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Sulfur is a promising material for next-generation cathodes, owing to its high energy and low cost. However,
sulfur cathodes have the disadvantage of serious cyclability issues due to the dissolution of polysulfides that
form as intermediate products during discharge/charge cycling. Filling sulfur into the micropores of porous

carbon is an effective method to suppress its dissolution. Although microporous carbon-supported sulfur

cathodes show an electrochemical behavior different from that of the conventional sulfur ones, the

corresponding reaction mechanism is not clearly understood. In this study, we focused on clarifying the

reaction mechanism of microporous carbon-supported sulfur cathodes by operando soft X-ray

absorption spectroscopy. In the microporous carbon support, sulfur was present as smaller fragments

compared to conventional sulfur. During the first discharge process, the sulfur species in the
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microporous carbon were initially reduced to S¢~ and S$,2~ and then to Li>S. The S¢2~ and 5,2~ species

were observed first, with $,2~ being the main polysulfide species during the discharge process, while Li,S
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1. Introduction

With the rapid development of electronic equipment and
energy-storage devices, the demand for high-energy storage
systems has become increasingly urgent and important. Sulfur
cathodes have received much attention because of their high
theoretical specific capacity (1672 mA h g™'), low cost, high
availability, and environment-friendliness."* Therefore, sulfur
cathodes are considered as promising components of next-
generation energy-storage systems.’® However, current sulfur
cathodes possess many disadvantages that prevent their rapid
development. One of the most serious disadvantages is the high
solubility of lithium polysulfides (Li,S,, n = 4-8) formed during
the charging and discharging processes.®™ The dissolution of
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was produced in the final discharge process. The narrow pores of microporous carbon prevent the
dissolution of polysulfides and influence the reaction mechanism of sulfur cathodes.

polysulfides leads to a low coulombic efficiency and rapid
capacity degradation of batteries.*™*

Filling sulfur into microporous carbon is a promising
method to overcome the dissolution problem caused by the
high solubility of the polysulfide species in liquid electro-
Iytes.’>° In the microporous carbon-supported sulfur cathode,
the dissolution of polysulfides is suppressed because the
solvent does not come into contact with sulfur.?*** Although
this approach is effective in suppressing the polysulfide disso-
lution, the microporous carbon-supported sulfur cathodes
show an electrochemical behavior different from that of their
conventional sulfur counterparts, especially in the first
discharge process."'” The conventional sulfur cathode shows
two plateaus at approximately 2.4 and 2.1 V vs. Li/Li* during the
first discharge process.'™*® During the first discharge plateau,
the cyclic Sg molecules are reduced to long-chain lithium poly-
sulfides (Li,S,, 4 = n < 8) through a disproportionation reaction,
and the latter species are further reduced to short-chain lithium
polysulfides (Li,S,, 1 < n < 4) and Li,S during the second longer
discharge plateau.**? In contrast to the conventional sulfur
cathode, the microporous carbon-supported sulfur cathode
shows a single discharge plateau (~1.8 V vs. Li/Li") during the
first discharge process.”'® To design a microporous carbon-
supported sulfur cathode with high electrochemical perfor-
mance, it is necessary to understand the reaction mechanism of
the corresponding electrodes.
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Various spectroscopic techniques such as X-ray photoemis-
sion spectroscopy (XPS)*® and X-ray absorption spectroscopy?’
(XAS) have been employed to investigate the reaction mecha-
nism of microporous carbon-supported sulfur cathodes. Helen
et al. showed that on the surface and subsurface for the
microporous carbon-supported sulfur cathode during first
discharge by XPS, long-chain polysulfide could not be detected
and only Li,S, and Li,S could be detected.”® They proposed
a direct transformation from sulfur to Li,S,/Li,S during first
discharge in the system.?® On the other hand, Dominko et al.
observed that a mixture of long chain polysulfide (S5~ and S¢>)
and a mixture of short chain polysulfides (S,>~ and S,>7) by
operando XAS and suggested the transformation from the long-
chain polysulfide to short-chain polysulfides and Li,S.*®
However, thus far, no quantitative studies of the reaction
mechanism have been reported. In this study, the reaction
pathway of the microporous-supported sulfur cathodes was
examined by the operando XAS analysis, which is a powerful
technique to quantitatively evaluate the sulfur species formed
during discharge/charge processes.>®*!

2. Experimental
2.1 Materials

A microporous carbon-supported cathode was prepared using
the procedure reported previously.*” After mixing sulfur (Wako
Co.) and microporous carbon (Toyobo Co.), the mixture was
heated to 155 °C for approximately 5 h to allow sulfur to diffuse
into the microporous carbon. Finally, the temperature was
increased to 300 °C and maintained for 2 h to sublime the extra
sulfur on the outer surface of the microporous carbon. Sulfur,
Li,Se, Na,S,, Na,S, and Li,S were used for the references of XAS.
Li,Se was synthesized through the previously reported procedure.®
Stoichiometric ratio of sulfur and 1 M lithium triethylborohydride/
tetrahydrofuran (3 : 1 mol%) was stirred for 1 hour and then the
solvent was removed under vacuum inside Ar-filled glovebox.
Na,S, and Na,S, were purchased from Dojindo Molecular Tech-
nologies Inc. Sulfur and Li,S were purchased from Aldrich Co.

2.2 Characterizations

The particle morphology of the microporous carbon was
observed by transmission electron microscopy (TEM, JEM-
2100F, JEOL) and scanning electron microscopy (SEM, SU-
1500, Hitachi). The amount of sulfur in the microporous
carbon was determined by thermogravimetric analysis (TGA)
(DTG-60AH, Shimadzu) under an Ar atmosphere at a heating
rate of 5 °C min~'. N, adsorption and desorption isotherms
were measured at —196 °C using Autosorbp-iQ (Quantachrome).

2.3 Electrochemical testing

The electrochemical performance of the microporous carbon-
supported sulfur cathode was examined using a two-electrode
cell. A composite cathode was prepared by mixing the micro-
porous carbon-supported sulfur cathode, acetylene black, and
alginic acid binder in 90:5:5 weight ratio, supported by
carbon paper. Li foil was used as the counter electrode. 1 M
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lithium bis(trifluorosulfonyl)amide (LiTFSA)/fluoroethylene
carbonate (FEC):1,1,2,2-tetrafluoroethyl-2,2,3,3 tetra-
fluoropropyl ether (hydrofluoroether, HFE), in which the ratio
of FEC to HFE was 1 : 1 vol% and the quantity of the electrolyte
was 700 pL, was used as the electrolyte in a glass fiber
membrane separator. The two-electrode cells were assembled in
a glovebox filled with Ar. Galvanostatic charge/discharge
measurements were carried out at a current density of 0.1 C (1
C = 1672 mA h g ') with cut-off voltages of 1.0 V for the
discharge and 3.0 V for the charge process at 25 °C.

2.4 XAFS measurements

S K-edge operando XAS spectra of the microporous carbon-
supported sulfur cathode were observed in the partial fluores-
cence yield (PFY) mode at the BL27SU beamline of the SPring-8
synchrotron radiation facility at Hyogo, Japan. A homemade
cell®® was used for the operando XAS. The microporous carbon-
supported sulfur cathode composite material was mounted on
a polyimide film to serve as the working electrode. LiTFSA/
FEC:HFE was used in a glass fiber membrane as the electro-
Iyte solution, and Li foil was used as the counter electrode. The
operando cell was assembled in an argon-filled glovebox and
transferred into a chamber for the XAS measurements under
ultrahigh vacuum. The operando XAS measurements were per-
formed under galvanostatic discharge at 0.1 C.

3. Results and discussion

The SEM and TEM images of microporous carbon are shown in
Fig. 1a and b, respectively. The SEM image showed the particle
size was 1-2 pm and the TEM image showed that the micro-
porous carbon has amorphous structure with pore of ~1 nm.
The polar size distribution of the microporous carbon support
was also confirmed by N, adsorption measurements, as shown
in Fig. S1,f which showed a pore size of ~1 nm. The TGA
(Fig. S27) showed a weight loss of approximately 24% at ~450 °C
for the microporous carbon-supported sulfur, indicating that
the sulfur content was ~24%.

The microporous carbon-supported sulfur cathode showed
a discharge capacity of 2380 mA h ¢, with a long single plateau
at a voltage of ~1.4 V in the first discharge process and a charge
capacity of 900 mA h g~' (Fig. 2a). After the first discharge/
charge cycle, the microporous carbon-supported sulfur
cathode showed a different discharge curve, with a reversible
capacity of 900 mA h g~" and a high coulombic efficiency
(Fig. 2b). A large irreversible discharge capacity, exceeding the
theoretical capacity of sulfur (1672 mA h g~ '), was also observed
in previous reports.'”****3>3* This phenomenon is due to the
formation of a solid electrolyte interphase (SEI) layer on the
electrode composite.”®**

To examine the electronic structure of the pristine
microporous-supported sulfur cathode, we performed ex situ S
K-edge XAS measurements for the microporous carbon-
supported sulfur and ring-like sulfur cathodes. The S K-edge
XANES and EXAFS results are presented in Fig. 3a and b,
respectively. The two sulfur samples showed an absorption

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) SEM and (b) TEM images of microporous carbon.

feature at 2471.8 eV, which was attributed to the S 1s to S-S 7*3¢
state transition of elemental sulfur (Fig. 3a). However, the
absorption peak intensity of the microporous carbon-supported
sulfur cathode was lower than that of conventional sulfur,
indicating that the transition from S 1s to S-S w* was reduced in
the former sample. In the Fourier-transformed EXAFS spectra
(Fig. 3b), the intensity of the peak at 1.6 A, attributed to the S-S
bonds, was lower for the microporous carbon-supported sulfur
cathode than that for the conventional sulfur sample. This
result indicates a decrease in the coordination number of S-S
bonds in the microporous carbon-supported sulfur sample
compared to that in conventional sulfur. Since sulfur in
microporous carbons has been reported by X-ray photoemission
spectroscopy'” and electron energy loss spectroscopy* to be
present in a chain rather than a ring structure, the present XAS
results imply that sulfur changed from a ring to a chain struc-
ture after melting into the microporous carbon.

Operando XAS measurements were conducted to examine the
electrochemical structural changes of the microporous carbon-
supported sulfur cathode (Fig. 4a). Before the discharge
process, absorption peaks were observed at 2472 and 2480 eV.
The peak at 2472 eV is attributed to sulfur, as observed in Fig. 3,
whereas that at 2480 eV corresponds to the sulfur component of
the LiTFSA compound in the electrolyte.®®*” During the
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discharge process, an absorption peak attributed to linear pol-
ysulfides appeared at 2470 eV;* then, two new peaks attributed
to Li,S were observed at 2472.8 and 2475.2 eV.

Linear combination fitting (LCF)** was performed to esti-
mate the ratio of the sulfur components during the discharge
process (Fig. 4b). The spectra of pristine microporous carbon-
supported sulfur Sg, long-chain polysulfides S¢>~, medium/
long-chain lithium polysulfides S,>~, short-chain polysulfides
S,>~, and Li,S were used as references for the LCF analysis. The
obtained fitting results were shown in Fig. S3.1 Although these
references were not exactly corresponding to polysulfide species
forming during discharge process, they are useful to discuss the
ratio change of polysulfide species.>**® The polysulfide species
Se>~ and S,”~ were formed in the initial stage, with a corre-
sponding decrease in the amount of Sg species, whereas in the
intermediate stage, the amounts of S,>~ and Li,S increased and
those of Sg and S¢”>~ decreased. In the final stage, the analysis
showed an increase in the Li,S amount and a decrease in the
amounts of Sg and S,>”. Unreacted Sy and S,>~ species were
present even in the discharge state, that is, above the theoretical
capacity of sulfur (1672 mAh g™ ).

The lithium content calculated by the LCF analysis (Fig. 4c)
increased in the x range of 0-3.0, but its value was lesser than
that estimated by electrochemical measurements, and it was
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Fig. 2 Charge/discharge profile (a) and cycle performance (b) of the microporous carbon-supported sulfur cathode.
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(a) Sulfur K-edge XANES spectra obtained from the operando XAS measurements of the microporous carbon-supported sulfur cathode.

(b) Sulfur compound ratio of the microporous carbon-supported sulfur cathode during the first discharge, calculated by the linear combination
fitting (LCF) analysis of XANES spectra. (c) Lithium compositions calculated from the LCF analysis and electrochemical capacity data.

lesser than 2.0 even in the final discharge state (x = 3.0). These
results indicate the decomposition of the electrolyte and the
presence of unreacted sulfur species. It has been reported that
the FEC solvent undergoes decomposition at 1.5 V (ref. 35) on
the surface of the microporous carbon. In the microporous
carbon-supported sulfur cathode, lithium-ion transport to the
sulfur is sluggish compared to conventional sulfur cathode
because the electrolyte cannot enter the micropores."”

Therefore, lithium-ion conduction becomes the rate-limiting
step, and the sulfur species located deep inside the micro-
pores remain unreacted. A similar reaction distribution was
observed in all-solid-state battery systems,*® in which the reac-
tion proceeds from the solid electrolyte side because ionic
conduction is slower than electronic conduction.

The reaction mechanism of the microporous carbon-
supported sulfur cathode during discharge is illustrated in

. ] [ ] = =L
PPPP PPPP PPPP PPRPRPPTRI P2 £ P P ACE%
] e-=- =l - e
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Fig. 5 Reaction model for the microporous carbon-supported sulfur cathodes.
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Fig. 5. In the initial stage, sulfur forms chain structures inside
the micropores. In the intermediate stage of discharge, S¢>~ and
S,>~ polysulfides are formed because the solvent cannot enter
the micropores, and these polysulfides do not dissolve in the
liquid electrolyte. In the final discharge process, Li,S is the
main sulfide species, with residual amounts of S, and long-
chain Sg species inside the micropores.

The microporous carbon can prevent the dissolution of
polysulfides in the liquid electrolyte, resulting in a change in the
sulfur cathode reaction pathway. This change leads to a single
plateau at approximately 1.4 V during the first discharge, as
observed in the solid electrolyte.

4. Conclusions

In this study, the reaction mechanism of the sulfur cathode in
the microporous carbon during discharge was observed by
operando XAS. The sulfur cathode was reduced to long-chain
(S¢>7) and short-chain (S,>7) polysulfide species during the
initial discharge, while the short-chain S,>” units were the main
polysulfide species in the subsequent discharge; large amounts
of Li,S were formed during the final discharge. The reaction
mechanism of the microporous carbon-supported sulfur
cathode is different from that of a conventional sulfur cathode,
as the microporous carbon support prevents the dissolution of
polysulfides. This study elucidated the reaction mechanism of
sulfur cathodes in microporous carbon by operando soft XAS.
We believe that our results can provide further insights into the
deeper understanding of the behavior of sulfur in carbon-
supported cathodes, and it will be helpful for designing new
cathodes with high performance.
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