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Lithium-sulfur batteries have a high theoretical energy density of 2500 Wh/kg and are promising candidates for
meeting future energy storage demands. However, dissolution of the intermediate polysulﬁde species into the
electrolyte remains as a major challenge, causing fast capacity degradation in Li-S batteries. Many recent studies
have reported various materials such as metal oxides and sulﬁdes that interact strongly with polysulﬁde species
and can alleviate the dissolution problem, though little work has focused on quantitative comparison of diﬀerent
materials under equivalent conditions. Here, we establish a standard procedure to quantitatively compare the
polysulﬁde adsorption capability of candidate materials. We found that an order of magnitude of diﬀerence is
evident between poor adsorption materials such as carbon black and strong adsorption materials such as V2O5
and MnO2. We elucidate diﬀerent adsorption mechanisms may be present and probe possible adsorption
species. We expect our work will provide a useful strategy to screen for suitable candidate materials and valuable
information for rational design of long cycle life Li-S batteries.

1. Introduction
Next generation energy storage systems are needed to satisfy the
emerging electric vehicles and renewable energy storage markets.
Rechargeable lithium-sulfur batteries are very promising candidates
because of their high theoretical energy density compared to conventional lithium-ion batteries (~ 2500 Wh/kg vs. ~ 420 Wh/kg) [1–3].
Furthermore, sulfur is cheap and abundant, making it attractive for a
low-cost system. Ongoing research has presented ways to tackle the
volumetric expansion (~ 80%) of sulfur upon lithiation to lithium
sulﬁde, and ameliorate the low conductivity of sulfur and lithium
sulﬁde [4–10]. However, fast capacity degradation of lithium-sulfur
batteries remains as a major problem. This is because the long-chain
lithium polysulﬁdes, which are intermediates of the redox reaction
from sulfur to lithium sulﬁde, are soluble in the organic electrolyte.
This dissolution leads to parasitic reactions, incomplete sulfur utilization and low coulombic eﬃciency for the lithium-sulfur batteries [11–
14].
Early strategies to address this problem involved physically conﬁning the soluble polysulﬁdes via hosts with high surface area and/or
suitable pore structures, such as mesoporous/microporous carbon and
porous hollow carbon spheres [15–17]. These showed great capacity

⁎

improvements over the ﬁrst few hundred cycles, but suﬀer signiﬁcant
decay thereafter due to the weak interaction between the polar
polysulﬁdes and non-polar carbon host. Inevitably the polysulﬁdes
leak out and physical trapping becomes ineﬀective. Materials that bind
polysulﬁdes through chemical interactions are much more promising
and many metal oxides such as Al2O3, SiO2, TiO2, Ti4O7 and MnO2
have been reported in literature to signiﬁcantly improve long term
cycling performance [18–25]. More recently, metal sulﬁdes and metal
nitrides have also been reported to greatly enhance cycling performance [26–28]. With a plethora of additives and hosts available, it is
crucial to establish a standard procedure to quantitatively compare
their polysulﬁde adsorption capability. This information can be invaluable in the design of lithium-sulfur batteries to determine suitable
candidate materials and the appropriate amount of surface area
required.
Here, we establish a possible protocol to quantitatively compare the
polysulﬁde adsorption capability of various materials. The methodology can be further applied to more extensive lists of additives and
hosts. Based on interest and availability, seven metal oxides, seven
metal sulﬁdes and one metal nitride are selected as candidate materials
to be reported here. It has been shown through theoretical calculations
that oxygen, sulfur, and nitrogen functional groups can have strong
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Fig. 1. Li2S6 polysulﬁde adsorption test: a) photograph of setup. b) UV-Vis data of varying concentrations of Li2S6 in DOL/DME solution without candidate materials, c-d) with
candidate materials added in 3 mM Li2S6.

2.3. UV–vis spectroscopy

interactions with polysulﬁde species [29,30]. Carbon black, a common
additive, is also selected for comparison. In order to normalize for
surface area, Brunauer-Emmett-Teller theory analysis is performed on
commercial powders of all 16 candidate materials (Supporting Fig. S1).
The adsorption test setup is generic and the choice of polysulﬁde
species, concentration, type and amount of electrolyte solution, surface
area of candidate materials, exposure time and other parameters may
be varied. We select one ﬁxed set as the standard conditions to compare
and discuss in detail. Fig. 1 presents data for the setup where 0.5 m2
surface area of candidate materials are added to 3 mM of Li2S6 in 4 mL
of 1,3-dioxolane/1,2-dimethoxyethane solution (DOL/DME, 1:1 by
volume) for 3 hours. Li2S6 is a representative soluble long-chain
polysulﬁde species and is prepared by chemically reacting sulfur with
Li2S in DOL/DME solution which is a common electrolyte system for
Li-S batteries.

0.5 m2 of each candidate material was placed in 4 mL of DOL/DME
solution (1:1 by volume) in an Ar-ﬁlled glove box. 3 mM Li2S6 were
introduced to all samples and allowed to rest for 3 hours. 2 mL of
supernatant solutions were then extracted and sealed. UV–vis analysis
was performed on the supernatant solutions via Agilent Cary 6000i
UV/Vis/NIR instrument. To improve the reliability of data, 10 sets of
repetitions were performed.
2.4. ICP-AES measurements
Known amounts of CuSO4.5H2O and LiNO3 were dissolved in
200 mL deionized water for calibrations of S and Li intensities in order
to account for oﬀsets potentially inherent in the methodology. Known
concentrations (0.5 mM to 3.0 mM) of Li2S6 were diluted 200× times in
10 mL deionized water as control and calibration samples. Supernatant
solutions from polysulﬁde adsorption test of candidate materials were
also diluted 200× times in 10 mL deionized water and subjected to ICPAES measurement for S and Li intensities. To improve the reliability of
data, 21 sets of samples were prepared and tested for each of the 16
candidate materials and 7 control concentrations.

2. Materials and methods
2.1. BET analysis
About 200 mg of each candidate material was heated to 120 °C and
degassed for 10 hours via the Micromeritics ASAP 2020 Surface Area
and Porosity Analyzer. The BET speciﬁc surface area was tested by
nitrogen adsorption-desorption measurement at −196 °C.

2.5. XPS analysis

2.2. Adsorption of lithium polysulﬁde

Candidate materials post polysulﬁde adsorption test were subjected
to centrifuge treatment for ease of separation. The supernatant Li2S6
solutions were poured away and the remaining candidate material
powders were mounted and placed in a vacuum chamber. XPS analysis
was performed on the material surface using a PHI Versaprobe 1
Scanning XPS Microprobe system with monochromatic Al (Kα) radiation (1486 eV). Carbon 1s peaks of samples were calibrated. Sulfur 2p
peaks were examined in detail.

All samples were dried under vacuum at 80 °C overnight before the
adsorption test. Li2S6 was prepared by chemically reacting sublimed
sulfur and an appropriate amount of Li2S in DOL/DME solution (1:1
by volume). The solution was then stirred at 70 °C in an Ar-ﬁlled glove
box overnight to produce a brownish-red Li2S6 solution (0.25 M). The
Li2S6 was then diluted to 3 mM for the polysulﬁde adsorption test.
242
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Table 1
Polysulfide adsorption capabilities of candidate materials and species observed on surfaces.
Candidate Material

UV–vis Li2S6 Adsorptiona
(µmol/m2)

UV–vis Li2S6 Adsorptiona
(mg/m2)

ICP-AES Li2S6 Adsorption
(µmol/m2)

ICP-AES Li2S6 Adsorption
(mg/m2)

Species Observedb via
XPS

V2O5
MnO2
TiS2
V2O3
FeS
MoS2
Cu2S
Ti4O7
CuS
TiO2
SiO2
Al2O3
TiN
ZnS
CoS
Carbon Black

23.1
22.5
20.8
20.2
20.2
16.9
11.8
10.1
10.0
9.2
8.5
8.1
8.0
7.3
2.6
1.3

4.8
4.6
4.3
4.2
4.2
3.5
2.4
2.1
2.1
1.9
1.8
1.7
1.6
1.5
0.5
0.3

22.3
22.9
21.4
19.9
20.9
17.5
11.9
10.1
9.3
9.0
6.6
6.1
6.9
5.4
3.5
1.6

4.6
4.7
4.4
4.1
4.3
3.6
2.5
2.1
1.9
1.9
1.4
1.3
1.4
1.1
0.7
0.3

PT,
PT
PT,
T
PT,
PS
PT,
PS
PS
PS
PS
PS
PS
PS
PT,
PS

a
b

T
T, PS
PS
PS

PS

Calculated at 400 nm wavelength.
PT = polythionate, T = thiosulfate, PS = polysulﬁde.

ities, the Beer-Lambert law can be employed: A = log10 (I0/I) = Lεc,
where A is the absorbance of the sample, I0 is the initial light intensity,
I is the transmitted light intensity, L is the path length, ε is the molar
absorptivity and c is the concentration. For our setup, the path length L
is constant, the molar absorptivity ε is also constant for any particular
wavelength, therefore the absorbance should vary directly with concentration c of polysulﬁde species in solution. Consequently, based on
the remaining Li2S6 concentration in supernatant solution, it is
possible to calculate the polysulﬁde adsorption capability for each
candidate material in terms of µmol/m2 and mg/m2, as reported in
Table 1. Under the selected standard conditions, an order of magnitude
of diﬀerence is seen between weak and strong candidate materials, with
carbon black and CoS at 1.3 µmol/m2 and 2.6 µmol/m2 respectively,
compared to MnO2 and V2O5 at 22.5 µmol/m2 and 23.1 µmol/m2
respectively.
It must be mentioned that while UV–vis is a useful technique for
polysulﬁde adsorption capability analysis, extreme care is required
throughout the procedure, and caution must be applied towards any
quantitative data obtained. Lithium polysulﬁde species such as Li2S6
can undergo disproportionation reactions to form other species such as
Li2S4 and Li2S8, adding complications to the analysis with Li2S6 no
longer being the sole species present. More importantly, these polysulﬁde species are not stable in the ambient environment, any slight
exposure to air or moisture will quickly result in signiﬁcant color fading
and nullify the validity of any UV–vis analysis. Samples need to be
prepared with adequate sealing and contaminants-free solvents, and
the Beer-Lambert law analysis should only be employed as an
approximation of numerical values.
Inductively coupled plasma atomic emission spectroscopy (ICPAES) is further performed on the supernatant solutions to provide a
more accurate quantitative analysis. ICP-AES can detect the total
concentration of lithium and sulfur atoms regardless of their chemical
state, and therefore is much less susceptible to complications brought
about by the instability of Li2S6 species. Fig. 2a shows the linear
relationship between ICP-AES lithium intensity and Li2S6 concentration. A similar relationship is shown in Fig. 2b for sulfur. The only
source of lithium introduced to the samples are from the 3 mM Li2S6
species, therefore based on the concentration of lithium atoms
remaining in supernatant solution, it is possible to determine the
amount of lithium adsorbed on the candidate materials. Fig. 2c depicts
the calculated Li2S6 adsorption capability data for candidate materials
based on ICP-AES analysis of lithium content. The results match
reasonably well with previous UV–vis approximations and similarly
demonstrate one order of magnitude of diﬀerence between weak and

3. Results and discussion
As Fig. 1a illustrates, varying degrees of color change can be
observed which are attributed to the interactions between candidate
materials and the polysulﬁde species. No observable color fading is
associated with carbon black, suggesting weak physical adsorption.
Other materials such as MoS2 and TiO2 demonstrate higher adsorption
capability compared to carbon black, while CoS and TiN exhibit
relatively low adsorption capability as indicated by the lack of
signiﬁcant color fading. In contrast, the polysulﬁde solutions become
much lighter in color after the addition of V2O5, MnO2, V2O3, TiS2 and
FeS, suggesting strong interactions between Li2S6 and these materials.
However, the judgment of color shades is subjective to the human eyes
and is also hindered by the powder color of the candidate materials.
Therefore, upon completion of the adsorption tests, 2 mL of the
supernatant solutions are extracted from each sample to minimize
the impact of powders and ultraviolet-visible spectroscopy (UV–vis) is
performed on these supernatant solutions for detailed examination.
Fig. 1b illustrates the UV–vis performance in the visible spectrum
of varying concentrations of Li2S6 without the addition of any
candidate materials. There is strong absorbance towards the blue end
of the visible spectrum, as blue is the complementary color of yellow.
Unsurprisingly, higher concentrations of Li2S6 corresponds to darker
shades of yellow and stronger absorbance around the blue spectrum.
Fig. 1c shows the performance of carbon black and the metal oxides
adsorption test supernatant solutions. The results are in good agreement with previous visual inspections. Carbon black demonstrates
much higher blue spectrum absorbance corresponding to a higher
concentration of Li2S6 remaining and thus weak polysulﬁde adsorption
capability. In comparison to Fig. 1b, it can be seen that very little Li2S6
is adsorbed by carbon black with 3 mM being the original concentration in each adsorption test sample. In contrast, V2O5, MnO2 and V2O3
all illustrate much higher adsorption capability showing very low
concentrations of Li2S6 remaining in the supernatant solutions.
Ti4O7, TiO2, SiO2 and Al2O3 exhibit moderate polysulﬁde adsorption
capabilities. Similarly, Fig. 1d shows the performance of the metal
nitride and metal sulﬁdes. TiS2, FeS and MoS2 exhibit great polysulﬁde
adsorption capabilities, CoS displays poor capability, while Cu2S, CuS,
TiN and ZnS exhibit moderate capabilities. In Fig. 1c and d, CoS and
carbon black display background absorbance throughout the entire
spectrum, this is likely due to the scattering eﬀect of the sample
powders, which do not settle well as evident in Fig. 1a and are present
in the supernatant solutions.
To quantitatively approximate the polysulﬁde adsorption capabil243
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Fig. 2. Li2S6 polysulﬁde adsorption test. ICP-AES data of a) Li intensity and b) S intensity with varying Li2S6 concentrations without candidate materials, c) calculated adsorption by
candidate materials in 3 mM Li2S6 solution.

strong candidate materials, with carbon black and CoS at 1.6 µmol/m2
and 3.5 µmol/m2 respectively, compared to MnO2 and V2O5 at 22.9
µmol/m2 and 22.3 µmol/m2 respectively.
The assumption behind calculations in Fig. 2c is that the Li2S6
species stay intact and is the adsorbed species. This may not be true as
the adsorbed species could be a mixture of diﬀerent species, for
example Li2S4 and Li2S2. Diﬀerent candidate materials can have
diﬀerent preferences and mechanisms for the species adsorbed.
Fig. 3a illustrates the sulfur to lithium content ratio of the supernatant
solutions after Li2S6 adsorption tests. Based on the sulfur to lithium
content, speculations can be made about the species present. A sulfur
to lithium ratio of 3 corresponds with the original introduced species

Li2S6, a ratio of 4 implies possible formation of the species Li2S8, while
even higher ratios may suggest a mixture of S8 and other lithium
polysulﬁde species. Fig. 3b illustrates the calculated sulfur to lithium
content ratio of the adsorbed species based on ICP-AES data. For
carbon black, a S:Li ratio of 3 for both the remaining supernatant
solution and the adsorbed species suggests that Li2S6 may be the
adsorbed species. For Al2O3, SiO2, TiN, TiO2 and Ti4O7, a S:Li ratio of
higher than 3 remaining in the supernatant solution suggests relatively
more sulfur is left behind than lithium, and thus the adsorbed species
should have a lower S:Li ratio than 3, this may correspond to a S:Li
ratio of 2 for Li2S4, a ratio of 1 for Li2S2, and a ratio of 0.5 for Li2S. For
MnO2, V2O5 and V2O3, S:Li ratios of much higher than 3 remain in the

Fig. 3. ICP-AES data of S to Li atoms concentration ratio a) remaining in supernatant solutions and b) adsorbed onto candidate materials, after 3 mM Li2S6 adsorption test.
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Fig. 4. XPS S 2p spectra of candidate materials surface after Li2S6 adsorption test for a) carbon black b) TiO2 and c) V2O5.

guiding principle for the rational design of Li-S batteries when
determining the suitable material and appropriate amount to employ
for adequate polysulﬁde adsorption. Additional studies to understand
the polysulﬁde adsorption mechanisms are paramount to addressing
the polysulﬁde dissolution problem. These studies can provide much
needed insight toward achieving practical Li-S batteries with high
energy density and long cycle life [31–35].

supernatant solution, suggesting the adsorbed species would proportionally have higher lithium than the original Li2S6 species, and thus
S:Li ratios much lower than 3. Therefore, it can be seen that the
candidate materials can have diﬀerent preferences for the proportional
amount of sulfur and lithium adsorbed. In general, stronger candidate
materials seem to adsorb relatively more lithium than sulfur, compared
to weaker candidate materials. This is particularly evident in MnO2,
V2O5 and V2O3. The trend is also consistent in metal sulﬁdes, with TiS2,
FeS and MoS2 also exhibiting much higher preferences for lithium,
however the S:Li ratios are not reported here because the metal sulﬁdes
themselves are a source of sulfur atoms and thus any powder particles
that is suspended in supernatant solutions would severely undermine
the validity of the S:Li ratio data for speculations of species adsorbed. It
should also be noted that these ratios give the overall proportions of
sulfur and lithium atoms, but do not provide information about the
particular species present.
To further probe the interaction of candidate materials with
polysulﬁdes, X-ray photoelectron spectroscopy (XPS) studies are
performed on the surface of candidate materials after adsorption tests.
These give insight of the species adsorbed. Fig. 4 depicts a few
representative cases while comprehensive data for candidate materials
can be found in supporting information Figs. S1–S4. In the case of
weak to moderate adsorption materials such as carbon black and TiO2,
polysulﬁdes are the predominant observed species for sulfur 2p
spectra, exhibiting “bridging” (SB, 161.9 eV) sulfur and “terminal”
(ST, 163.7 eV) sulfur. This agrees with previous ICP-AES speculations
that polysulﬁde species are adsorbed. For strong adsorption materials
such as V2O5, polythionate (168.2 eV) and thiosulfate (167.2 eV)
species are observed. This is in agreement with previous reports by
the Nazar group [11,25]. Table 1 provides a summary of identiﬁed
species present after adsorption tests. Battery cycling performance at
0.2 C and X-ray diﬀraction (XRD) data are also included in supporting
information Figs. S5–S13 to provide additional details. XRD analysis
displays an overall collection of facets without any bias towards
particular surfaces, this in turn validates the generic nature of
candidate materials.
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