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Abstract
Electronic structure changes of sulfurs in amorphous TiS3 and MoS3 for positive electrodes
of all-solid- state lithium batteries are examined by X-ray photoelectron spectroscopy (XPS)
and the X-ray absorption near edge structure (XANES). The all-solid-state cell with
amorphous TiS3 electrode shows the reversible capacity of about 510 mAh g! for 10 cycles
with sulfur-redox in amorphous TiS3 during charge-discharge process. On the other hand, the
cell with amorphous MoS3 shows the Ist reversible capacity of about 720 mAh g'!. The
obtained capacity is based on the redox of both sulfur and molybdenum in amorphous MoSs.
The irreversible capacity of about 50 mAh g! is observed at the 1st cycle, which is attributed
to the irreversible electronic structure change of sulfur during the 1st cycle. The electronic
structure of sulfur in amorphous MoS3 after the 10th charge is similar to that after the 1st
charge. Therefore, the all-solid-state cell with amorphous MoS3 electrode shows relatively

good cyclability after the 1st cycle.

This manuscript is reprinted from J. Power Sources, 313, 104 (2016), with permission from
Elsevier [1].
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1. Introduction

Rechargeable lithium-ion batteries with high energy density and high safety are desired as
large-sized batteries for application to eco-cars and smart grids [2, 3]. However, safety is one
of the most important issues to develop large-sized lithium-ion batteries because
conventional lithium-ion batteries have used flammable organic liquid electrolytes. All-solid-
state lithium batteries using inorganic solid electrolytes remove safety hazards associated
with fire and explosion because of their advantages of leak-proof and non-flammability [4-
7].

Among many kinds of lithium ion conductive solid electrolytes, sulfide-materials are
known to exhibit higher ionic conductivity than oxide materials because of higher
polarizability of sulfide ions [8-10]. Especially, sulfide-based solid electrolytes such as
LiioGeP2S12 crystals and Li2S-P2Ss glass-ceramics have a high lithium-ion conductivity of
almost 1072 S cm™! at room temperature [11, 12]. This value is comparable to a conductivity
of conventional organic liquid electrolytes.

To utilize the advantages of sulfide-based solid electrolytes, the development of positive
electrodes is essential for all-solid-state lithium batteries. Transition metal sulfides such as
TiS2 and MoS: have been used as electrode materials for lithium-ion batteries using organic
liquid electrolytes. In order to improve the capacities of these active materials, increasing
sulfur content in the active materials is effective. Transition metal trisulfides such as
TiS3 were tested as positive electrodes in lithium-ion batteries and showed higher capacity
than TiS2 electrodes [13-15]. Amorphous transition metal trisulfides of TiS3 and MoSs have
high electronic conductivity and the all-solid-state cells with amorphous MS3 (M: Ti and Mo)
showed better electrochemical performance than the cells with crystalline MS2 [16, 17].
Amorphous TiS3 (a-TiS3) exhibited a higher reversible capacity of 400 mAh g™! and better
cyclability than crystalline TiS2 for 10 cycles [16]. The all-solid-state cell with amorphous
MoS3 (a-MoS3) also showed the higher reversible capacity of about 670 mAh g™!, compared
to the cell with crystalline MoS: (reversible capacity: about 180 mAh g™!) for 60 cycles [17].
The theoretical capacities based on transition metal-redox for crystalline TiS2 and MoS: are
respectively about 240 and 170 mAh g~!. Amorphous TiS3 and MoS3 showed higher capacity
than crystalline TiS2 and MoS2 because the redox reaction of additional sulfur would
contribute to the higher capacity. However, electronic structure changes of a¢-TiS3 and a-
MoS3 have not been examined for both the cells with a liquid electrolyte and a solid
electrolyte. Recently, electrochemical performances of amorphous TiS4 (a-TiS4) and
amorphous NbSx (x = 3, 4, 5) were reported by Sakuda et al. [18-20]. The liquid-type cells
using amorphous NbSx (x = 3, 4, 5) showed higher discharge capacities with an increase in

the sulfur content of NbSx; the 1st discharge capacities for amorphous NbS3, NbSs and
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NbSs were 281, 446, and 596 mAh g!, respectively [20]. Therefore, transition metal
polysulfide system is one of interesting candidates for positive electrode materials for all-
solid-state lithium batteries.

Amorphous MS3 electrode active materials are thus effective in developing all-solid-state
lithium batteries with higher reversible capacity and better cyclability. In order to understand
the reaction mechanisms of amorphous MS3 electrodes in all-solid-state lithium cells, the
structural changes of amorphous MS3 during cycling tests have been examined by X-ray
diffraction (XRD) measurements, Raman spectroscopy and high-resolution transmission
electron microscopy (HR-TEM) [21-23]. In case of a-TiSselectrode active materials, the
XRD patterns and the Raman spectra of the a-TiSselectrode after the first and tenth charge—
discharge measurements were similar to those before the measurement [21, 22]. In addition,
the HR-TEM images after the 10th charge-discharge tests showed no periodic lattice fringes,
indicating that the a-TiSselectrode after 10 cycles did not have fine crystals with nanometer
size [22]. The most part of a-TiSs3 electrode after charge-discharge measurements maintained
amorphous structure.

In contrast, HR-TEM experiments revealed that a-MoS3 before electrochemical tests was
characterized by the random distribution of the nano-sized domains consisting of clusters of
crystalline MoS2 [23]. After the 1st full discharge, the lattice fringes were not observed and
the electron diffraction showed halo pattern. However, the lattice fringes like MoS2 were
observed again after the 1st charge. The HR-TEM image after the 10th charge showed no
lattice fringes of MoSz. It is indicated that MoSs after the 10th charge was completely
amorphous. However, the changes on electronic structure of sulfur and transition metal in
MSs during cycles have not been understood yet. In order to clarify the electrochemical
reaction mechanisms of amorphous MS3, the electronic structure changes of sulfur should be
examined in detail.

To examine the electronic structure changes in amorphous MS3 during cycling in all-solid-
state cells, we have used X-ray photoelectron spectroscopy (XPS) and X-ray absorption near
edge structure (XANES) analysis. Previously, the electronic structure of sulfur positive
electrodes after charge-discharge process was examined by Szp XPS [24-28]. Diao et al. have
reported that two Szp peaks at 160.0 eV (Li2S) and 161.5 eV (Li2S2) were observed in sulfur
electrodes after the Ist discharge [24]. Helen et al. have reported that ex-situ Szp XPS
measurements were performed at various discharge and charge states during cycling; the
single step transformation of sulfur to Li2S2 and Li2S occurred during the charge-discharge
tests in lithium-sulfur batteries [28].

In addition, XANES is a promising probe for reaction mechanism of lithium-sulfur

battery [29-36]. For example, Gao et al. have reported that the effects of the electrolytes on
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the electrochemical performance of lithium-sulfur batteries were examined by in-situ
sulfur K-edge XANES [29]. Moreover, Cuisinier et al. have reported that the electronic
changes of sulfur electrode in lithium-sulfur batteries during charge-discharge measurements
were investigated by operando sulfur K-edge XANES and the mechanisms of sulfur redox
chemistry on cycling were revealed [30]. As mentioned above, XPS and XANES
measurements are powerful techniques to reveal the electronic structure changes of the
sulfur-based electrode active materials during charge-discharge cycles.

In this study, we have firstly examined XPS and XANES to investigate electronic structure
changes of sulfurs in amorphous TiS3 and MoSs for all-solid-state lithium batteries with
sulfide solid electrolytes during cycling. The difference of the charge-discharge mechanisms

between a-TiS3 and a-MoS3 will be discussed.

2. Experimental

Amorphous TiS3 (a-TiS3) electrode active materials were prepared from crystalline TiS3(c-
TiS3) by the mechanical milling method [22]. Titanium metal (99.9%; Kojundo Chemical)
and sulfur (99.98%; Aldrich) were used as starting materials to prepare c-TiS3. The atomic
ratio of Ti to S in the starting mixture was 1/3. Titanium metal and sulfur were mixed and put
into a carbon-coated quartz glass ampule and then sealed under vacuum. The glass ampule
was heated at 500 °C for 8 days, and then cooled in a furnace to form ¢-TiS3 [37]. The
obtained c-TiS3 was mechanically milled at ambient temperature using a planetary ball mill
apparatus (Pulverisette 7; Fritsch) with zirconia pot (volume of 45 ml) and 500 zirconia balls
(4 mm in diameter). The rotational speed was set to 370 rpm. The milling time was 40 h.

Amorphous MoS3 (a-MoS3) electrode active materials were prepared by mechanical
milling [17]. Reagent-grade Mo metal (99.9+%; Aldrich) and sulfur (99.98%; Aldrich) were
used as starting materials. The atomic ratio of Mo to S in the starting mixture was 1/3. The
mixture of these materials was mechanically milled at ambient temperature using a planetary
ball mill apparatus (Pulverisette 7; Fritsch) with zirconia pot (volume of 45 ml) and 500
zirconia balls (4 mm in diameter). The rotational speed was set to 370 rpm. The milling time
was 80 h.

All-solid-state  electrochemical cells were  fabricated as  follows. The
80L12S-20P2Ss5(mol%) solid electrolyte was prepared by the mechanical milling and then
heated at 210 °C for 1 h [38]. The lithium ion conductivity of the solid electrolyte was
1.3 x 1073 S cm ! at 25 °C. The working electrodes of a-TiS3 or a-MoS3 without conductive
additives and solid electrolytes were used in this study. The working electrode (10 mg) and

the solid electrolyte (80 mg) were placed in polycarbonate tube (10 mm in diameter) and
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pressed together under 360 MPa. A Li—In alloy was put on the solid electrolyte layer as a
counter-reference electrode. A pressure of 120 MPa was then applied to the three-layered
pellet. Finally, bulk-type all-solid-state cells sandwiched with two stainless-steel disks as a
current collector were obtained. All processes described above were conducted in a dry Ar
filled glove box. The electrochemical tests were conducted at 25 °C in an Ar filled
atmosphere using a charge—discharge measuring device (BTS-2004; Nagano Co.).

The electronic structures of sulfur in a-TiS3 and a-MoS;3 electrodes before and after
charge-discharge tests were analyzed by XPS (K-Alpha; Thermo Fisher Scientific) with a
Monochromatic AlKa source (1486.6 eV). The observed binding energies were calibrated
with the adventitious Cis peak to 284.7 eV. The samples were mounted on a sample stage in
a dry Ar filled glove box and they were transferred to an analysis chamber using an Ar filled
transfer vessel. XANES spectra at S K-edge were measured at BL-13 of the Synchrotron
Radiation Center, Ritsumeikan University. The spectra were collected in total electron yield
mode, wherein the sample current produced due to excitation of all electrons of different
energies was measured. The sample for S K-edge XANES measurements were also mounted
on a sample stage in a dry Ar filled glove box and they were transferred to the chamber using
an Ar filled transfer vessel. We also carried out Ti and Mo K-edge XANES measurements at
beamlines BL14B2 at SPring-8, Japan. The electrodes were sealed in laminated packets in

an Ar filled glove box. The measurements were performed in a transmission mode.

3. Results and Discussion

Figure 1 shows the Szp XPS spectra of ¢-TiS3 and a-TiS3 prepared in this study. The
Sapspectrum of ¢-TiS3 was composed of two sets of doublet peaks (S2p32 and S2p1/2). The peak
energy separation (1.2 eV) in each doublet was set during peak fitting. The Szpspectrum of c-
TiS3 showed two S2p32 peaks at 161.7 eV and 162.9 eV, respectively. The peak at 161.7 eV
was characteristic of S*” and the peak at 162.9 eV was characteristic of S2?~ [37]. The
S2p spectrum of a-TiS3 consisted of two S2p32 peaks at 161.3 eV and 162.5 eV, respectively.
Although the peak positions were somewhat shifted to the lower binding energy side than
those of c-TiS3, the two peaks for a-TiSs would be assigned to S* and S>> in the same
manner for ¢-TiS3. The fitted peak ratios of S>/S2?” in ¢-TiS3and a-TiSs were 1/1.7 and 1/1.8,

respectively.

— 137 —



1
Crystalline TiS,

Amorphous TiS,

Intensity (arb. unlt)

Fig. 1. Sy, XPS spectra of ¢-TiS3 and a-TiSs.

Figure 2 (a) shows the 1st and 10th charge-discharge curves of all-solid-state cell with a-
TiS; and (b) shows the S2p XPS spectra of a-TiS3 before charge-discharge, after the 1st
discharge, after the 1st charge and after the 10th charge. Charge-discharge measurements of
the cell with a-TiS3 were conducted at the current density of 0.013 mA cm™ (1 mA g') at
25 °C. In Fig. 2 (a), the right side ordinate axis represents the electrode potential vs. Li*/Li,
as calculated based on the potential difference between the Li-In and Li electrode (0.62 V).
The cells using the electrode including only a-TiS3 operated as a secondary battery. The cell
using a-TiS3 showed the reversible capacity of about 510 mAh g ! for 10 cycles. This
capacity corresponded to the storage of about 3 molar Li to a-TiS3.

The S2p XPS spectrum of a-TiS3 after the 1st discharge was shifted to the lower binding
energy side. This is because Li" ions reacted with sulfurs in a-TiS3 electrode active materials
during discharge process. The spectrum was composed of two sets of doublet peaks. Two
S2p32 peaks at 160.0 and 161.2eV would be respectively attributable to S* and
S>>~ components interacted with both lithium and titanium. Szp spectra after the 1st and 10th
charge shifted to the higher binding energy side than the spectrum after the 1st discharge.
The S2p32 peak positions of S*~ and S»?~ after the charge were somewhat lower than those
before the charge-discharge test, but the profile of the Sap spectrum after the 10th charge was
obviously similar to that before the test. The additional doublet peak (purple dot line) was
observed slightly after the 1st and 10th charge and it would be attributable to bridging sulfurs.
It is revealed that a-TiS3 after the 10th charge mainly consisted of S~ and S2?~ species.
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Fig. 2. (a) The Ist and 10th charge-discharge curves of the all-solid-state cell with a-TiSs. (b) Sy, XPS spectra

of a-TiS; before charge-discharge, after the 1st discharge, after the 1st charge, and after the 10th charge.

S K-edge XANES spectra of a-TiS3 before charge-discharge, after the 1st discharge
processes to 1 and 2 mol Li* storage, after the 1st full discharge (3 mol Li" storage), after the
Ist charge and after the 10th charge are shown in Fig. 3. The peak intensity of the spectra at
about 2471 eV decreased during the Ist discharge process to 2 mol Li‘storage. The peak
position at about 2471 eV was similar to that of S2*” in ¢-TiS3 [37], suggesting that the
fraction of S»?” in a-TiS3 decreased. On the other hand, after the 1st full discharge (3 mol
Li" storage), the spectrum profile changed significantly. Moreover, the new broad peak at
about 2478 eV was observed after the 1st full discharge. This peak might be derived from
sulfurs interacted with both lithium and titanium, but the detailed assignment has not been
clarified yet. After the Ist and 10th charge, the profiles of the spectra were similar to that
before measurements, although the peak intensity at 2471 eV became smaller. The reversible
electronic structure changes of sulfur were mainly observed during charge-discharge process.

Figure 4 (a) shows Ti K-edge XANES spectra of a-TiS3 before cycles, after the 1st
discharge and after the 1st charge, and (b) shows the magnification of the XANES spectra.
In addition, the spectrum of Ti metal as a reference is also shown for comparison in Fig. 4.
The profiles of the spectra for a-TiS3 after the 1st discharge and charge were similar to that
of a-TiSs before charge-discharge. Moreover, a pre-edge peak was hardly observed in the

spectra of a-TiS3 before and after tests, while the spectrum of Ti metal exhibited a sharp pre-
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edge peak at 4964.5 eV. It is suggested that Ti metal was not observed and the electronic
structure of titanium did not change during charge-discharge. The charge-discharge curves
(Fig. 2 (a)) showed 3 mol Li" ions reversibly reacted with a-TiSs for 10 cycles. S2p XPS
spectra (Fig. 2 (b)) and S K-edge XANES spectra ( Fig. 3) indicated that sulfur electronic
structures in a-TiS3 exhibited almost reversible changes during charge-discharge tests. Based
on the structure analyses of a-TiSs during charge-discharge process, its reaction mechanism

is proposed as follows:

equation(1)
discharge

a-TiS, +3Li* +3¢~ ¢ a-Li,TiS, (1)
charge

Because the discharge plateau potential for the first 2 mol Li" storage was close to the
reaction potential of elemental sulfur with Li*, S2>~ in a-TiS3 reacted with 2 mol Li". This
agrees with the spectral changes in S K-edge XANES. Then, the other 1 mol Li" reacted with
S?” to form LisTiS3 after the full discharge. Because the lattice fringes were not observed in
HR-TEM image after the 1st full discharge [22], LisTiS3 was in amorphous state. Almost
3 mol Li" ions were extracted from a-Li3TiS3 and a-TiSs was formed again after the charge

process. The similar reversible reaction occurred from the 2nd to 10th cycles.

| i L] L L] - L} L L]
— Before change-discharge
= Afier the 1=t discharge process ol mol LY storage
— Afier the 1=t discharge process to 2 mol Li* storage
= Afler the 1=t full discharge (3 mal Li" storaga)
After tha 1=f charge
—— Afier the 10th charge

Normalized absorbance / a.u.

2468 2472 2476 2480 2484
Energy / eV

Fig. 3. S K-edge XANES spectra of a-TiS; before charge-discharge, after the 1st discharge processes to 1 and

2 mol Li* storage, after the 1st full discharge (3 mol Li* storage), after the 1st charge and after the 10th charge.
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Fig. 4. (a) Ti K-edge XANES spectra of a-TiS3 before, after the 1st discharge and after the 1st charge, and (b)

the magnification of the XANES spectra. The spectrum of Ti metal as a reference is also shown for comparison.

3.2. Structural analyses of a-MoS3 electrode

Figure 5 (a) shows the 1st and 10th charge-discharge curves of all-solid-state cell with a-
MoSs and (b) shows the Szp XPS spectra of a-MoS3 before cycles, after the 1st discharge,
after the 1st charge and after the 10th charge. Charge-discharge measurements of the cell
with a-MoS3 were conducted at the current density of 0.013 mA cm™2 (1 mA g!) at 25 °C.
In Fig. 5 (a), the right side ordinate axis represents the electrode potential vs. Li*/Li, as
calculated based on the potential difference between the Li-In and Li electrode (0.62 V). The
cells using the electrode including only a-MoSs operated as a secondary battery. The Ist
discharge and charge capacities of the cell with a-MoS3 were about 760 and 720 mAh g !,
respectively. The irreversible capacity was observed at the 1st cycle. After the 10th cycle, the
cell using a-MoS3 showed the reversible capacity of about 670 mAh g !.

The S2p XPS spectrum of a-MoS3 before charge-discharge showed the two S2p32 peaks at
162.2 and 163.4 eV. The peak at 162.2 eV was almost the same as the peak at 162.5 eV
attributable to S*~ in crystalline MoS: [39]. In our previous article [23], the peak at 163.4 eV
was assigned to S2*. We have measured Szp spectra for reference samples of Na2Ss and
elemental sulfur (Ss). Crystalline Na2S4 has two sulfur species of terminal non-bridging
S~ and bridging sulfur S° in S-S bond. The peak of a-MoS3 at 163.4 eV exhibited between
the Sap32 peak at 162.8 eV of bridging sulfur in the S—S bond combined with S™ in
NaxS4 and the Szp32 peak at 164.0 eV of bridging sulfur with long chain in Ss. We have thus
assigned the S2p3/2 peak of a-MoS3 at 163.4 eV to bridging sulfur with longer chain than S__
S (S2) having partial negative charge. The S2p32 peak of a-MoSs at 163.4 eV is expressed as
S% in the following discussion. The fitted S*7/S®peak ratio was 2.2/1. As a result, a-
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MoSs3 consisted of S>~ in MoS2 nano-clusters detected by HR-TEM [17] and S°".

The S2p XPS spectrum of a-MoS3 after the 1st discharge was shifted to the lower binding
energy side. This is because Li" ions reacted with sulfur in a-MoS3 electrode active materials
during discharge process. Two S2p32 peaks at 159.9 and 161.4 eV are possibly assigned to
S® and S interacted with both lithium and molybdenum. The peak positions of two
Sap3/2 peaks after the 1st and 10th charge were different from those before charge-discharge
and almost the same as those after the 1st discharge.
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Fig. 5. (a) The 1st and 10th charge-discharge curves of all-solid-state cell with a-MoS; and (b) the Sy, XPS

spectra of a-MoS3 before charge-discharge, after the 1st discharge, after the 1st charge and after the 10th charge.

Figure 6 shows the S K-edge XANES spectra of a-MoS3 before charge-discharge, after the
Ist discharge, after the Ist charge and after the 10th charge. The peak sharpness of a-
MoSs before charge-discharge at about 2471 eV was different from that of a-TiSs. It is
suggested that the electronic structure of sulfur in a-MoS3 was not the same as that in a-TiSs.
After the 1st discharge, the profile of S K-edge XANES spectrum changed drastically. It is
suggested that the electronic structures of sulfur changed by lithiation process. The profiles
of the S K-edge XANES spectra of a-MoSs after the 1st and 10th charge were not the same
as that of a-MoS;3 itself. Consequently, the electronic structures of sulfur did not change
reversibly. However, the profiles of the spectra after the 1st and 10th charge were similar to
those after the 1st discharge. Moreover, the peak at about 2473 eV was observed in the spectra
except for a-MoS3 before test. This peak is attributable to S? in Li2S [29-36]. The new broad
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peak at about 2476 eV was observed after the 1st discharge, 1st charge and 10th charge. This
peak might be derived from sulfurs interacted with both lithium and molybdenum, but

detailed assignment has not been clarified yet.

= Before discharge-charge
— After the 1st discharge
== After the 1st charge
= After the 10th charge

Normalized absorbance / a.u.

2466 2460 2472 2475 2478 2481
Energy / eV

Fig. 6. S K-edge XANES spectra of a-MoS3 before charge-discharge, after the 1st discharge, after the 1st

charge and after the 10th charge.

Figure 7 (a) shows Mo K-edge XANES spectra of a-MoS3 before cycles, after the 1st
discharge and after the 1st charge and (b) shows the magnification of the XANES spectra. In
addition, the spectrum of Mo metal is also shown for comparison in Fig. 7. Mo K-edge
XANES spectra after discharge shifted to the lower energy side, which indicates the reduction
of molybdenum. However, the profile of the spectrum for a-MoSs after the 1st discharge did
not coincide with that of Mo metal as a reference, suggesting that molybdenum was not
metallic state. After the 1st charge, the spectrum was similar to that before tests. The

reversible change of electronic structure in molybdenum was observed.
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Fig. 7. (a) Mo K-edge XANES spectra of a-MoS; before, after the 1st discharge and after the 1st charge, and

(b) the magnification of the XANES spectra. The spectrum of Mo metal is also shown for comparison.

On the basis of the results of charge-discharge curves (Fig. 5 (a)), a-MoSs reacted with
about 6 mol Li" ions at the Ist discharging process, while 5 mol Li" ions were extracted at
the Ist charging process. The reversible reaction with about 5 mol Li" ions occurred during
10 cycles. From the result of Mo K-edge XANES ( Fig. 7), the electronic structures of
molybdenum changed reversibly during electrochemical tests. From the results of S2pXPS
(Fig. 5 (b)) and S K-edge XANES ( Fig. 6), the irreversible electronic structure changes of
sulfur were observed during the 1st charge-discharge process. This is a possible reason for
the Ist irreversible capacity of the cell using a-MoSs. The electronic structure of sulfur after
the 10th charge was similar to that after the 1st charge. Based on the structure analyses of a-
MoSs3 during charge-discharge process, its reaction mechanism is proposed as follows:

discharg e

a—MoS, +6Li" +6e” —y a-Li,S(Li, ,Mo,S)+a-Li MoS, ),

(1% discharge process)

discharg e
a—LiMoS, +5Li* +5¢~ ¢«»  a-Li,S(Li, Mo, S)+a—Li ,MoS, 3).

charge
(After the 1° discharge)

The discharge plateau potential of the cell using a-MoSs3 at about 2.0 V vs. Li as shown
in Fig. 5 (a) was higher than that of the cell using crystalline MoS2 at about 1.0 V vs. Li [17].
This suggests that S® ions in a-MoS3 would firstly react with Li* ions during discharge
process from 2.0 to 1.6 V vs. Li. The cell using a-MoS3 operated near the electrochemical

potential of sulfur. After reacted with 2 mol Li" ions at about 2.0 V, Li2S and/or its solid
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solutions (Li2-xMoxS2), where a small amount of Mo is substituted for Li, were formed.
Because S?” in crystalline MoS> reacted with Li* ions below 1.6 V vs. Li, 4 mol Li" ions
reacted with S?” in a-MoS3 to form LixMoS: at the 1st lithiation process below 1.6 vs. Li.
HR-TEM analyses indicated these discharge products were amorphous state [23]. After the
Ist charge, 5 mol Li" ions were extracted from the discharge products and thus amorphous
LiMoS3 would be formed. As shown in Sz2p XPS (Fig. 5)(b) results, the S2pXPS spectrum was
shifted to the lower binding energy side after the 1st full discharge, suggesting that S~ and
S% species interacted with both lithium and molybdenum. The S K-edge XANES spectrum
( Fig. 6) and Mo K-edge XANES spectrum ( Fig. 7) changed during the 1st discharge process.
These results agree with the reaction mechanism of the 1st discharge process mentioned
above. The st irreversible capacity was observed because the electronic structures of sulfur
in a-MoSs after the 1st charge were not similar to those before cycling. The electronic
structures of sulfur after the 10th charge were similar to those after the 1st charge. Thus, the
all-solid-state cell with a-MoS3 showed relatively good cyclability after the 1st cycle.

The differences of the obtained capacity are discussed from the viewpoint of density of
states (DOS) of a-TiS3 and a-MoSs. The cell with a-TiS3 showed the reversible capacity of
about 510 mAh g ! for 10 cycles. This capacity was mainly attributable to the redox of sulfur
during charge-discharge tests. On the other hand, the 1st charge capacity of the cell with a-
MoS3 was about 720 mAh g ™! and the irreversible capacity of 40 mAh g~ was observed. The
cell maintained the capacity of about 670 mAh g™! up to the 10th cycle. Charge-discharge
capacity of a-MoS3 was based on the redox of both sulfur and molybdenum.

The DOS of ¢-TiS3 and a-MoS3 have been already reported [40, 41]. The Ssp electrons
in ¢-TiS3 are occupied near the Fermi level [40], indicating that the redox of sulfur mainly
occurs for ¢-TiS3. In this study, a-TiS3 was prepared from c-TiSs. In addition, the valence
band XPS spectrum (in the range 0-50 eV) of a-TiS3 was comparable to that of c-TiS3(data
are not shown) and we thus believe that the DOS of a-TiS3 is similar to that of ¢-TiS3. As the
result, the redox of sulfur mainly takes place for a-TiSs. On the other hand, the Ssp and
Mouss electrons are occupied near the Fermi level in a-MoS3 [41]. Therefore, the redox of
both sulfur and molybdenum occurs. The electrochemical redox species considered from
XPS and XANES results agree with those from DOS of a-TiS3 and a-MoSs. Electronic
structure changes of a-TiS3 and a-MoS3 in the cells with a conventional organic liquid
electrolyte have not been reported, but we believe they are similar to those studied here in
the all-solid-state cells. The 1st irreversible capacity of the cell using a-MoS3 was observed.
The cut-off voltage of all-solid-state cell with a-MoS3 was lower than that of a-TiS3 and the
difference of cut-off voltage is a possible reason for the irreversible capacity in a-MoSs. The

electrochemical test for the cell with a-MoSs3 has thus been demonstrated at the same cut-off
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of 0.5 V as the cell with a-TiSs.

Figure 8 shows (a) the 1st charge-discharge curves of all-solid-state cell with a-MoS3 at
the cut-off voltage of 0.5 V vs. Li-In and (b) the S2p XPS spectra of a-MoSs after the 1st
charge. The cell with a-MoSs showed the discharge capacity of about 550 mAh g~!, which
was similar to the capacity of the cell with a-TiSs. However, the cell with a-MoSsshowed an
1st irreversible capacity of 60 mAh g™'. The Sz, XPS spectrum of a-MoSsafter the 1st charge
mainly showed the two S2p32 peaks at 159.9 and 161.4 eV. These two S2p3/2 peaks were the
same position as that after the 1st full discharge (cut-off of 0 V) (Fig. 5 (b)). It was found
that the irreversible structure changes of a-MoS3 occurred even though the cut-off voltage of

the cell with a-MoS3 was the same as that with a-TiSs.
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Fig. 8. (a) The 1st charge-discharge curve of all-solid-state cell with a-MoS3 at the cut-off voltage of 0.5 V and
(b) the S, XPS spectra of a-MoS;3 after the 1st charge.

Finally, the difference of the 1st reversibility of a-TiS3 and a-MoSs is discussed. The
electrode of a-TiS3 was composed of S?~ and S2?” species and the electronic structures of
sulfurs were similar to those in ¢-TiS3. The electronic structures of these sulfur species
changed reversibly during the 1st charge-discharge tests and thus the coulombic efficiency
of the cell with a-TiS3 was almost 100%. The reversible changes of sulfur electronic
structures in a-TiS3 were observed up to the 10th cycle and this brought about good
cyclability of a-TiSs. On the other hand, the electronic structures of sulfurs in a-MoS3 were
S?~ and S%". The S2p XPS spectrum was shifted to the lower binding energy side after the 1st
full discharge. The peak positions of two S2p3/2 peaks after the 1st charge were different from
those before tests and almost the same as those after the 1st full discharge. As a result, the
Ist reversibility of the cell with a-MoS3 was inferior compared to that with a-TiSs. Because
the S2p XPS and S K-edge XANES profiles after the 10th charge were similar to those after

the 1st full discharge, the electronic structures of sulfur after the 10th charge were similar to
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those after the 1st charge. Therefore, the cell showed good cyclability up to the 10th cycle.
As described above, a-TiS3 showed a superior initial reversibility. Sulfurs (S*~ and S2*7) and
titanium atoms in a-TiS3 have chemical bonding similar to that in c-TiSs3 and strong
interactions between the sulfurs and titanium would retain during the 1st cycle. On the other
hand, S° in a-MoS3 may have weaker interactions to molybdenum atoms than S* in
MoS: nano-clusters. One of the reason is the fact that a-MoS3s was prepared by milling of
crystalline sulfur and molybdenum metal. The difference in sulfur electronic structures is a
possible reason for the 1st irreversible capacity in a-MoSs. Sulfurs species lithiated at the 1st
discharge process have similar electronic structures as sulfurs after the 1st and 10th charge,
and thus sulfurs formed at the 1st discharge would have strong interactions to molybdenum
atoms. In order to design the sulfur-rich transition metal sulfide electrodes with high capacity
as well as good cyclability, sufficient interactions between sulfur and transition metal in the

electrodes is important.

4. Conclusions

We have firstly examined the electronic structure changes of amorphous TiS3 and
MoSselectrodes in all-solid-state lithium batteries during cycling. In the case of a-TiSs, the
all-solid-state cell with a-TiS3 maintained the reversible capacity of about 510 mAh g™! for
the 10th cycles. The reversible sulfur redox of both S* and S»*" in ¢-TiS3 mainly occurred
during charge-discharge process. On the other hand, the 1st discharge and charge capacities
of the cell with a-MoS3 were about 760 and 720 mAh g™ ', respectively. The Sz2p XPS and S K-
edge XANES profiles after the 1st and 10th charge process were similar to those after the 1st
discharge and were different from those before charge-discharge measurements. The
irreversible sulfur redox of both S* and S° in a-MoSswas observed, while the reversible
electronic structure changes of molybdenum were observed at the 1st cycle. The all-solid-
state cell with a-MoS3 showed relatively good cyclability except for the Ist cycle.
Electrochemical performance of the cells using a-MS3(M: Ti and Mo) was affected by

electronic structures of sulfurs in a-MSs.
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