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Abstract Lithium–sulfur battery is an attractive candidate for
advanced energy storage devices due to its high specific
energy of 2600 Wh kg−1 arising from the high theoretical
specific capacity (1675 mAh g−1) of the sulfur cathode.
However, short cycle life and low cycling efficiency are still
the main obstacles preventing the practical development of
this promising battery system. In this work, we show that a
low-cost Li/S cell employing an activated hardwood char-
coal–sulfur (S–AHC) nanocomposite cathode can be operated
for more than 300 cycles while still maintaining high specific
capacity (600 mAh g−1) and coulombic efficiency of 97 %,
achieved by a new formulation of liquid electrolyte containing
a fluorinated solvent. Such an improved capacity retention and
cycle life, as compared to its conventional counterparts, prove
that active mass lost via polysulfide dissolution can be effec-
tively inhibited by utilization of this liquid electrolyte solu-
tion. Considering these results, we believe that the Li/S battery
consisted of this composite cathode and the liquid electrolyte
may be proposed as a promising candidate for low-cost energy
storage applications.
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Introduction

In the recent years, there has been a steadily increasing interest in
developing lithium–ion rechargeable batteries with high specific
energy, to extend their application to the fields of emerging
technologies, such as electric vehicles (EV) and long-lasting
portable electronic devices [1, 2]. Limited by the relatively low
capacity of cathode materials, present lithium–ion batteries have
practical energy density of below 300 W h kg−1, which is
insufficient for most of the aforementioned applications [3]. In
this regard, alternative electrode materials with much higher
charge capacities are of great interest. Sulfur possesses a theo-
retical specific capacity of 1672 mAh g−1 and specific energy of
2600 Wh kg−1, when the complete reaction of lithium with
sulfur is assumed [4, 5]. In addition, the abundance and low
price of sulfur offer the opportunity of producing cheap, safe,
and high-energy density cathodes. In contrast to conventional
lithium–ion batteries, lithium–sulfur (Li/S) batteries operate on
“integration chemistry,”which enables the battery cell to tolerate
excess charges or discharges, minimizing overcharge dangers
often happening in other lithium–ion batteries [6, 7].

Despite these advantages, practical development of Li/S
batteries is still prevented by low cyclability and low utilization
of active materials, due to the poor electronic conductivity of
sulfur, dissolution of lithium polysulfides, which are intermedi-
ate products generated during discharge, and their high reactivity
with the anode, together with significant volume change upon
lithiation [8, 9]. To overcome these drawbacks, a large number
of studies have focused on increasing the electronic conductivity
of sulfur and suppressing the polysulfide dissolution into the
liquid electrolyte [10–14]. Encapsulating sulfur molecules with
conducting materials, such as porous carbon or conductive
polymers, enables them to become electrically wired and there-
fore electrochemically active. Conductive polymers such as
polyacrylonitrile (PAN) [15, 16] and polypyrrole (PPY) [17,
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18] are usually used to prepare sulfur–polymer composites.
Although sulfur/polymer composites generally improve the cy-
cling performance of Li/S cells, it should be pointed out that in
all of these composites, a large amount of the conductive poly-
mer should be mixed into the cathode, resulting in low sulfur
content of the electrode. As a result, the implication of this
strategy seems to be more academic than practical [19]. On the
other hand, a sulfur/carbon (S/C) composite potentially offers
higher loading of sulfur. Various carbon materials, such as
mesoporous carbon, carbon nanofibers, carbon nanotubes, and
carbon spheres have been used in preparing S/C composites.
However, poor cyclability and low cycling efficiency still
remained [10–14, 20, 21]. A few recent studies have reported
application of activated carbon with high porosity and surface
area in preparing sulfur composite cathodes [22, 23]. Activated
carbon is a cheap and abundant material, which can be easily
obtained from the carbonization of different materials such as
wood, coal, and lignite [23].

Very recently, researchers have considered addition of a
fluorinated solvent into the electrolyte solution to suppress
the dissolution of lithium polysulfide and prevent the shuttle
effect [24, 25]. The resulting Li/S battery showed improved
cyclability and coulombic efficiency over a very limited num-
ber of cycles, which were too small for any possible practical
applications. In order to be relevant, Li/S batteries have to
demonstrate cycle life as long as that of lithium–ion batteries.
In this study, we aim to utilize the same strategy in order to
stabilize sulfur-activated hardwood charcoal composite, a low-
cost and environmentally benign cathode material, with a
prolonged cycle life. Activated hardwood charcoal (AHC) is
an odorless, tasteless, and nontoxic powder derived from chips
and sawdust with a high surface area (1400–1800 m2 g−1),
which can be used in poultices for external treatment of local-
ized inflammation, infection, and pain. Moreover, AHC is
completely safe, even for oral use, allowing it to be added to
animal food for treating poisoning, infection, and foul odors.
Owing to its high porosity, specific surface area, and good
electrical conductivity, AHC may provide a unique scaffold to
embed sulfur to improve the electronic conductivity of sulfur
active material. Utilization of AHC, an inexpensive and abun-
dant source of carbon, can significantly lower the final cost of
the battery preparation. The obtained results prove that utiliza-
tion of this liquid electrolyte dramatically improves the dis-
charge capacity retention and coulombic efficiency of this
high-energy and low-cost Li/S energy storage system.

Experimental

Material preparation

An activated hardwood charcoal (AHC) powder was pur-
chased from buyactivatedcharcoal.com and was pre-heated

at 800 °C for 3 h. The Brunauer–Emmett–Teller (BET)
analysis confirmed the pore volume and specific surface
area of the AHC to be 1.12 cm3 g−1 and 1747.3 m2 g−1,
respectively. Sulfur (100-mesh particle size powder,
Sigma-Aldrich) and AHC powder in a weight ratio of
10:4 was used to prepare the S–AHC composite by
employing a solution processing method [23]. First,
sulfur powder was dissolved in dimethyl sulfoxide
(DMSO) at 120 °C by vigorously stirring for 2 h.
Then, the AHC powder was added to the solution and
dispersed by stirring for 4 h. This was followed by
gradually cooling the mixture to room temperature while
being stirred overnight. Within the cooling process, the
dissolved sulfur molecules were recrystallized in the
highly porous structure of the AHC, resulting in a
sulfur–carbon composite. Finally, the composite powder
was washed with ethanol and ultrapure water several
times and then dried in a vacuum at 100 °C to evapo-
rate ethanol, water, and residual DMSO.

Fig. 1 XRD patterns (top) and DSC curves (bottom) for elemental sulfur,
activated hardwood charcoal, and the S–AHC composite

1162 J Solid State Electrochem (2015) 19:1161–1169



Characterization of the materials

X-ray diffraction (XRD) patterns were obtained on a D8
Discover Bruker instrument equipped with Cu-Kα radiation.
SEM images were taken using a field emission scanning
electron microscopy (FE-SEM) (Leo-1530, Zeiss). The sam-
ples were gold-sprayed prior to SEM measurements. The
interior morphology of the samples was further studied using
transmission electron microscopy (TEM, CM10, Philips). The

state of sulfur in the S–AHC composite was studied by UV–
vis absorption spectroscopy (Ultrospec 4300 Pro) with 1 nm
resolution on powders dispersed in ethanol through
ultrasonication for 3 h. Thermogravimetric analysis (TGA)
was carried out using a DSC-TGA (Q-600, TA instruments)
at temperature ramp mode with a heating rate of 10 °C min−1

at N2 gas atmosphere. Nitrogen adsorption–desorption iso-
therms were measured at 77 K with a surface area analyzer
(ASAP 2020). Prior to the measurements, the samples were

Fig. 2 SEM images for a AHC
powder and b S–AHC
nanocomposite powder. (B’, B”)
show the S mapping and C
mapping of the S–AHC
nanocomposite
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degassed at 300 °C for at least 24 h. The Brunauer–Emmett–
Teller (BET) method was used to calculate the specific surface
area. The Barrett–Joyner–Halenda (BJH) model was also used
to calculate the pore size and volume.

Electrochemical characterization

The S–AHC cathode electrode was prepared by mixing of
70 wt% S–AHC composite, 20 wt% acetylene black (AB,
MTI, 99.5 % purity) as conductive agent, and 10 wt%
polyvinylidene fluoride (PVDF, Kynar, HSV900) as a binder
with NMP (Sigma-Aldrich, ≥99.5 % purity) as a dispersant.
The resultant slurry was spread uniformly onto an Al foil
using the doctor blade technique (the gap size of the blade
was 200 μm) and then vacuum dried at 70 °C for 12 h. The
electrochemical properties were investigated using coin-type
cells (CR2032). Each cell was composed of a lithium metal
anode, a sulfur-based composite cathode, and an electrolyte (a
polypropylene separator (Celgard, USA) with 1 M LiTFSI
dissolved in a 1:1 (v/v) mixture of 1,3-dioxolane (DOL) and 1,
1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE)).
A 1 M LiTFSI dissolved in a 1: 1 (v/v) mixture of DOL and 1,
2-dimethoxyethane (DME) was used a reference electrolyte
solution. A galvanostatic charge/discharge test was carried out
within a voltage range of 1.5–2.8 V, at a discharge rate of
either 0.1 C or 0.3 C (1 C=1672 mAh g−1). Cyclic voltamm-
etry (CV) measurements were done at a scanning rate of
0.05 mV s−1.

Results and discussion

The morphology of S–AHC composite was experimentally
studied using XRD, DSC, TGA, SEM, TEM, and BET.
Figure 1 (top) shows the XRD spectra of pristine sulfur,
AHC, and S–AHC composite. The pattern observed for pris-
tine sulfur matches very well with the standard of orthorhom-
bic phase sulfur while the pattern of the S–AHC composite
shows a broad diffraction peak at around 25° and low intensity
diffraction peaks of crystal sulfur, which could be an indica-
tion recrystallization of sulfur into the internal pores or surface
of AHC particles. Figure 1(bottom) shows the heat flow
versus temperature curves for sulfur, AHC powder, and S–
AHC composite. The pristine sulfur shows two sharp endo-
thermic peaks at 110 and 120 °C arising from the phase
transition and melting of the elemental sulfur. However, the
S–AHC composite shows only one endothermic peak with
relatively lower intensity at 115 °C attributed to the melting of
nano-sized elemental sulfur [23]. SEM and TEM images for
AHC and S–AHC composite powders at two magnifications
are shown in Figs. 2 and S1, respectively. These images show
the high surface area and pore volume of the AHC powder.

The as-prepared S–AHC composite aggregates have a particle
size of a few hundred nanometers. Moreover, BET results
confirmed that the specific surface area of AHC powder
reduces from 1747.3 to 541.17 m2 g−1 and particle size in-
creases from 3.43 to 11.08 nm when the S–AHC composite is
formed. Results of energy-dispersive X-ray spectroscopy
(EDX) mapping for both of sulfur (S) and carbon (C) are also
shown in Fig. 2. These results point out that sulfur is either
embedded in the micropores of AHC particles or deposited on
its surface and distributed uniformly within the composite.
During the composite preparation process, sulfur was dis-
solved and uniformly mixed with AHC matrix. Later in the
cooling process, sulfur re-crystallized and was homogenously
distributed in the matrix. As a result, the crystal size of sulfur
was considerably reduced after this dissolution and re-
crystallization process, allowing the formation of S–AHC
composite containing crystalline sulfur with smaller particle
size.

Thermogravimetric analysis (TGA) was used to determine
the sulfur content in the S–AHC composite, and the results are
shown in Fig. 3. Sulfur is stable up to 220 °C, and a rapid
weight loss happens at 220–310 °C pointing out a very rapid
decomposition process and fast migration of degradation
products from the remaining mass. However, the weight loss
of the S–AHC composite occurs in the range of 220–380 °C
with a mass remaining of 35 wt%. Above 380 °C, there was
no weight change. This shows that S–AHC composite con-
tains 65 wt% sulfur, which is higher than the previously
reported work [23]. This is due to the high surface area and
porosity of activated hardwood charcoal (AHC) that offers
higher loading of sulfur compared to conventional carbon
sources.

UV–vis spectroscopy was used to study the state of sulfur
within the composite. Figure S2 shows the obtained spectra
for pristine sulfur, AHC powder, and S–AHC composite.

Fig. 3 Thermogravimetric analysis graphs for sulfur, activated hardwood
charcoal, and S–AHC composite
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AHC shows no absorption peak while pristine sulfur shows a
broad absorption peak between 200 and 350 nm, which is
attributed to the elemental sulfur. As can be seen, the S–AHC
composite has similar absorption spectra with sulfur, indicat-
ing that no chemical reaction takes place between sulfur and
AHC under this synthesis condition, and sulfur inside the
micropores or on the surface of AHC powder remains in its
elemental state.

Figure 4 presents charge–discharge profiles and cycling for
this Li/S battery cell. An initial discharge capacity of
1260 mAh g−1 (based on the sulfur mass in the composite
cathode) is obtained. A stable discharge capacity of
800 mAh g−1 and a coulombic efficiency of 97% are obtained
after 100 cycles at 0.1 C, indicating a very good cyclability of
this battery cell. To compare the improvement in the electro-
chemical performance, a Li/S cell with the conventional

Fig. 4 Charge–discharge profiles
and cycling performance of the
Li/S cell with the fluorinated
electrolyte at a 0.1 C rate and
1.5–2.8 V voltage range
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electrolyte solution (1 M LiTFSI in DOL/DME) was also
tested under the same testing condition to be used as a refer-
ence. Capacity retention and cycling efficiency versus cycles

for these two Li/S cells are shown in Fig. 5. The Li–S cell
using the reference electrolyte solution shows low coulombic
efficiency and its capacity decreases rapidly over cycling. A
discharge capacity of 230 mAh g−1 and coulombic efficiency
of 80 % are obtained after 300 cycles. Such a poor cyclability
and low efficiency are attributed to the dissolution of lithium
polysulfide intermediates into the electrolyte resulting in a
severe active mass loss and shuttle reactions of these soluble
species during the charge and discharge processes, hence
reducing the discharge capacity and increasing the charge
capacity [26, 27]. In contrast, the Li/S cell with the new
electrolyte solution shows significantly improved cyclability
and higher coulombic efficiency, delivering capacity of about
600 mAh g−1 and maintaining a coulombic efficiency of 97 %
after 300 cycles.

Cyclic voltammetry (CV) measurements were used to
identify the electrochemical properties of both cells, and
the results are presented in Fig. 6. For the cell with the
reference electrolyte, typical characteristics of multistep
electrochemical reactions between sulfur and lithium ions
are observed by two oxidation peaks at 2.3 and 2.05 V,
together with corresponding reduction peak at 2.35 V. On
the other hand, the cell with the fluorinated electrolyte
exhibited a relatively different trend, as the two oxidation
peaks are located at 2.25 and 1.8 V. Moreover, the reduc-
tion peak is located at above 2.4 V, and a small shoulder
is observed at a voltage slightly below 2.4 V. These shifts
in the oxidation peaks toward lower potential and in the
reduction peak toward higher potential in the cell with the
fluorinated electrolyte indicates lower ionic conductivity
arising from lower concentration of dissolved polysulfides
in this electrolyte. Another noticeable difference in the CV
graphs is the lower altitude of the reduction and oxidation
peaks in the cell with the fluorinated electrolyte compared
to the reference electrolyte, which is an indication of slow
reaction kinetics in this cell, most probably because of
lower concentrations of polysulfides.

Fig. 5 Comparison of the cyclic performance (top) and coulombic
efficiency (bottom) of two Li/S cells with different electrolytes at 0.3 C
rate and 1.5–2.8 V voltage range

Fig. 6 Cyclic voltammetry of both Li/S cells at a scanning rate of 0.05 mV s−1
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Galvanostatic intermittent titration technique (GITT) exper-
iments were also conducted with a BioLogic electrochemical
instrument to further study the electrochemical reactions as a
function of depth of discharge (Fig. 7). The cells were
discharged with a slow current rate of 0.05 C (83.6 mA g−1)
in the voltage range of 2.5–1.5 V. Then, AC impedance spec-
troscopy was performed at each point with different depth of
discharge (DOD). The impedance spectra were collected at
room temperature with amplitude of 10 mV in the frequency
range of 1MHz to 100mHz. The equivalent circuit (EC) fitting
applied to the experimental electrochemical impedance spec-
troscopy (EIS) data provides the opportunity for amore detailed
study of the resistances of the battery cells. Therefore, the EIS
experimental data for both of Li/S cells were analyzed using the
tools of EC-Lab V10.32 (Bio-Logic Science Instruments). This
analysis could be represented by the best fitting model,
consisting of the following multicomponent equivalent circuit:

Roþ Q
.
Rctþ W:

Here, Ro, Q, Rct, and W are the ohmic resistance at the
interface, the constant phase element (CPE), charge transfer

resistance, and the Warburg impedance, respectively. The
obtained results are shown in Table 1. As shown in this table,
a notable difference in the impedance spectroscopy versus
DOD of these cells was observed. Even though both cells
show almost the same ohmic and charge transfer resistance
values at the beginning of the discharge (Ro and Rct), the
ohmic resistance of the cell with the conventional electrolyte
reduces as discharge process proceeds, which is directly relat-
ed to the increase in the concentration of dissolved lithium
polysulfides in the electrolyte. Furthermore, the deformation
of impedance spectra at points 4–7 of DOD indicates the non-
uniform precipitation of low-order polysulfides across the

Fig. 7 GITT and AC impedance spectroscopy results obtained at the first discharge process for the Li/S cell with two different liquid electrolytes. 1 M
LiTFSI in DOL/DME (1:1) (top) and 1 M LiTFSI in DOL/TTE (bottom)

Table 1 Values predicted by the equivalent circuit for both Li/S cells
during the first discharge process

Point on the DOD graph 1 2 3 4 5 6 7 8

Li/S cell with Ro (ohm) 14 6 7 3 3 3 3 3

DOL.DME Rct (ohm) 44 35 29 39 44 44 44 44

Li/S cell with Ro (ohm) 11 11 13 13 13 12 12 12

DOL.TTE Rct (ohm) 38 30 45 42 40 33 32 31
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cathode [28, 29], which might be one of the reasons of the fast
fading in cyclability of this cell.

The voltage profile for the cell with the fluorinated electro-
lyte does not completely follow the typical two-plateau profile
commonly observed for sulfur–carbon composite cathodes.
The first plateau is shorter than the first plateau of the refer-
ence cell, and so is the second plateau. However, the ratio of
second plateau to first one is almost identical for both cells.
For this cell, the first voltage plateau is ascribed to the reduc-
tion of elemental and high-order polysulfides. But due to the
low concentration of elemental sulfur and high-order
polysulfides, the potential drops to second plateau, which is
related to the reduction of low-order polysulfides. The third
observed plateau might be related to a solid phase reduction
reaction [6], or a liquid phase one at low voltages due to the
very slow dissolution of active material and very low concen-
tration of dissolved polysulfides.

Interestingly, the cell with the fluorinated electrolyte shows
a relatively small increase in its ohmic resistance during the
discharge process, which indicates that dissolution of lithium
polysulfides into this liquid electrolyte is prevented, this phe-
nomenon is also shown by the larger shift in the second
reduction peak in CV curve of this cell. The voltage profile
also points out that the fast kinetic of high-order polysulfides
reduces the charge transfer resistance at point 2 of DOD, while
the coexistence of two phase of active material (high-order
polysulfides and low-order ones) and discontinuous phase of
high volume fraction of elemental sulfur produces a second
circle in impedance spectra. One important note is that al-
though cell voltage plateau and impedance spectra of these
two cells are quite different, the delivered capacity is almost
identical.

Changes in the morphology of S–AHC cathode electrode
in the Li/S cell with the fluorinated electrolyte after first cycle
were studied through scanning electron microscopy. Figure 8a
shows the SEM image of the pristine S–AHC electrode. At the
end of the first discharge process, large flakes of crystal-like
discharge products (Li2S2 and/or Li2S) are deposited on the
surface of the cathode electrode (Fig. 8b). However, after the
first charge process, all of the deposited discharge products
disappear and the charged electrode shows morphology sim-
ilar to the pristine cathode (Fig. 8c), which indicates the full
reversibility of electrochemical reaction occurring in this Li/S
cell. This was further proved by analyzing the surface of the
electrode by energy-dispersive X-ray spectroscopy (EDX), in
which the pristine electrode and fully charge one show similar
EDX spectra (Fig. 8 (A’, C’).

These results indicate that dissolution of lithium
polysulfides into the fluorinated liquid electrolyte is
prevented; hence active mass loss and parasitic side reactions
are eliminated to improve the cyclability and coulombic effi-
ciency of the Li/S cell.

Conclusions

A low-cost, high-energy lithium–sulfur battery with improved
cycling performance was developed by combining a sulfur–
hardwood charcoal nanocomposite cathode and a fluorinated
liquid electrolyte. This Li/S cell delivered a high initial dis-
charge capacity of 1260 mAh g−1 and exhibited discharge
capacity of 800 mAh g−1 after 100 cycles at 0.1 C. We further
demonstrated the improved cycling performance of this bat-
tery cell by comparing the obtained results with a reference

Fig. 8 SEM images and EDX spectra of pristine S–AHC electrode (a, A’), discharged S–AHC electrode (b, B’), and charged S–AHC electrode (c, C’)
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liquid electrolyte commonly used in Li/S batteries. This new
Li/S cell maintained stable discharge capacity of 600 mAh g−1

and coulombic efficiency of 97 % after 300 cycles at 0.3 C,
while the reference cell delivered discharged capacity of
230 mAh g−1 with an efficiency of 80 %. Considering the
improved cycling performance of the Li/S cell demonstrated
in this work, this battery system seems to be a promising
candidate for high-energy and low-cost energy storage
systems.
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