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Biomass-derived Activated Carbon for Rechargeable
Lithium-Sulfur Batteries
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High-surface-area activated carbon (HSAAC) was synthesized by
carbonizing coconut shells and subsequently activating the material with
KOH. The as-prepared HSAAC had a mostly microporous structure (with
small mesoporous inclusions) and exhibited a high specific surface area
of 2258.7 m2gl and an average pore size of 2.246 nm. Sulfur was then
loaded into the activated carbon (AC), and this S/IHSAAC (62 wt%) was
used as a cathode for Li-S batteries. These batteries delivered an initial
discharge capacity of 1233 mAhg? at a current density of 200 mAg-t.
Due to the strong absorption force of the micropores and a high pore
volume, the cells retained 929 mAhg! with 80% capacity retention of the
initial discharge after 100 cycles. Considering its low cost and ability to
be produced at a large-scale, biomass-derived HSAAC is a promising
electrode material that may advance high-energy rechargeable lithium-
sulfur batteries toward use in practical applications.
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INTRODUCTION

To overcome the limited energy density of the present lithium-ion batteries, high
energy density rechargeable batteries have been gaining more attention in recent years
(Tarascon and Amand 2001; Goodenough and Kim 2010; Chen et al. 2011; Scrosati et al.
2011; Kicinski et al. 2014). Among them, the Li-S battery is an appealing candidate due
to its high theoretical specific capacity of 1675 mAhg™ and energy density of 2600
Whkg?t, which is five times higher than that of a presently commercialized LiCoO;
cathode. In addition, elemental sulfur has the advantages of low cost, non-toxicity, and
natural abundance (Thackeray et al. 2012; Chung and Manthiram 2014). However,
lithium-sulfur batteries suffer from capacity fading during charge/discharge cycling,
which impedes their commercialization (Shim et al. 2002; Yang et al. 2013; Song et al.
2013). This capacity fade is due to three main factors: 1) sulfur and the discharge product
Li>S are both insulators; 2) the reduced product (Li.S) deposits on the reaction interface,
which blocks the inrush of electrolyte and reduces S utilization; 3) polysulfides (Li2Sx,
4<X<8) dissolve in the electrolyte causing a subsequent shuttle phenomenon (Peled et al.
1998; Kolosnitsyn and Karaseva 2008; Kang and Ceder 2009; Wang et al. 2010; Elazari
etal. 2011; Lee et al. 2012; Diao et al. 2013).

To solve these problems, more attention has been given to the tunable design of
the host structure and the preparation of the electrode materials (Manthiram et al. 2008;
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Liang et al. 2009; Ji et al. 2009; Jayaprakash et al. 2011; Guo et al. 2011; Cao et al. 2011;
Wang et al. 2011; Sun et al. 2012; Park et al. 2013). One of the most effective methods
has been embedding S into conductive hosts such as microporous carbon (Zheng et al.
2006; Zhang et al. 2013), mesoporous carbon (Wang et al. 2008; Li et al. 2011; Zhang et
al. 2014), carbon fibers (Zheng et al. 2011; Ji et al. 2011; Deng et al. 2013), amorphous
carbon nanotubes (Yin et al. 2011; Dorfler et al. 2012), and graphene (Yan et al. 2009;
Wang et al. 2011; Zhou et al. 2014). In these studies, the carbon-sulfur composite used in
lithium-sulfur batteries exhibited high active mass utilization and excellent cycle
stability; it also benefited from good electrical conductivity, large pore volume, and high
surface area of the carbon host (Wei et al. 2012). Unfortunately, most of these materials
require complex synthesis procedures that restrict their feasibility for large scale
applications.

To address this issue, we focused on the utilization of renewable biomass
materials, which are produced in large amounts in tropical areas annually, and they have
been used to produce AC (Jayaprakash et al. 2011; Cao et al. 2011; Li et al. 2011; Park et
al. 2013) due to their excellent natural porous structure and low ash content. It is believed
that AC will likely remain a major emphasis for commercial applications research due to
its scalability, low cost, and more reliable production (Wei et al. 2013). In this work, our
aim is to research the feasibility of mass production of inexpensive activated carbon
electrode materials for Li-S batteries. If coconut-shell-based AC can be successfully used
as an electrode material, the cost of Li-S batteries will be greatly reduced, thus facilitating
widely adopted commercial application. Therefore, activated carbon with a mostly
microporous structure (with a small mesoporous inclusions) and large surface area was
produced by carbonizing coconut shells and subsequent activation. The large
microporosity of the product allowed sulfur to be encapsulated, which ensured good
electrical contact between sulfur and the conductive carbon framework (Zheng et al.
2006; Park et al. 2013; Zhang et al. 2013), which lead to high capacity and excellent
cycle ability. The STHSAAC composite was prepared by a simple melt-diffusion process,
with the electrochemical performance of the cathode investigated in detail.

EXPERIMENTAL

Activation of Carbon Derived from Coconut Shells

Activated carbon was obtained by the thermal carbonization of coconut shells, a
high volume waste product from Hainan (China). The typical preparation procedure was
as follows: first, the coconut shells were smashed and dried at 120 °C for 12 h, followed
by carbonization at 350 °C for 2 h under N2 flow. Then a mixture of carbonized material
and KOH with the weight ratio of 1:4 was ground and heated in a tube furnace at 300 °C
for 30 min, then at 750 °C for 1 h under N2 flow. The product was washed by distilled
water until the pH= 7.0 and then dried.

Preparation and Characterization of Sulfur/Carbon Composites

S/HSAAC composites were prepared via a melt-diffusion method (Sun et al. 2012;
Park et al. 2013). The as-prepared HSAAC was ground with sublimed sulfur (AR) with
the weight ratio of 4:6 and sealed in a 25 mL Teflon-lined autoclave. This was followed
by heating the mixture at 155 °C for 24 h; due to its low viscosity at this temperature, the
molten sulfur easily diffused into the meso/micropores of the HSAAC. The sulfur content
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in the composites was 60 wt% (Fig. 1), which was confirmed by a thermogravimetric
analyzer (NETZSCH, STA449C) under an Ar atmosphere. The morphology and
microstructure of the HSAAC and the S/HSAAC composite were detected with a
scanning electron microscope (SEM, HITACHZS-4800), Brunauer Emmett Teller
analysis (BET, JW-BK112) and X-ray diffraction (XRD, Bruker D8 Advance).

Electrochemical Measurements

The S/HSAAC composite was mixed with conductive carbon black and
polytetrafluorethylene (PTFE) with a mass ratio of 8:1:1, using ethanol as a dispersant.
The paste was then pressed into a film with a roller, which was cut into 10 mm diameter
pieces and dried at 50 °C for 24 h in a vacuum. 2025 coin cells were assembled using the
S/HSAAC composite as the cathodes and Li metal as the anodes in an Ar-filled glovebox.
The electrolyte was LiTFSI (1 M, Sigma Aldrich) dissolved in a mixture of 1,2-
dimethoxyethane (DME, Sigma Aldrich) and 1,3 dioxolane (DOL, Sigma Aldrich) (1:1,
vol), with 0.25 M LiNOs as an additive. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) measurements were conducted on an electrochemical
workstation CHI760E. CV tests were performed at a scan rate of 0.1 mVs™? in the voltage
range of 1.5 to 3.2 V. EIS measurements were carried out at pen-circuit potential in the
frequency range between 0.1Hz and 10° Hz with a perturbative amplitude of 5 mV.
Galvanostatic charge/discharge tests were performed in the potential range of 1.7 to 2.8 V
at 26 °C by using a LAND CT2001A battery-testing instrument.

RESULTS AND DISCUSSION

The sulfur content in the as-prepared S/IHSAAC composites was measured by
thermogravimetric analysis (TG) under an Ar atmosphere, and the results are shown in
Fig. 1.
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Fig. 1. TG curves of the as-prepared HSAAC, S/HSAAC composites, and pure sulfur recorded
under an Ar atmosphere with a heating rate of 10 °C min-!
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While pure sulfur evaporates completely by 310 °C, the weight lost with
increasing temperature S/HSAAC composites can be observed to occur much more
slowly than that of pure sulfur until 420 °C; this is possibly due to the micropore
adsorption force on the sulfur. From the TG curves, one can see that the sulfur content of
the S'THSAAC composites was 62 wt%.

N2 adsorption/desorption measurements were employed to investigate the porous
structure of HSAAC as shown in Fig. 2(a). BET specific surface areas calculated from
adsorption isotherms show that the specific surface area decreased dramatically from
2258.7 m?gl for the HSAAC to 626.7 m?g’ after sulfur loading (Table 1).
Simultaneously, the corresponding pore volumes decreased from 1.23 cmig? for the
HSAAC to 0.34 cm3g™ for the composite. This shows that sulfur has been encapsulated
into the pores of the host HSAAC matrix, resulting in the observed dramatic decrease in
the surface area and pore volume.
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Fig. 2. (a) Nitrogen adsorption and desorption isotherms at 77 K for HSAAC before and after
sulfur loading; (b) pore size distributions of HSAAC and S/HSAAC composites
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The pore size distributions of the HSAAC and the S/IHSAAC composites were
calculated by using the Barrett-Joyner-Halenda (BJH) method (Kruk and Jaroniec 2002).
As can be seen in Fig. 2(b), the HSAAC had a large amount of micropores with a
diameter below 2 nm. Correspondingly, the micropores contributed to the large specific
surface area of 2258.7 m?g?. The narrow abundant micropores of HSAAC could
accommodate molten sulfur with either Sg crown rings or linear-chain shapes due to their
strong adsorption, allowing for a high dispersion of sulfur in the micropores (Zheng et al.
2006; Zhang et al. 2013). After loading 62 wt% sulfur into the HSAAC host, the curve at
a pore diameter smaller than 2 nm declined and a small amount of mesoporous inclusion
(~10 nm) emerged, which may have been due to new formations of the sulfur that was
loaded into macroporous inclusions of HSAAC after melt-diffusion or to the activation
process of carbonizing coconut shells (Wang et al. 2007; Li et al. 2011; Moreno et al.
2014; Zhang et al. 2014). These mesoscale pores could facilitate the movement of Li* in
the electrochemical process. The comparison between the pore size distributions of the
HSAAC and the S'THSAAC composite revealed that most micropores (~2 nm) present in
HSAAC were no longer present in SITHSAAC, and were filled with sulfur.

The surface areas and total pore volumes of the HSAAC and S/HSAAC
composite estimated using the BET and BJH methods are summarized in Table 1.

Table 1. Physical Properties of the HSAAC and HSAAC/S Composite

HSAAC HSAAC/S
Pore size (nm) 2.246 6.095
Surface area (m?/g) 2258.722 626.783
Pore volume (cm?3/g) 1.230 0.343

The XRD patterns of the HSAAC, S/HSAAC composite, and sublimated sulfur

are shown in Fig. 3.
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Fig. 3. XRD patterns of HSAAC, sublimed sulfur, and S/THSAAC composite
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The characteristic peaks of sulfur and HSAAC were clearly observable, while no
characteristic peak of sulfur was observed for the SIHSAAC composite; this indicated
that the sulfur was in an amorphous form and was trapped in the micropores of the
HSAAC.

Figure 4 shows SEM images of the HSAAC and S/HSAAC composite. It revealed
a HSAAC structure with a spongy appearance (Fig. 4a). After sulfur loading (Fig. 4b),
the surface of the HSAAC became rougher as the sulfur particles gathered and was more
ambiguous. During the melt-diffusion process, the mixture of sulfur particles could melt
and infiltrate the porous framework of the HSAAC due to the large pore volume and
strong microporous adsorption capability of the carbon matrix. As a result, sulfur was
uniformly diffused into the highly porous carbon.

To further verify the structure and composition of our S/THSAAC composite,
energy dispersive spectroscopic (EDS) mapping/imaging (Fig. 5) of S/IHSAAC was
carried out. Clearly, carbon and sulfur elements were detected from a selected area of the
S/HSAAC composite, confirming the presence of sulfur. In summary, from the BET and
SEM results we concluded that sulfur is homogeneously distributed throughout the
composite, and most of the sulfur was contained within the interior of the pore structure.

Fig. 4. SEM images of (a) the HSAAC and (b) S/THSAAC composite

A cyclic voltammogram of the S/THSAAC composite is given in Fig. 6(a). During
the first cathodic scan, one can observe two reduction peaks at 2.02 V (vs. Li/Li+) and
2.28 V, which can be attributed to the two-step reduction of sulfur with metallic lithium
(Kumaresan et al. 2008). The peak below 1.8 V indicated the transformation from S;.4
(so-called “small molecule” sulfur) that was trapped in the micropores of HSAAC) to S
(Mikhaylik and Akridge 2004).

In the first anodic scan, only one sharp oxidation peak appeared at 2.38 V, which
corresponds to the oxidation of Li>S and Li.S into polysulfides. In the following cycles,
the cathodic peak potentials transferred to about 2.3 V and 2.06 V, which may be
attributed to the polarization of the electrode in the first cycle. One can see that the CV
waves all returned to the base line, meaning the formation of thin layer behavior, which
supports the growth of reduced forms of LixSy. In general, the cathodic and anodic peaks
remained almost unchanged, confirming good reversibility and cycling performance after
the initial electrochemical process.
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Fig. 5. EDS characterization of SIHSAAC composite: (a) SEM image of STHSAAC composite; (b)
EDS spectrum captured for the region shown in (a); (c) EDS sulfur and (d) carbon mapping of
the region shown in (a).

Figure 6(b) shows the initial three charge/discharge curves of the S/HSAAC
composite at a current density of 200 mAg™. The two discharge voltage plateaus at 2.3
and 2.1 V and the single charge voltage plateau at 2.38 V observed during the initial
cycle for the SIHSAAC composite were in accordance with the CV measurements in Fig.
6(a). The first discharge capacity was 1233 mAhg, on the basis of the weight of sulfur,
with an initial coulombic efficiency of 99.5%. In subsequent cycles, a reversible capacity
of around 1150 mAhg™* was obtained, which was about 70% of the theoretical capacity of
1675 mAhg?. This differed greatly from the widely-reported low efficiency of lithium-
sulfur battery at the first few cycles (Chen et al. 2011; Lee et al. 2012; Diao et al. 2013;
Zhang et al. 2013). After the 50" and 100" cycles, there was still no obvious decline in
capacity during cycling, revealing a high reversibility.

The cycling performance of the SIHSAAC composite is given in Fig. 7(a). The
material showed excellent cycling durability. The capacity decrease in the first few cycles
may be due to solubility of lithium polysufides and the insulating reduction product Li>S
depositing on the cathode surface (Mikhaylik and Akridge 2004). The capacity then
decreased slightly, while maintaining a coulombic efficiency of no less than 99.5 % in the
subsequent cycles. After 100 cycles the discharge capacity still was 929 mAhg™. The
high cycling stability of the STHSAAC composite could be attributable to several factors.
The highly dispersed sulfur in the pores of the HSAAC may have successfully buffered
the volume effects of the charge/discharge process. Additionally, the large specific
surface area originating from the micropores in the HSAAC may restrict the diffusion of
the polysulfides during the cycling process (Ji et al. 2011; Zhang et al. 2013, 2014).
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Fig. 6. (a) Cyclic voltammograms of the S/HSAAC composite at 0.1 mVs?; (b) charge/discharge
profiles of a Li-S cell with a SIHSAAC composite cathode with a current density of 200 mAhg-!

The high-rate discharge capability and cycle performance of the S/HSAAC
composite after 100 cycles were measured at various current densities, as shown in Fig.
7(b). The discharge capacity was relatively stable at various current densities. The high
retention of capacity while increasing the current density from 200 mAg™ to 800 mAg™
should be noted; even at the high current density of 1600 mAg™, a capacity of 768 mAg™
could still be obtained. A reversible capacity of 436 mAhg™ was still obtained at the high
current density of 3200 mAg™. After the current density was restored to 200 mAg, the
capacity returned to as high as 874 mAg? after 200 cycles, indicating an excellent
reversibility.
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The obvious polarization and distortion emerged with increasing current density,
as shown in the charge-discharge curves Fig. 7(c), undoubtedly, the mostly microporous
(with a few mesoporous inclusions) carbon structure played a major role in the
electrochemical performance of S/IHSAAC. The essential factor in the high performance
of SIHSAAC was that its microporosity provided a large pore volume to the structure and
functioned as a reservoir for trapping the polysulfides, thereby restraining the shuttle
phenomenon (Mikhaylik and Akridge 2004; Zhang et al. 2013, 2014). The mesoporous
system facilitated Li" movement and good capacity retention. This is much different from
the mesoporous system, which gave rise to an outflow of sulfur with a weak adsorption
capability problem; the microporous system, owing to poor infiltration of the electrolyte,
hindered the movement of Li* (Li et al. 2011; Zhang et al. 2013; Moreno et al. 2014,
Zhang et al. 2014). Because of its enhanced active material utilization, excellent
conductivity, large surface area, narrow micropores with strong adsorption, and
electrochemical cyclability, HSAAC is a promising cathode material for rechargeable Li-
S batteries. Its high capacity and simple synthesis process give it great potential for mass
production in future commercial applications.

Figure 8 presents the EIS analysis of the STHSAAC composite cathode after the
1%, 20", and 100" cycles. The plots of cells exhibited a depressed semicircle followed by
an inclined line in the low frequency region. The semicircles correspond to the charge
transfer resistance (Rct) at the interface of cathode, and the inclined line in the low
frequency region is the diffusion impedance of Li ions in the composite. It is obvious that
the overall impedance increased dramatically with the number of discharge/charge
cycles.

The electrolyte resistance (Re) increased only slightly, which is related to the
dissolved Li polysulfides in the electrolyte. The deposition of insulating Li>S; and Li»S at
the interface on the cathode contributed to the increase of Rt (Zhang et al. 2014; Zhou et
al. 2014).
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Fig. 8. Impedance plots for the SIHSAAC composite cathode after 1st, 20", and 100" discharge
cycles
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CONCLUSIONS

High-surface-area carbon derived from coconut shells and activated by KOH was
loaded with sulfur and used as a cathode for lithium/sulfur batteries. Due to the
combination of the microporosity of the activated carbon trapping elemental S and Li
polysulfides and the mesoporosity of the system facilitating the Li* movement during
cycling, the S/IHSAAC composite exhibited a high initial discharge capacity of 1233
mAhg at the current density of 200 mAhg™ with a coulombic efficiency of 99.9% and a
capacity retention of 929 mAhg after 100 cycles.
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