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a b s t r a c t

In this paper, the electrochemical reactions of sulfur cathode during discharge–charge process were inves-
tigated by EIS technique combining with XRD, SEM and EDS methods. The discharge process of the sulfur
cathode could be divided into two discharge regions. These are the first discharge region (2.5–2.05 V)
where the reduction of elemental sulfur to form soluble polysulfides and further reduction of the solu-
ble polysulfides occurs, and the second discharge region (2.05–1.5 V) where the soluble polysulfides are
eywords:
ithium sulfur cells
lectrochemical impedance spectroscopy
ulfur cathode
quivalent circuits

reduced to form a Li2S solid film covered over the carbon matrix. It was found that the EIS can distinguish
the individual contributions of charge transfer resistances, ion diffusion impedance and properties origi-
nating from Li2S film in the frequency domain of 100 kHz to 100 mHz. During the upper voltage plateau,
the impedance of interfacial charge transfer dominates the reduction reaction, while during the lower
voltage plateau, the mass transport in the cathode is a control step. It was also proved that the solid Li2S
appeared at the beginning of the lower voltage plateau region and became denser during the following
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discharge process.

. Introduction

Development of high energy density rechargeable batteries
s becoming more and more important because of the increas-
ng energy consumption of portable and transport applications
1]. For all the redox couples enabling for rechargeable bat-
eries, Li/S couple has almost the highest specific-energy of
600 Wh kg−1 [2,3], because the theoretical capacity of sul-
ur is the highest (1672 mAh g−1) among all the possible solid
ompounds known for primary and rechargeable cathodes. In
ddition to the high capacity, elemental sulfur also has advan-
ages of natural abundance, low cost and low toxicity, which are
ll the important factors for next generation of lithium batter-
es.

However, the realization of Li/S battery has a number of diffi-
ult problems to overcome. Typically, the biggest shortfall exhibited
ith these systems is a difficulty to sustain long cycle life. Previ-

us cyclic voltammetry and ultraviolet analyses suggest that the

ischarge reaction of sulfur always consists of stepwise reduction
rocesses and generates various forms of intermediate polysulfides
hich can dissolve in the electrolyte and cause not only the active
aterial loss but also the morphology change of the sulfur cathode

∗ Corresponding author. Tel.: +86 10 62794234; fax: +86 10 62794234.
E-mail address: qiuxp@mail.tsinghua.edu.cn (X. Qiu).

c

n
s
t
t
f
a

378-7753/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2008.10.033
© 2008 Elsevier B.V. All rights reserved.

nd finally lead to a rapid irreversible capacity fading at repeated
ycles [4–9].

In order to improve the electrochemical rechargeability of the
ulfur electrodes, many research works have been carried out
o develop a denser and firmer cathode for stabilizing the mor-
hology of the carbon matrix [10–13] and to use organosulfur
ompounds [14,15] or sulfur-composite compounds [16,17] for
lleviating the dissoluble loss of sulfur in liquid electrolytes. So
ar, some success of achieving reasonably good cycle life of 50
ycles has been reported [10,17]. However, cycle capability still
emains the bottleneck to overcome for the realization of the Li/S
ells.

Although the details of the redox process of the sulfur
athode still remain unclear, it is generally accepted that the
lectrolyte-insoluble fully discharged product Li2S species which
s electronically nonconductive, is responsible for the capacity fad-
ng during the charge–discharge cycles [18–20]. Therefore it is very
mportant to study the details relating to the solid Li2S during the
harge–discharge process.

Electrochemical impedance spectroscopy (EIS) is always recog-
ized as one of the most powerful tools for studying the various

tages of the complicated mechanism which can be elucidated from
he EIS response of the electrochemical reaction. In this paper, we
ry to use EIS to investigate the electrochemical process of sul-
ur electrode, especially those concerning the formation, growth
nd dissolution of the Li2S. This paper reports our preliminary

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:qiuxp@mail.tsinghua.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.10.033
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Fig. 1. The first discharge and charge curves of Li/S cell and the sulfur electrode
samples during discharge–charge reaction process: (a) original, (b) 8% (130 mAh g−1)
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esults on the EIS response of the sulfur electrode during the first
ischarge–charge cycle at ambient temperature.

. Experimental

.1. Preparation of the cathode

All test samples of the sulfur electrode was composed of
0 wt.% elemental sulfur (Analytical grade, Shanghai, China) and
0 wt.% carbon black (CB, Jiaozuo, China) and 10 wt.% copoly-
er of vinylidene fluoride and hexafluoropropylene (PVDF-co-HFP)

Mw = 534,000, Aldrich). Sulfur, PVDF-co-HFP and CB in 1-methyl-
-pyrrolidinone (NMP) were mixed in a planetary ball mill for 5 h.
he mixed slurry was casted onto an Al foil and dried in a vacuum
t 70 ◦C for 24 h.

.2. Electrochemical measurements

The testing cells had a typical three-electrode construction using
ithium foils as both the counter and reference electrodes, Cellgard
400 microporous membrane as separator and 1.0 M LiN(CF3SO2)2
issolved in dimethoxyethane (DME) and dioxolane (DOL) (1:1,
/v) as the electrolyte. The cells were assembled in an argon-filled
love box. Charge–discharge tests were carried out on a constant
urrent charger at a current density of 100 mA g−1 in the volt-
ge range 1.5–2.5 V vs. Li/Li+. Ex-EIS measurement were performed
sing Solartron FRA 1255B frequency response analyzer in combi-
ation with the potentiostat within the frequency range of 100 kHz
o 100 mHz at potentiostatic signal amplitudes of 5 mV.

.3. Structural characterization

The composition changes occurring in the sulfur electrodes dur-
ng discharge and charge were characterized by ex situ powder
-ray diffraction (XRD). The sulfur cathodes for XRD analysis were
aken out from the charged cells, washed with anhydrous DME and
hen sealed in a polyethylene pouch to protect the electrode surface
rom environmental contaminations. The test cells were disassem-
led in glove box. The XRD measurements were performed using
he Rigaku X-ray diffractometer with Cu K� radiation source. The
hanges in the surface morphology of the cathode electrodes dur-
ng charge–discharge cycles were examined by scanning electron

icroscopy (SEM) on a JSM-6301F system (Japan) coupled with
nergy-dispersive X-ray spectroscopy (EDX, Oxford Instrument). In
DS investigation, at least three measurements were conducted for
ach sample to calculate the average composition.

. Results and discussion

The typical voltage profile of Li/S cell employing 1.0 M
iN(CF3SO2)2-(DME + DOL) (1:1, v/v) electrolyte during the first
ischarge and charge is displayed in Fig. 1. The discharge curve
hows two plateau potential regions based on the voltage profile.
hese are the upper discharge region in the range of 2.5–2.05 V
nd the lower discharge region in the range of 2.05–1.5 V. Calcu-
ated from the content of sulfur, the initial discharge capacity of the
ulfur cathode is about 875 mAh g−1, corresponding to a 52% uti-
ization of sulfur. The overall discharge profile was quite similar to
hat using the glyme solvents-based electrolyte previously reported

19,21,22]. It seems to indicate that the sulfur cathode system using
he DME–DOL-based electrolyte has the same discharge mecha-
ism. In conjunction with the previous study on the Li/S cell applied
lyme-based electrolyte, the discharge process can be presumably
escribed as follows: the upper discharge region corresponds to

p
t
(
i
w

ischarge, (c) 14% (240 mAh g−1) discharge, (d) 30% (500 mAh g−1) discharge, (e) 46%
770 mAh g−1) discharge, (f) 52% (870 mAh g−1) discharge, (g) 30% (480 mAh g−1)
harge and (h) 75% charge (all calculated from the theoretical capacity of sulfur).

he formation of soluble long-chain polysulfide by the reduction of
lemental sulfur, and the lower voltage region corresponds to the
urther reduction of the soluble polysulfide followed by formation
f solid reduction product on carbon matrix. The suggested reduc-
ion process of sulfur cathode, which includes the phase separation
f the sulfur species, seems to be very complex. In order to under-
tand the redox process of the sulfur electrode, we investigated the
IS response of the sulfur cathode during the discharge–charge pro-
ess accompanied with SEM, EDS, and XRD techniques. The samples
or these measurements were made at the points indicated in the
ischarge profile (Fig. 1).

EIS measurements for the sulfur electrode at different discharge
tate were carried out. Fig. 2 shows the resulting impedance spec-
ra. It can be seen from the figure that the impedance spectra can
e divided into two types according to the shape of the curves.
ne type of impedance curves (see Fig. 2A) are composed of one
epressed semicircle in high and a short inclined line in low fre-
uency regions. While the other type of impedance spectra (see
ig. 2B) exhibit two depressed semicircles followed by a long slop-
ng line. Furthermore, we notice that these two types of impedance
pectra are corresponding to the two discharge plateau potential
egions, respectively. In conjunction with the supposed reaction
echanism mentioned above, an assumption was given that the

emicircle in the middle frequency range could be attributed to the
ormation of Li2S (or Li2S2) on the carbon matrix in the cathode. If
he assumption is correct, the semicircle in the middle frequency
egion can be used to monitor the formation, growth and disso-
ution of the solid products. The semicircle in the high frequency
egion should reflect the charge transfer process at the conduc-
ive agent interface. Based on these assumptions, those two types
mpedance spectra in Fig. 2 can be analyzed respectively with the
quivalent circuits 1 and 2 shown in Fig. 3. In the equivalent circuits,
e represents the impedance contributed by the resistance of the
lectrolyte, Rct is the charge transfer resistance at the conductive
gent interface, and CPE is a constant phase element which is used
nstead of capacitance, to take into account the roughness of the
article surface. The CPE1 is used instead of double-layer capaci-

ance (Cdl), CPE2 describes the space charge capacitance of the Li2S
or Li2S2) film and Rg is the resistance in the Li2S (or Li2S2) film. ZW
s the Warburg impedance due to the diffusion of the polysulfides

ithin the cathode. The fitting results are shown in Fig. 2, too.
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Fig. 2. Nyquist plots for sulfur electrode in the frequency range of
(100 mHz–100 kHz) as a function of discharge: (A) upper plateau potential
and (B) lower plateau potential.

Fig. 3. The equivalent circuits used to fit the impedance spectra of Fig. 2.
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ig. 4. Plots of Re, Rct and Rg vs. depth of discharge. (Parameters were obtained by
odeling the impedance spectra in Fig. 2 with the equivalent circuits given in Fig. 3.)

Parameters of interest obtained from the simulation of the data
ccording to the equivalent circuits are summarized in Fig. 4. The
ct of the original cell (curves as shown in Fig. 2A) which mainly

mplies the bulk impedance and interfacial impedance is not taken
nto account. Fig. 4 shows the dependences of Re, Rct, and Rg on the
athode’s state of discharge. Although all of these three parameters
hange with the cathode’s state of discharge, the trends are vari-
us. There is a little fluctuation with Re during the discharge process
hich should be caused by the dissolution of the polysulfides. The

oncentration of the polysulfides changes with the cathode’s state
f discharge, which means that the composition of the electrolyte
s a function of the sulfur electrode’s state at any given time. This

akes difficulty for a lithium anode to form a stable SEI film which
s responsible for the cycle efficiency of the lithium electrode. This
s another reason for the poor cycle performance of the Li/S system.
s to the Rct, there is a significant decrease from the 8% DOD to 14%
OD which is corresponding to the upper plateau and the beginning
f the lower plateau, respectively. This means the charge trans-
er occurred in the reaction S → Li2Sx (8 ≥ x ≥ 4) is more difficult
han the charge transfer occurred in the reaction Li2Sx1 → Li2Sx2
8 ≥ x1 > x2 ≥ 4). The reasons may be the insulating nature of ele-

ental sulfur [23] and the poor electrical contact which lead to
poor electrochemical accessibility. While during the DOD range

rom 14% to 52%, the values of Rct are similar. This indicates that
he charge transfer in the reaction Li2Sy → Li2S is not more diffi-
ult than the charge transfer in reaction Li2Sx → Li2Sy (8 ≥ x,y > 2
nd x > y). Unlike Re and Rct, Rg increased monotonously with the
ischarge process going on. Combining Fig. 3, Fig. 2 with Fig. 1, we
an draw a conclusion that the solid Li2S (or Li2S2) appeared at the
ery beginning of the second voltage plateau and became more and
ore severe during the following discharge process. The Li2S (or

i2S2) film which deposits on the carbon matrix can cause a serious
arburg impedance due to the polysulfides diffusion within the

athode (see Fig. 2B). Both the interfacial charge transfer and the
ass transport contribute to the electrochemical reactions. From
kinetic point of view, we can describe the discharge process of

he sulfur cathode like this: during the upper voltage plateau, the
mpedance of interfacial charge transfer dominate the reduction
eaction, while during the lower voltage plateau, the mass transport

n the cathode is a control step.

All of the above analyses are based on the assumption that the
emicircle in the middle frequency range is caused by the film of
i2S (or Li2S2) on the carbon matrix in the cathode. To validate
his assumption, we investigated the morphology and composition



130 L. Yuan et al. / Journal of Power Sources 189 (2009) 127–132

ge pro

c
E

d
u
D

i

Fig. 5. SEM images of the sulfur cathode during the first dischar

hanges in the sulfur cathode during discharge by means of SEM,

DS and XRD techniques.

Fig. 5 shows the SEM images of the cathode at different
epth of discharge. Before SEM measurements, the remaining sol-
ble polysulfides in the cathode was completely washed with
ME. Therefore, only solid compounds were observed in the SEM

h
m
a
t
b

cess (a–f are all corresponding to the points indicated in Fig. 1).

mages. Prior to discharge, the original sulfur electrode represented

omogenous mixing of sulfur, carbon and PVDF (see Fig. 5a). At the
iddle point of the 2.4 V plateau, most of the sulfur particles dis-

ppeared in the cathode as can be seen in Fig. 5b. Until the end of
he first discharge region, there is little solid reduction product can
e observed in the cathode, as shown in Fig. 5c, only carbon matrix
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Fig. 6. Relative content (by EDS) of sulfur during the first discharge process.

as observed at the end of the first discharge region. However, there
as a significant change in the cathode at the middle part of the
.05 V plateau. The surface of the carbon matrix was significantly
overed with a solid film (see Fig. 5d). And the passivation caused
y the solid film became denser during the following discharge (see
ig. 5e and f).

The content of the sulfur and the solid-state reduction prod-
ct in the cathode was semiquantitatively determined by means of
DS measurement which was implemented with SEM. As shown in
ig. 6, the relative sulfur content in the cathode decreases abruptly
uring the first discharge region, and then increases in the sec-
nd discharge region. These results are in good agreement with the
esults of the SEM measurement. The decrease of the sulfur content
n the first discharge region can be attributed to the decrease of the
olid elemental sulfur by the formation of the soluble polysulfides,
nd the increase of the sulfur content in the second discharge region
ould be associated with the generation of the Li S (or Li S ) on
2 2 2

he carbon matrix.
The changes of XRD patterns are displayed in Fig. 7. The orig-

nal sulfur electrode (see Fig. 7a) represents an orthorhombic
tructure. The peak area of sulfur drastically decreased with the

Fig. 7. The XRD pattern of sulfur electrode during the first discharge process.

t
i
i
p
i
b

ig. 8. Nyquist plots for sulfur electrode in the frequency range of
100 kHz–100 mHz) as a function of charge.

ischarge going on (see Fig. 7b) and disappeared at the end of the
pper plateau (Fig. 7c). At the lower plateau region (Fig. 7d–f),
e could find out new peaks which were coincided with Li2S.

hese peaks of Li2S became stronger with the discharge going
n, which should be contributed to the increasing amount of
i2S.

There is no evidence given by the measurements of SEM, EDS
nd XRD that the formation of Li2S begins at the beginning of the
ower plateau region (or the end of the upper plateau region). This
eems to be little inconsistent with the assumption of the EIS model
entioned above. There are two possible reasons. One is that the

IS equivalent circuit is unreasonable for the discharge reaction of
ulfur. The other is that those methods, such as SEM and XRD, are
ot sensitive enough to study the details of the electrochemical
eaction.

To answer this question, EIS measurements for the sulfur elec-
rode at different charge state corresponding to the points indicated

n the charge profile (see Fig. 1) were carried out. The result-
ng impedance features are shown in Fig. 8. According to the
revious study on Li/S batteries, we know that when recharg-

ng after the very first discharge, polysulfides do not transform
ack into elemental sulfur even at 100% depth of charge [19,24].

Fig. 9. The XRD pattern of sulfur electrode during the first charge process.
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Fig. 10. The discharge and char

ased on the model that the semicircle in the middle frequency
ange is caused by the solid Li2S (or Li2S2) film on the carbon
atrix in the cathode, the impedance spectra of the fully charged

athode should display only one semicircle. The EIS experiment
esult displayed in Fig. 8 is in good agreement with the hypoth-
sis which confirms that the EIS model given above can depict
he electrochemical reaction process of sulfur cathode properly.
ig. 9 also gives XRD patterns of the ‘sulfur’ electrode at different
harge state. As expected, for the fully charged ‘sulfur’ elec-
rode, the Li2S disappeared and elemental sulfur was not detected.
he obtained results may further confirm that EIS is a powerful
echnique to study the fundamental processes in sulfur cathode
ue to the electrochemical nature of the charge–discharge reac-
ion.

According to the results discussed above, the model of the sulfur
athode during discharge–charge cycles can be shown as Fig. 10.
uring the very first discharge, the elemental sulfur changed to
olysulfides at upper plateau region, and polysulfides transformed
o Li2S at the lower plateau region. When recharging, Li2S only
ecovered long chain polysulfides not elemental sulfur even at 100%
epth of charge.

. Conclusions

EIS was proved to be a powerful technique to study the
etails of the electrochemical reaction of sulfur cathode during
harge–discharge process. The individual contributions of charge
ransfer resistances, ion diffusion impedance and properties orig-
nated from the Li2S film were distinguished in the frequency
omain. The obtained results are summarized as follows:

1. The semicircle in the middle frequency range was found to be
caused by the Li2S film on the carbon matrix in the cathode.

. Solid Li2S appeared at the beginning of the lower voltage plateau
region and became denser during the following discharge pro-

cess.

. During the upper voltage plateau, the impedance of interfacial
charge transfer dominate the reduction reaction, while during
the lower voltage plateau, the mass transport in the cathode is a
control step.

[

[

ction model of sulfur cathode.
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