
In Situ Raman Spectroscopy of Sulfur Speciation in Lithium−Sulfur
Batteries
Heng-Liang Wu, Laura A. Huff, and Andrew A. Gewirth*

Department of Chemistry, University of Illinois at Urbana−Champaign, 600 South Mathews Avenue, Urbana, Illinois 61801, United
States

*S Supporting Information

ABSTRACT: In situ Raman spectroscopy and cyclic voltammetry were used to
investigate the mechanism of sulfur reduction in lithium−sulfur battery slurry
cathodes with 1 M lithium bis(trifluoromethane sulfonyl)imide (LiTFSI) and
tetraethylene glycol dimethyl ether (TEGDME)/1,3-dioxolane (DIOX) (1/1,
v/v). Raman spectroscopy shows that long-chain polysulfides (S8

2−) were
formed via S8 ring opening in the first reduction process at ∼2.4 V vs Li/Li+ and
short-chain polysulfides such as S4

2−, S4
−, S3

•−, and S2O4
2− were observed with

continued discharge at ∼2.3 V vs Li/Li+ in the second reduction process.
Elemental sulfur can be reformed in the end of the charge process. Rate
constants obtained for the appearance and disappearance polysulfide species
shows that short-chain polysulfides are directly formed from S8 decomposition.
The rate constants for S8 reappearance and polysulfide disappearance on charge
were likewise similar. The formation of polysulfide mixtures at partial discharge
was found to be quite stable. The CS2 additive was found to inhibit the sulfur reduction mechanism allowing the formation of
long-chain polysulfides during discharge only and stabilizing the S8

2− product.

KEYWORDS: Li−S batteries, Raman spectroscopy, sulfur reduction, kinetic of polysulfides formation and decomposition,
partial discharge, carbon disulfide

1. INTRODUCTION

Conventional Li-ion batteries have attracted attention over the
previous two decades for a wide variety of applications,
including those involving portable devices and automobiles.
However, the gravimetric energy density limit for the LiCoO2/
C battery is about 400 Wh kg−1, which is insufficient for long
distance travel (i.e., >300 km) involving battery electric
vehicles.1,2 The lithium−sulfur (Li−S) battery is a promising
electrochemical system that has great potential as a higher
capacity energy storage device. The theoretical capacity of the
Li−S battery is 1675 mAh g−1 and the energy density of 2600
Wh kg−1 is 3−5 fold higher than state-of-the-art Li-ion
batteries. Additionally, the volumetric energy density of the
Li−S battery is theoretically two times larger than that
associated with the Li-ion battery, 2200 Wh L−1 vs 1000 Wh
L−1, respectively.1 Finally, elemental sulfur is safe, abundant,
cheap, and nontoxic.
Despite the considerable advantages of the Li−S battery, it

suffers from many challenges such as the formation of solid
electrolytes interphase (SEI) layers on the Li anodes, Li
dendrite formation, the shuttle effect of polysulfides, dissolution
of partially discharged species, and a complicated reaction
pathway.1−5

Sulfur reduction is a stepwise electrochemical process
involving a sequence of highly soluble polysulfides as the
intermediate species. It is generally agreed that long-chain
polysulfides with the general formula (Li2Sn) such as Li2S8 and

Li2S6 are produced in the beginning of the discharge process.
The long-chain polysulfides are further reduced to form short-
chain polysulfides, the dissolution of which is well-understood
to cause capacity fade. The final product at the end of discharge
is insoluble lithium sulfide (Li2S).

1−5 The overall cathode
reaction can be described as S8 +16e

− +16Li+↔ 8Li2S.
To understand the discharge/charge mechanism of the Li−S

battery, sulfur speciation has been examined by multiple
techniques.6−13 UV−visible absorption spectroscopy (UV−vis)
and cyclic voltammetry (CV) were used to study the dissolved
lithium polysulfides produced from the electrochemical
reduction of S8. The electrochemical reduction of S8 normally
exhibits two reduction steps in ionic liquids and organic
solvents such as tetrahydrofuran (THF), dimethylformamide
(DMF) and dimethyl sulfoxide (DMSO).14−20 In some reports,
there is an additional peak in the CV exhibiting smaller
reduction current between the two main reduction peaks at
∼2.1 V (vs Li/Li+).8,14−16,18,19 Long-chain polysulfides such as
S8

2− and S6
2− are produced in the first reduction step, as

evidenced in UV−vis and high-performance liquid chromatog-
raphy. S4

2− is produced in the second reduction peak. Short-
chain polysulfides such as S3

2−, S2
2−, and S2− are produced at

the end of the reduction process.8
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X-ray absorption spectroscopy showed that the sulfur
speciation in the Li−S battery during the discharge/charge
process governs the dissolution of S8 and deposition of Li2S.

10

This study also suggested that supersaturation of S2− postpones
the Li2S formation upon reduction. Solid-state 6Li and 33S
magic-angle spinning NMR studies demonstrated that Li2S is
produced at the end of the discharge process. 6Li T2 relaxation
measurements show the association of long-chain polysulfides
and short-chain polysulfides with two reduction steps.21 In situ
X-ray diffraction characterization shows the formation of
crystalline Li2S in the discharge process and its consumption
during following charge process. The soluble polysulfides can
be oxidized to solid S8. After the recrystallization process, the
reformed S8 is a different allotrope from the pristine structure.12

In this paper, we use in situ Raman spectroscopy to examine
the discharge and charge processes of a Li−S cathode in 1 M
lithium bis(trifluoromethane sulfonyl)imide (LiTFSI) and
tetraethylene glycol dimethyl ether (TEGDME)/1,3-dioxolane
(DIOX) (1/1, v/v). There has been substantial prior work
using Raman to interrogate sulfur speciation.6,7,22 Hagen et al.
combined DFT calculations and in situ Raman experiments to
verify the existence of various polysulfides, whose speciation
depends on the state of charge. They found both polysulfide
monoanions and dianions in every charge state.7 Yeon et al.
showed that the radical anion S3

•− and Li2S were formed in a
sulfur−carbon cathode during cycling by using ex situ Raman
spectroscopy.6 However, detailed examination of the potential
dependence of particular polysulfide species and in particular
the rates of disappearance and appearance of sulfur speciation
are not yet clear. Additionally, the effect of solution additives on
intermediate species is still unknown. Thus, we aim to provide
more detailed information for the potential dependence of
different polysulfide species and the rates of formation for sulfur
species during the discharge and charge processes along with
the effect of additives such as CS2. In prior work, addition of S
copolymers such as poly(sulfur-1,3-diisopropenylbenzene) has
been shown to control S8 discharge.

23 CS2 has been utilized to
increase the solubility of elemental S and the increased
solubility of this element is thought to increase the charge−
discharge efficiency.24 However, the detailed effect of CS2 on
the voltammetry or S speciation is unknown.

2. EXPERIMENTAL SECTION
Cathode Preparation. The cathode materials were made from a

slurry consisting of 60 wt % sulfur (99.98%, Sigma-Aldrich), 30 wt %
carbon black (Super-P Li, Timcal Inc.), and 10 wt % polyvinylidene

fluoride (PVDF, Kynar 2801) binder mixed with anhydrous N-methyl-
2-pyrrolidone (NMP, Sigma-Aldrich). After mixing the slurry
overnight, the slurry was cast on aluminum foil (Sigma-Aldrich). A
Gardco adjustable micrometer film applicator (Microm 5 1/2″ width)
was used to smooth the slurry film. The slurry film was then dried in a
convection oven overnight at 55 °C.

Two-Electrode Coin-Cell Preparation and Performance.
Lithium−sulfur batteries were assembled in a modified Swagelok
tube fitting apparatus (nylon, 1/2″ inner diameter, Chicago Fluid
System Technologies) described previously.21 The cell consisted of a
Li metal (99.9%, Alfa Aesar) anode, a porous polypropylene separator
(Celgard 2400), Whatman glass fiber separator (GF/F, 150 mm
diameter) and carbon cathode to which about 0.3 mL of electrolyte
was added. The cells were assembled and discharge/charge curves
were obtained in an Ar-filled glovebox. Discharge and charge studies
were carried out at the rate of C/10 (by the weight of the whole
cathode) from the open circuit potential (OCP) to 1.5 V. All materials
were handled in an Ar-filled glovebox unless otherwise stated.

Cyclic Voltammetry (CV) and Raman Cell Preparation. CV
and Raman spectroscopy experiments were performed in a home-built
glass cell.25 The working electrode was sulfur−carbon (∼0.01g)
supported on an Al disk (3/8 in. in diameter, 99.99%, Alfa Aesar). Li
metal was used as the reference and counter electrode (99.9%, Alfa
Aesar). The assembled cell was filled with 20 mL electrolyte in an Ar-
filled glovebox and then transferred out of glovebox for in situ Raman
experiments. The sulfur concentration in our Raman study is ∼9 mM.

Cyclic voltammetry and discharge/charge performance of the cells
were carried out in the potential window from 3.2 to 1.5 V (vs Li/Li+),
using 760C and 760D CH Instruments potentiostat. The scan rates
were 0.5 mV/s. The current density was estimated by using the
geometric area of the Al disk.

Electrolyte Preparation. The electrolyte was 1 M lithium
bis(trifluoromethane sulfonyl)imide (LiTFSI) in a 1:1 (v/v) solution
of tetraethylene glycol dimethyl ether (TEGDME, ≥99%, Sigma-
Aldrich) and 1,3-dioxolane (DIOX, anhydrous, Sigma-Aldrich). The
carbon disulfide (CS2) additive was purchased from Sigma-Aldrich
(anhydrous, ≥99.9%).

Raman Spectroscopy Measurements. Raman spectroscopy was
performed using a system described previously.25 The typical
acquisition time was 75s or 150s per spectrum. In order to reach
electrochemical equilibrium, the potential was held at each 100 mV
step at least 15 min before collecting the spectrum. The band
intensities used for the data analysis in this study were baseline
corrected. The error bars in the Raman intensity were obtained from
five experiments. The magnitude of the error bars shows the error in
the average Raman intensity. The analysis in our experimental system
is valid.

3. RESULTS AND DISCUSSION
3.1. Cyclic Voltammetry and Discharge/Charge

Profiles for Sulfur−carbon Cathode. Figure 1A shows the

Figure 1. (A) Steady cyclic voltammetry of the as-prepared sulfur−carbon cathode at a scan rate of 1 mV/s. (B) Li−S battery discharge and charge
curve (chronopotentiometric) at a C/10 rate (for the weight of whole cathode).
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steady cyclic voltammetry (CV) of the as-prepared sulfur−
carbon cathodes obtained at a scan rate of 0.5 mV/s. The CV
starts from the open circuit potential (3.2 V) to 1.5 V vs Li/Li+.
The reductive scan shows typical sulfur-reducing CV peaks at
∼2.45 and ∼2.20 V as marked by a′ and b′, respectively. These
reduction processes are associated with the formation of various
polysulfides.8,14,15,17−20

Barchasz et al. showed that the CV of as-prepared sulfur−
carbon cathodes contains three redox pairs at a scan rate of 20
μV/s. The three reductive peaks only appear in the first cycle at
∼2.4 V, ∼2.1 V and ∼2 V (vs Li/Li+). However, the second
reductive peak at ∼2.1 V only appears at specific scan rates and
cycle numbers because the intermediate species produced
during the first cycle is unstable.
Peak a′ is associated with the formation of long-chain

polysulfides as a consequence of opening the S8 ring. These
polysulfide chains are then shortened as sulfur is further
reduced in the second reduction peak (peak b′) leading
ultimately to the formation of Li2S at ca. 1.9 V. In the anodic
scan from 1.5 to 3.2 V, there are three oxidative peaks at ∼2.52
V (a) and ∼2.38 V (b) with a small shoulder at ∼2.25 V (c).
These oxidation processes are associated with the oxidation of
polysulfides to elemental sulfur. The presence of three
oxidation peaks suggests that there should be three
corresponding reduction peaks. Indeed, in the reductive scan,
peak (b′) is broad than peak (a′), which suggest that there are
multiple peaks overlapping. The broad reduction peak at 2.15 V
could be attributed to the peak overlap. The potential of the
second reduction peak (2.15 V) in the CV is slightly different
relative to that found in a coin cell (2.0 V) with a scan rate of
20 μ V/s as shown in the Supporting Information (Figure S1)
and reported previously.8 The more anodic potential of the
second reduction peak in the CV may due to the higher lithium
availability relative to the coin cell in which inhibition of the
formation of smaller, lithiated polysulfides may occur.
Figure 1B shows a typical discharge and charge curve

obtained from a lithium−sulfur (Li−S) battery at a rate of C/
10. In the first discharge process, the capacity ranging from 800
to 1200 mAh/g is similar to that reported previously.2,4,13 The
reduction process of Li/S battery can be divided into three
regions based on the discharge profile (labeled as regions 1, 2,
and 3) which provides further support for the existence of three
reductive peaks in the CV. The charge profile shows the
plateaus around ∼2.35 V and ∼2.58 V, which associated with
the oxidation peaks in the CV. Our discharge and charge

profiles are in a good agreement with Barchasz et al. and
Cuisinier et al.8,10 The identity of the three processes associated
with the three regions of the discharge curve has been studied
using many techniques such as XPS,13 Raman,6,7 UV−visible
spectra,8,9 X-ray absorption spectroscop, and XRD measure-
ments.10−12 Region 1 is associated with the formation of long-
chain polysulfides such as S8

2− and S6
2− via S−S bond cleavage

by Li+. Regions 2 and 3 are associated with the formation of
short-chain polysulfides such as S4

2− and S3
2−. The short

polysulfide species like S2− and S2
2− along with Li2S are the final

products at the end of region 3.6−13

3.2. Raman Intensity Changes during Discharge. To
fully understand the mechanism of polysulfide formation during
charge and discharge, we used in situ Raman spectroscopy to
investigate the potential dependence of these polysulfide
species. Figure 2 shows in situ Raman spectra obtained from
the sulfur−carbon cathode during discharge from 3.2 to 1.5 V
(I) followed by recharge to 3.2 V (II). The peaks of particular
interest are marked with a−f. Raman spectra of solid-state
polysulfides and solvated polysulfides in different solvents have
been previously reported.6,7,22,26−39 It is known that the
vibrational frequency of different polysulfides is solvent
dependent. Values obtained from DFT calculations were also
taken into account in the assignment given here.7 Polysulfide
modes are found between 100 and 800 cm−1 and are associated
with S−S bending and stretching vibrations, as shown in Table
1. The other peaks can be ascribed to the electrolyte and are
discussed in the Supporting Information (Figure S2 and Table
S1)
Peak a at 217 cm−1 is observed at positive potentials prior to

cycling the electrode. This peak disappears during the discharge
process and reforms during charging as shown in Figure 2. Peak

Figure 2. (A, B) In situ Raman spectra of the sulfur−carbon cathode shown at representative potentials (I) during discharge from 3.2 to 1.5 V and
after (II) recharging to 3.2 V.

Table 1. Experimental Vibrational Frequencies and
Assignments for Li−S Species

peak
label

peak position
(cm−1) assignments

literature
references

a 217 S8 and S8
2− (Bending mode) 6,7,26,27,40,41

b 234 S4
2−(Bending mode) 34,35,37

c 518 S4
− 36,38

d 534 S3·
− (Symmetric stretching
mode)

6,42,43

e 766 Sx
2− (X=4−8) 6,28

f 1066 S2O4
2− (S−O, stretching

mode)

22,46,47
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a is assigned to the S−S bending mode of S8 ring.6,26,27,40,41

The Raman spectra suggest that the S8 ring reversibly is
destroyed and reformed during cycling, a result also suggested
by XRD results.6,11,12 The peaks at 234 cm−1 (b), 518 cm−1 (c),
534 cm−1 (d), 766 cm−1 (e), and 1066 cm−1 (f) gradually grow
in at 2.2 V during discharge. Peak b is assigned to bending
mode of S4

2−.34,35,37 Peak c is S4
− and peak d is attributed to

radical anion S3
•− which has been found by prior Raman

measurements at 535 cm−1.6,36,38,42,43 The existence of a radical
anion is also suggested by UV−visible spectra and ESR
measurements.42−45 Interestingly, S3

•− has also been found in
ex situ Raman measurements obtained from a disassembled Li−
S battery, suggesting it is quite stable.6 Peak (e) was assigned to
Sx

2− (x = 4−8) which was reported for long polysulfides
solutions such as Li2S5, Li2S6, and Li2S6.5 and was also observed
by ex situ Raman experiment.6,28 The presence of S2O4

2− at
peak (f) shows evidence of S−O species formation during
discharge.46,47 The preparation of sulfur−carbon cathode
outside of the glovebox may result in the formation of
sulfur−oxygen species. Another possibility may be the presence
of a small amount of oxygen (3−7 ppm) in the glovebox.
Recently, irreversible sulfur oxidation process on the sulfur−
carbon cathode has been reported.22,48 In this work, the
reaction between the sulfur−carbon electrode and solvent

(TEGDME/1,3-dioxolane) could be another reason causing
the formation of S−O species.
The different short-chain polysulfides such as S4

2−, S4
−, and

S3
•− can be formed at the same potential. The polysulfide

species could result of the reaction of S8+2e
− → S8

2−, 2S8
2− →

2S4
2−+S8, and 2S4

2− → 2S3
•−+S2

2−.8,28 The presence of S3
•−

suggest the equilibrium of Li2S4 → Li2S. It is known that the
crystalline and partially disordered Li2S phase can be formed in
the end of discharge process by using XPS,13 X-ray absorption
spectroscopy,10 solid-state NMR, and XRD measure-
ments.6,11,12,21 One peak not observed in the Raman in Figure
2 is that associated with Li2S, the final product of battery
discharge, even when the cathode was held at 1.5 V at least 20
min. Solid Li2S exhibits a peak at 375 cm−1,49 but solvent
modes obscure this energy in our in situ measurement.
Additionally, ex situ Raman from discharged Li−S cathodes
revealed little intensity at this energy.6 Additional peaks at 174
and 514 cm−1 are for crystalline Li2S2.

22 In our in situ Raman
experiment, the peak at ∼518 cm−1 showed up during discharge
and disappear around 1.8 V as shown in Figure 2. It should be
questioned whether the peak at 514 cm−1 is the pure Li2S2 or
different polysulfides. Hagen et al. combined the DFT
calculation and in situ Raman experiment to discuss the Li2S2
and Li2S formation.7 The experimental solid-state spectra were
also taken into consideration. In summary, the intensity of the

Figure 3. In situ Raman spectra of the sulfur−carbon cathode obtained during discharge at (A) 180−250 cm−1, (B) 500−600 cm−1, and (C) 1000−
1100 cm−1 from 2.4 to 1.5 V. (D) Cyclic voltammetry of the as-prepared sulfur−carbon cathode and potential dependence of the peak intensities at
217, 234, 518, 534, and 1066 cm−1 shown in A−C.
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Li2S2 and Li2S peaks is low and hard to identify as shown in the
previous ex-situ and in situ Raman experiment.6,7,22

Figure 3A−C shows the potential dependence of the in situ
Raman in three different spectral regions. Several new peaks
form after the decomposition of long-chain polysulfide with
further discharge below 2.4 V. Figure 3A−C shows that peaks
associated with S8 disappear at 2.2 V. S4

2−, S4
−, S3

•−, and
S2O4

2− grow around 2.3 V during the discharge and disappear
at ∼1.6 V. Figure 3D presents the CV of the sulfur−carbon
cathode and the potential dependence of the peak intensity at
217, 234, 518, 534, and 1066 cm−1 taken from Figure 3A−C.
All peak intensities were normalized to the intense 534 cm−1

peak at 2.1 V. The S8-associated peak at 217 cm−1 is present at
3.2 V and maintains approximately constant intensity until a
potential of 2.2 V is reached, at which point the S8-associated
intensity drops to zero. The potential dependence in Figure 3D
shows that intensity associated with S8 decreases at
approximately the potential of the first reduction peak upon
discharge. Modest increases in intensity between 2.5 and 2.4 V
may be associated with formation of species exhibiting a similar
Raman shift relative to solid S8. In particular, species such as
mono- and dianions like S5

− (217 cm−1), S8
− (216 cm−1), S5

2−

(214 cm−1), and S8
2− (214 cm−1) are calculated to exhibit

similar shifts.7 Indeed, S8
2− or S6

2− formation in this region has
been suggested by using other techniques.8,10,20 Figure 3D also

presents the potential dependence of the peak intensities
associated with S4

−, S4
2−, S3

•−, and S2O4
2−. These different

polysulfide species all form at 2.3 V and grow to a maximum at
∼2.1 V. The coexistence of peaks associated with S8 and S4

2−

can be observed at 2.3 V as shown in Figure 3A, suggesting that
long-chain polysulfides are reduced to make shorter chains.
This result clearly shows that the different short-chain
polysulfides form at the second reductive peak in the CV and
decompose into other species again at 1.8 V. Based on previous
studies,6,10,13,22 Li2S and Li2S2 could be the final product but
the solid Li2S peak at 375 cm−1 was not observed as described
above.

3.3. Raman Intensity Changes during Charging. Figure
4A−C shows the potential dependence of the in situ Raman in
three different spectral regions during the charging process.
The peaks associated with S4

2−, S4
−, S3

•−, and S2O4
2− grow

during charging starting at ca. 2.0 V and disappear at ∼2.6 V.
The S8-associated peak is produced at 2.5 V charge process and
reach a maximum at 2.6 V. Figure 4D shows the potential
dependence of the peak intensities associated with S4

−, S4
2−,

S3
•−, S2O4

2−, and S8. All peak intensities were normalized to the
intense 534 cm−1 peak at 2.3 V. Correspondence with the CV
shows that the oxidation peak at ∼2.4 V and the small shoulder
at ∼2.25 V are associated with the formation of short-chain
polysulfides during the anodic scan. This result shows that the

Figure 4. In situ Raman spectra of the sulfur−carbon cathode obtained during charging at (A) 180−250, (B) 500−600, and (C) 1000−1100 cm−1

from 1.5 to 3.2 V. (D) Cyclic voltammetry of the as-prepared sulfur−carbon cathode and potential dependence of the peak intensities at 217, 234,
518, 534, and 1066 cm−1 shown in A−C.
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different short-chain polysulfides are oxidized between 2.4 to
2.6 V. Long-chain polysulfides or S8 are first observed at 2.5 V,
showing that the oxidation peak at ∼2.5 V is associated with the
formation of long-chain polysulfides and S8. This result shows
that the S8 is reformed during the charge process, which is
expected.6,11,12

3.4. Kinetics of Polysulfide Formation during Dis-
charge. In order to characterize the persistence of the different
polysulfide species during a potential hold during discharge, we
examined the Raman spectrum obtained during partial
discharge of the slurry cathode. Figure 5A shows in situ
Raman spectra of the sulfur−carbon cathode obtained at
potentials between 3.2 and 2.2 V and that obtained after
holding the potential at 2.2 V for 30 min. As expected, short-
chain polysulfides such as S4

2−, S4
−, S3

•−, Sx
2− (x = 4−8), and

S2O4
2− are observed at 2.2 V. The intensity of peaks associated

with these short-chain polysulfides grows at 2.2 V with time as
shown in Figure 5B. Figure 5C shows the normalized intensity
of the Raman bands associated with short-chain polysulfides
plotted as a function of time after stepping the potential from
3.2 to 2.2 V. The intensity of the 534 cm−1 band reached a
maximum ca. 20 min after the potential was switched to 2.2 V
and did not diminish for the remaining 10 min of the
measurement. This behavior shows that the polysulfide formed
at this potential is stable under potential control, at least over
this time scale.
The short-chain polysulfide could result from the reaction of

Li+ + S8 + e− → short-chain polysulfides. The high
concentration of Li salt (1 M) was used to increase the
conductivity in the electrochemistry system.50−53 Thus, we can
assume the Li+ concentration remains constant during the

reaction. A pseudo first-order fit was used to model the reaction
kinetics for both short-chain polysulfide formation and S8
decomposition. Figure 5D shows fits to an exponential function
of the time-dependent change in intensity of peaks associated
with the formation of short-chain polysulfides. The appearance
of S3

•− occurs with a rate constant kf = 0.091 ± 0.012 min−1.
Figure 5D also shows an exponential fit to the time-dependent
disappearance of S8 following the potential step. In this case, S8
disappears with a rate constant kd = 0.103 ± 0.023 min−1. The
close correspondence between kf and kd show that the short-
chain polysulfides are directly formed from S8 decomposition.
The close correspondence between kf values for the different
short-chain polysulfide species also suggests that the S8 ring is
cleaved randomly by Li.

3.5. Kinetics of Polysulfide Decomposition during
Charge. Figure 6A shows in situ Raman spectra of the sulfur−
carbon cathode obtained at potentials between 2.2 and 3.2 V
and that obtained after holding the potential at 3.2 V for 120
min during charging. The short-chain polysulfides observed at
2.2 V were reduced at 3.2 V, which is expected. After switching
the potential from 2.2 to 3.2 V, the intensity of peaks associated
with S8 increases and the intensity of peaks associated with
short-chain polysulfides decreases with time as shown in Figure
6B. Finally, only the S8 peak can be observed. Figure 6C shows
the normalized intensity of the Raman bands associated with
short-chain polysulfides plotted as a function of time after
switching the potential from 2.2 to 3.2 V. The intensity of
short-chain polysulfides decreases with time and disappears 30
min after the potential was switched to 3.2 V. Figure 6D shows
the fitting profiles to the decomposition of short-chain
polysulfides and the formation of S8. The rate constant is kd′

Figure 5. (A) In situ Raman spectra of the sulfur−carbon cathode obtained during discharge from 3.2 to 2.2 V and after holding the potential at 2.2
V for 30 min. (B) In situ Raman spectra at 180−250 and 500−600 cm−1 regions taken from 3.2 and 2.2 V during partial discharge. (C) Normalized
intensity of S8 and short-chain polysulfides species were plotted as a function of time after switching the potential from 3.2 to 2.2 V. (D) Fitting
profiles for S8 decomposition and the formation of short-chain polysulfides species.
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= 0.080 ± 0.018 min−1 for the decomposition of S3
•− and kf′ =

0.114 ± 0.029 min−1 for the formation of S8. The rate constants
for charge and discharge are thus similar to each other,
suggesting that polysulfide oxidation and reduction is quasi-
reversible.
We next examine the rate constants for full charge and

discharge of the sulfur slurry cathode. Figure 7 shows the
normalized intensity of the band associated with S8 and those
associated with S3

•− plotted as a function of time after
switching the potential from (A) 3.2 to 1.5 V during the
discharge process and (B) 1.5 to 3.2 V during the charge
process. During the discharge process from 3.2 to 1.5 V (Figure
7A), the intensity of the peak associated with S3

•− grows with

time and reach a maximum after 6 min. S8 is initially present,
but disappears after ∼6 min. After 6 min, the intensity
associated with S3

•− starts to decrease and disappears at 11.25
min, suggesting the decomposition of S3

•− and the formation of
Li2S.
Figure 7A shows an exponential fit to the time-dependent

disappearance of S8 and appearance of S3
•− following the

potential step. S8 disappears with a rate constant kd = 0.259 ±
0.050 min−1 and S3

•− appears with a rate constant kf = 0.273 ±
0.041 min−1. The close correspondence between kf and kd show
that the short-chain polysulfides are directly formed from S8
decomposition. The k values obtained following a step to 1.5 V
are 2−3 fold larger than that obtained following at step 2.2 V

Figure 6. (A) In situ Raman spectra of the sulfur−carbon cathode obtained during charge from 2.2 to 3.2 V and after holding the potential at 3.2 V
for 120 min. (B) In situ Raman spectra at 180−250 cm−1 and 500−600 cm−1 regions taken from 2.2 and 3.2 V during partial discharge. (C)
Normalized intensity of S8 and short-chain polysulfides species were plotted as a function of time after switching the potential from 2.2 to 3.2 V. (D)
Fitting profiles for S8 decomposition and the formation of short-chain polysulfides species.

Figure 7. Normalized intensity of S8 and short-chain polysulfides (S3
•−) were plotted as a function of time after switching the potential from (A) 3.2

to 1.5 V (discharge process) and (B) 1.5 to 3.2 V (charge process).
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(Figures 5 and 6) which is a consequence of the greater driving
force to decompose S8 and form S3

•−. As expected, Figure 7B
shows that S3

•− grows after switching the potential from 1.5 to
3.2 V. The peak intensity associated with S3

•− reaches a
maximum after 6 min. After 6 min, the decrease of S3

•−-
associated peak intensity corresponds to the increase of S8-
associated peak intensity, suggesting the formation of short-
chain polysulfides such as S3

•− is followed by S8 formation
during the charge process. The apparent rate constants found
during charging are similar to those obtained during discharge.
3.6. Changing Reactivity with CS2 Addition. The

analysis described above shows that S8 decomposition occurs
stepwise, via formation of progressively shorter-chain poly-
sulfides as the potential is made more negative. We wondered
whether we could control the stepwise decomposition of S8
through a solution additive such as CS2. Li cations in solution
terminate the ends of the polysulfides as the polysulfide chain
becomes shorter in a manner analogous to an organolithium
reagent. Organolithium (RLi) contain very polar carbon−metal
bonds. Thus, they are very reactive reagents. These organo-
lithium reagents are widely used to add organic groups to
substrates via nucleophilic addition or simple deprotonation.54

Organolithium reagents can also react with carbon dioxide to
form carboxylic acids.55 CS2 reacts with organolithium
complexes to make thiocarbonyl compounds or accumulate
thiocarbonyl groups in the addition reaction of thiocarbonyl
compounds. CS2 is also used to react with organolithium
reagents such as 1,4-dilithio-1,3-diene derivatives via carbophilic
addition and thiophilic addition to generate thiophenes.56,57

Figure 8 shows CV obtained between 3.2 and 1.9 V from the
as-prepared sulfur−carbon cathode at a scan rate of 0.5 mV/s

with addition of different amounts of CS2 (by vol). CS2 forms
carbon polysulfides such as CS3

2− and CS4
2− in the region

between 1.9 to 1.5 V.58,59 The CV shows that the second
reduction peak at ∼2.2 V (denoted by the arrow) decreases
with increasing amounts of CS2 and only one reduction peak is
found after addition of 5% CS2. The oxidative peak also shifts
to positive potential from 2.5 to 2.6 V.
Figure 9A, B shows Raman spectra of the sulfur−carbon

cathode obtained during discharge with addition of (A) 0.5%
CS2 and (B) 10% CS2. The intensity of the C−S peaks
(stretching mode) at 666 and 800 cm−1 varies with the
amounts of CS2 as shown in the Supporting Information
(Figure S3).60,61 During discharge in 0.5% CS2, peaks

associated with S3
•− and S4

− grow at 2.4 V after the
decomposition of S8 as shown in Figure 9A. However, the
intensity of the bands associated with these species is very low
compared with that in Figure 3 where CS2 was absent. Figure
S4 in the Supporting Information shows that the relative
intensity of the peak associated with S3

•− decreases with the
amount of added CS2. With addition of 10% CS2 (Figure 9B),
no peaks associated with S3

•− formation were observed during
discharge. However, the S8 peak is persistent, which suggests
the CS2 additive does not affect S8 at OCP. Figure 9C, D shows
the CV of the as-prepared sulfur−carbon cathode in (C) 0.5%
CS2 and (D) 10% CS2 along with the potential dependence of
the peak intensities at 217 cm−1 (S8) and 534 cm−1 (S3

•−)
taken from A and B, respectively. The Raman intensities in
Figure 9C were normalized to the 534 cm−1 peak at 2.2 V
during discharge process. The intensity of the S3

•− peak is very
low in 0.5% CS2. CV data in Figure 9C shows the second
reduction peak around 2.2 V has little intensity, which is in a
good agreement with the Raman data. The CV in Figure 9D
shows only one reduction peak around 2.5 V in 10% CS2. The
Raman data shows only S8 decomposition in the first reduction
peak. Although carbon polysulfides such as CS3

2− and CS4
2−

can be formed in the region of 1.9 to 1.5 V, no other
polysulfides were observed before 1.9 V during discharge
process. Thus, formation of short-chain polysulfides is sup-
pressed by CS2. CS2 addition poisons the sulfur−carbon
cathode and inhibits the reduction of long-chain polysulfides.
Figure 10 shows a possible explanation for the behavior

observed with CS2 addition. As illustrated in the Figure, S8 is
cleaved by Li+ ion and forms S8

2− in the first reduction peak.
Short-chain polysulfides such as S4

2− and S3
•− form during

further discharge as shown in pathway (a). Li2S is the final
product of discharge. Addition of CS2 (pathway (b)) does not
affect the formation of S8

2− in the first reduction step. After the
formation of long-chain lithium polyulfides, CS2 will react with
the lithium polysulfides to form stable compounds. Thus, the
long-chain lithium polysulfides cannot be further reduced to
short-chain polysulfides before 1.9 V.

4. CONCLUSIONS

In situ Raman and CV experiments clearly confirm that various
lithium polysulfides are formed in two steps during discharge,
including long-chain polysulfides (S8

2−) and short-chain
polysulfides such as S4

2−, S4
−, S3

•−, and S2O4
2−. The S8 ring

opening results in the formation of long-chain polysulfides at
∼2.4 V and the short-chain polysulfides appear at ∼2.3 V.
These short-chain polysulfides decompose again at 1.6 V.
During charge process, polysulfides and S8 were reformed
sequentially in different potential regions. Rate constants
obtained by fitting the appearance and disappearance of
bands to a pseudo first order reaction show that S8
disappearance and polysulfide appearance occur at approx-
imately the same rate, a rate that is similar whether the
electrode is being charged or discharged.
CS2 addition was used to change the sulfur reduction

mechanism. While long-chain polysulfides are formed in the
first reduction peak, CS2 addition inhibits the appearance of
further discharge products, ostensibly by stabilizing the long-
chain polysulfide. The S8

2− stabilization found here suggests
that other additives might be successful in stabilizing other Li−
S battery discharge products.

Figure 8. Cyclic voltammetry of the as-prepared sulfur−carbon
cathode at a scan rate of 0.5 mV/s with different amounts of carbon
disulfide (CS2) (by vol.).
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