentration of the dissolved lithium polysulde in the elec-
trolyte increases. The increased concentration of the dissolved
lithium polysulde in the electrolyte strongly affects the
viscosity of the electrolyte, resulting in a decrease of the elec-
trolyte conductivity.47–49

As shown in the gure, the EIS of the AC-RH/S1 sample is
composed of a depressed semicircle in the high frequency
region and a short inclined line (Warburg impedance) in the
low frequency region before charge/discharge. The semicircle
corresponds to the charge transfer resistance (Rct) of the elec-
trode originating from the interactions at the interface between
the electrode and electrolyte. The formation of a resistive lm
on the electrode surface in a non-aqueous organic solution has
been reported to be a common phenomenon.46 The Warburg
impedance (Wo) is associated with the lithium ion diffusion
within the cathode. Aer 100 cycles, the EIS exhibits two
discharge
ty/mA h g�1

Sulfur
utilization/
wt%

Sulfur
content/
wt%

Specic
discharge capacity/
mA h g�1 – C rate Ref.

48 66.5 886 – 0.5C (80 cycles) 24
44 69 554 – 0.1C (50 cycles) 40
66 84 350 – 0.2C (50 cycles) 53
76 — 643 – 0.2C (50 cycles) 54
— 56 586 – 1C (200 cycles) 36

(0.2C),
2C)

— 70 738.1 – 1C (250 cycles),
380 – 1C (200 cycles)

55

— 60 56
.5C) — 77 877 – 1C (150 cycles) 57

76 — 450 – 0.2C (100 cycles) 58
.25C) — 62.15 493 – 2C (50 cycles),

714 – 1C (50 cycles)
59

.2C) — 67 685 – 1C (100 cycles) 60
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Fig. 11 Cyclic voltammetry curves of AC-RH/S1 electrode during the
initial 4 cycles at a scan rate of 0.1 mV s�1 in the voltage range of from
1.5 to 3.0 V.
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depressed semicircles followed by a straight line at fully charged
state.

The semicircle in the high frequency region is attributed to
the resistance of the solid electrolyte interface (SEI) lm and the
semicircle in the middle frequency range corresponds to the
charge transfer resistance (Rct). We can see the charge transfer
resistance of the AC-RH/S electrode is low in the spectra, which
represents the fast transfer of electrons at the interface between
the electrode and electrolyte.

A cyclic voltammogram (CV) of the AC-RH/S1 composite is
presented in Fig. 11. The two cathodic peaks indicate that the
electrochemical reduction of elemental sulfur (S8) occurs in two
stages. The rst peak at 2.4 V (vs. Li+/Li) in the CV curves
corresponds to the reduction of elemental sulfur to lithium
polysulde anions (Li2Sn, n ¼ 4–8). The second peak at 2.0 V is
attributed to the strong reduction of polysulde ions to insol-
uble Li2S2 and Li2S.48 The oxidation process in the Li–S cell
occurs in one stage. The narrow anodic peak around 2.35 V is
mainly attributed to the oxidation of Li2Sn (n > 2) into poly-
suldes.50–52 Specically, only slight changes for the CV peak
positions or peak current from the 2nd cycle were observed,
which demonstrates the electrochemical reversibility and
excellent stability of the AC-RH/S composite cathode. From
these results, we conclude that the hierarchically porous acti-
vated carbon structure is quite effective in preventing the loss of
lithium-polysulde in the electrolyte and in maintaining high
utilization of sulfur in the redox reactions.50

4. Conclusions

We proposed a simple method to synthesize a composite of
sulfur and carbon with a hierarchical micro/mesoporous
structure from rice husk. The hierarchical porous carbon (AC-
RH) was prepared via a simple carbonization process in
combination with a chemical activation technique using ZnCl2.
The AC-RH almost showed an amorphous phase and exhibited
a high surface area (SBET) of 1199 m2 g�1. The AC-RH/S
composites were prepared by impregnating melted sulfur into
the pores of the AC-RH. The composites were evaluated as
4150 | RSC Adv., 2017, 7, 4144–4151
cathode materials for a lithium–sulfur battery and showed
superior electrochemical performances including high
discharge capacity, good rate capability, and good cycling
stability. We believe that the good performances are attributed
to the hierarchical porous structure of the composites which
enables sulfur to be effectively stored in the micropores and
facilitates Li+ mobility through the mesopores while providing
a reasonable surface area for electrochemical reaction. We
expect that rice husk can be a good candidate for the carbon
source as a cathode material for Li–S batteries considering its
good cell performance and abundance.
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