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Composite electrodes of a-TiS3/S/carbon (Ketjen black; KB) with high capacity were prepared by mechanical milling from a-TiS3
and S/KB composites. The composites were fabricated into coin type liquid cells and all-solid-state cells and operated as rechargeable
batteries at room temperature. The reversible capacity of the coin type liquid cells decreased from 484 to 33 mAh g−1 over 50 charge-
discharge cycles, because the polysulfides formed from the redox reactions of a-TiS3/S dissolved in the liquid electrolyte. On the
other hand, the all-solid-state cells showed higher reversible capacity and better cyclability than the coin type liquid cells. In order
to improve their cycle performance, solid electrolyte (SE) powders were added to the composite electrodes to serve as lithium-ion
conduction paths to the active materials. The cell using the a-TiS3/S/KB composite with 30 wt% SE exhibited the highest reversible
capacity of about 850 mAh g−1 at the 1st cycle and retained a reversible capacity of about 650 mAh g−1 after the 50th cycle.
Owing to their relatively high sulfur content, composite positive electrodes of a-TiS3/S/KB are attractive positive electrodes with
high capacities for all-solid-state lithium secondary batteries.
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Conventional lithium-ion batteries using organic liquid electrolytes
have been used extensively as power sources for mobile devices and
personal computers.1,2 Increasingly, they have been scaled up for use
in large applications for electric vehicles and smart grids.3 However,
traditional lithium ion batteries containing a transition metal oxide
cathode and a graphite anode are not able to satisfy energy density
demands for many applications.4,5

Sulfur is one of the most promising positive electrode materials
because of its high theoretical specific capacity of 1672 mAh g−1,
which is at least 5 times higher than that of the transition metal oxides
such as LiCoO2.6,7 In addition, sulfur has many other advantages of
low cost, abundant resource and environmental friendliness. However,
pronounced capacity fading during cycling of lithium-sulfur batteries
has been a major challenge that has thwarted their practical use.8,9 The
poor cycle life is attributable to the dissolution of intermediate lithium
polysulfides (Li2Sn, n = 4–8)10–12 formed during charge-discharge into
organic liquid electrolytes. The volumetric expansion and contraction
of sulfur during cycling and the insulating nature of sulfur and lithium
sulfide are also drawback for sulfur electrodes. A well-designed sul-
fur electrode to solve these issues is required. Current approaches
focus on confining sulfur active materials in porous nanostructures to
capture lithium polysulfides during charge-discharge reactions.13–24

Various sulfur/carbon composites have been studied as positive elec-
trodes in Li/S batteries. For example, a sulfur-porous hollow carbon
composite electrode showed the reversible capacity of 974 mAh g−1

after 100 cycles.13 Sulfur/carbon nanotube composites delivered an
initial discharge capacity of about 1100 mAh g−1, and capacity reten-
tion of 85% even after the 100th cycle at 1C.24 We have reported that
sulfur/highly ordered nanostructured mesoporous carbon (CMK-3)
positive electrodes exhibited a reversible capacity of 1320 mAh g−1.15

Sulfur/porous carbon nanospheres (PCNSs) positive electrode mate-
rials with stable cycling capacity for 100 cycles have been reported.23

As described above, the cycle life and utilization of Li/S batteries
are improved by using sulfur/carbon composite positive electrodes,
because they maintain an electron conducting path to the sulfur active
materials and physically inhibit the dissolution of polysulfides into
liquid electrolytes.

Transition metal sulfides such as TiS2 have also been studied as
positive electrodes in lithium batteries.25–28 In general, transition metal
sulfides exhibit high electronic conductivity and low solubility in elec-
trolytes. These properties represent an advantage of transition metal
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sulfides over elemental sulfur.25–28 However, reversible capacities of
such batteries were lower than those using elemental sulfur. To in-
crease the reversible capacity of transition metal sulfides, increasing
their sulfur content is important because the additional redox capabil-
ities can be utilized. For example, crystalline TiS3 (c-TiS3) has been
studied as a positive electrode in lithium batteries.29,30 In our previous
studies, sulfur-rich transition metal sulfides such as amorphous TiS3

(a-TiS3) and amorphous MoS3 (a-MoS3) were reported.31–33 These
electrode active materials exhibited higher reversible capacity than
TiS2 and MoS2 in all-solid-state cells. In addition, it was reported
that all-solid-state cells using a-TiS3 electrodes maintained better cy-
clability than cells using c-TiS3 electrodes.34 Sakuda et al. have also
shown that amorphous TiS4 electrodes showed reversible capacities
of about 700 mAh g−1 in lithium batteries using liquid electrolytes.35

This capacity was higher than that of a-TiS3 (560 mAh g−1). These re-
sults suggest that amorphous sulfur-rich transition metal sulfides have
a high capacity owing to additional sulfur taking part in the redox.
Moreover, it is reported that the dissolution of polysulfide into the
electrolyte was significantly suppressed by amorphous TiS4, because
of the chemical binding between Ti and S.35

For increasing the capacity beyond TiS4, electrode active materials
such as amorphous TiSx (x > 4) (a-TiSx) are promising. However,
although one might expect that the electronic conductivity of a-TiSx

would decrease with increasing sulfur content, we show here that
a-TiSx electrodes with high capacity and good cyclability can prepared
by combining a-TiS3 and sulfur/carbon composites.

To inhibit the dissolution of lithium polysulfides, the use of in-
organic solid electrolytes instead of organic liquid electrolytes is an
effective approach. Among many types of lithium ion conductive solid
electrolytes, sulfide materials are known to exhibit higher ionic con-
ductivity than oxide materials because of the higher polarizability of
sulfide ions.36–38 Sulfide-based solid electrolytes such as crystalline
Li10GeP2S12

39 and Li2S-P2S5 glass-ceramics40 have a high lithium-
ion conductivity of almost 10−2 S cm−1 at room temperature, which
is comparable to the conductivity of conventional organic liquid elec-
trolytes. Li/S cells using Li2S-P2S5 solid electrolytes have exhibited
good cycling performance,41–43 so sulfide electrolytes are suitable for
application to all-solid-state batteries with a-TiSx electrodes.

In this study, we have prepared a-TiS3/S/carbon composites by me-
chanical milling mixtures of a-TiS3 and S/several carbon composites.
The electrochemical properties of coin type cells utilizing organic
liquid electrolytes, and all-solid-state cells using sulfide solid elec-
trolytes with a-TiS3/S/carbon composite electrodes were examined.
Four types of carbons encompassing Ketjen black (KB), CMK-3,

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 129.97.124.196Downloaded on 2016-07-18 to IP 

http://dx.doi.org/10.1149/2.1061608jes
mailto:tatsu@chem.osakafu-u.ac.jp
http://ecsdl.org/site/terms_use


Journal of The Electrochemical Society, 163 (8) A1730-A1735 (2016) A1731

PCNS and graphite were used. Because the cell with the KB com-
posite showed the best cell performance, we primarily report these
results.

Experimental

Amorphous TiS3 (a-TiS3) electrode active materials were prepared
using mechanical milling of crystalline TiS3 (c-TiS3) prepared by
solid-state reaction.34 The starting material, c-TiS3, was milled me-
chanically at ambient temperature using a planetary ball mill apparatus
(Pulverisette 7; Fritsch) with an zirconia pot (volume of 45 ml) and
500 zirconia balls (4 mm diameter). The rotational speed was set to
370 rpm and the milling time was 40 h.

A 70 wt% sulfur containing composite (S/KB) was prepared by via
a melt diffusion technique at 155◦C.15,23 Composites of S/CMK-3,15

S/PCNS23 and S/graphite were prepared in the same manner.
Amorphous TiS3/S/KB (a-TiS3/S/KB) electrodes were prepared by

mechanical milling. Prepared a-TiS3 and the S/KB composite were
used as the starting materials in a molar ratio of 1/2. The mixture of
the materials was milled mechanically at ambient temperature using
the ball milling parameters were as above and the milling time was
20 h.

To examine the crystallinity of the prepared samples, X-ray diffrac-
tion was carried out using a X-ray diffractometer (CuKα, UltimaIV;
Rigaku Corp.). Surface areas of KB, S/KB and a-TiS3/S/KB were
determined from nitrogen adsorption and desorption isotherms per-
formed on an Autosorb-1; Quantachrome at 77 K. Surface areas were
calculated using the Brunauer–Emmett–Teller (BET) method. Ther-
mogravimetric analyses (TGA) of the sample were performed using a
thermal analyzer (SDT Q600; TA Instruments) with air as the carrier
gas (100 cc min−1) at a heating rate of 10◦C min−1. The morpholo-
gies of the S/KB and a-TiS3/S/KB composites were evaluated using
a field emission scanning electron microscopy (FE-SEM, SU8220;
HITACHI).

Coin cells with 2325 type using organic liquid electrolytes were
fabricated as follows: the S/KB, a-TiS3 or a-TiS3/S/KB electrodes
were formed by drop casting a slurry onto a carbon-coated aluminum
or carbon paper current collector, and drying the electrodes at 60◦C
overnight. In these experiments, 80 wt% of S/KB composite, 10 wt%
Super P and 10 wt% poly(vinylidene floride) (PVDF) were mixed with
N, N-dimethylformamide to form the slurry for drop casting. Different
electrode ratios were also examined: coin type cells consisting of a-
TiS3 and a-TiS3/S/KB were fabricated with electrodes consisting of 70
wt% of a-TiS3 or a-TiS3/S/KB composite, 20 wt% Super P and 10 wt%
PVDF (also mixed with N, N-dimethylformamide to form a slurry).
The mass loading of the electrode was 1 mg cm−2. The electrolyte was
1 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in a mixed
solvent of 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL) (v/v
= 1:1), with 2 wt% of LiNO3. Lithium metal foil was used as the nega-
tive electrode, and was electronically isolated using 2 sheets of Celgard
3501 separators. All the processes described above were conducted in
a dry Ar glove box. The coin type cells with S/KB were discharged
and charged on the 1st cycle in a voltage window between 1.9 and
3.0 V at a current density of 0.084 mA cm−2. The voltage win-
dow was set between 1.8 and 3.0 V at a current density of
0.84 mA cm−2 after the 2nd cycle. Coin cells with a-TiS3 and
a-TiS3/S/KB were cycled in a voltage window between 1.8 and 3.0 V
at a current density of 0.064 mA cm−2. Electrochemical studies were
performed using a cycler (BT-2000; Arbin) in galvanostatic mode at
room temperature.

All-solid-state electrochemical cells were fabricated as follows: an
80Li2S · 20P2S5 (mol%) solid electrolyte was prepared by mechani-
cal milling and then heated at 210◦C for 1 h.44 The S/KB, a-TiS3

and a-TiS3/S/KB electrodes were used as active materials. The work-
ing electrode was prepared by mixing the active materials and the
solid electrolyte. The weight ratios of electrodes were 100/0, 70/30
or 40/60. The obtained working electrode (10 mg) and the solid elec-
trolyte were placed in a polycarbonate tube (10 mm diameter) and
pressed together under 360 MPa of pressure. A Li–In alloy was placed

on the solid electrolyte layer to serve as a counter and reference elec-
trode, and a pressure of 120 MPa was applied to the three-layered
pellet. Finally, two electrode cells sandwiched by two stainless-steel
disks that functioned as a current collector were obtained. All the
processes described above were conducted in a dry Ar glove box. The
electrochemical tests were conducted at 25◦C in an Ar atmosphere
using a cycler (BTS-2004; Nagano Co.). To analyze the structure
of the working electrode, XRD measurements and cross-sectional
FE-SEM observations were carried out with an energy dispersive
X-ray spectroscopy system (EDX, EMAXEvolution X-Max; Horiba,
Ltd.) for the working electrodes before and after electrochemical test-
ing. The cross sections of the working electrodes were thinned down
for analysis using an ion milling system (IM4000; HITACHI).

Results and Discussion

Figure 1a shows the XRD patterns of S/KB samples before and
after heating, and a-TiS3/S/KB prepared by mechanical milling. Peaks
attributable to sulfur were observed for the S/KB sample before heat-
ing, but their intensity decreased after heating. This suggests that
elemental sulfur was incorporated into the pores of KB.15 Figure 1b
shows the thermogravimetric analysis (TGA) profile of the S/KB sam-
ple. The weight loss between 200 to 300◦C indicates a sulfur content of
70 wt%. A halo pattern was observed in the XRD pattern of TiS3/S/KB
indicating it is amorphous. In addition, specific surface areas of the
prepared samples were examined by BET measurements. The results
are listed in Table I. The specific surface area of KB was 1117 m2

g−1. The specific surface area of S/KB was reduced to 21.6 m2 g−1
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Figure 1. (a) XRD patterns of S/KB samples before and after heating and of
a-TiS3/S/KB prepared by mechanical milling and (b) TGA curve of the S/KB
sample after heating.
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Table I. Specific surface area of KB, S/KB and a-TiS3/S/KB.

Samples Surface area (m2 g−1)

KB 1117
S/KB 21.6

a-TiS3/S/KB 4.6

by the inclusion of sulfur within the pores, whereas the specific sur-
face area of a-TiS3/S/KB was 4.6 m2 g−1. FE-SEM images of S/KB
sample after heating (a) and a-TiS3/S/KB (b) are shown in Fig. 2. The
FE-SEM image of the S/KB sample indicated that the particle sizes
were about 100 nm. Secondary particles of several microns in size,
formed by agglomeration of submicron-sized ordinary particles, were
mainly observed in the FE-SEM image of the a-TiS3/S/KB composite
(Fig. 2b). The agglomeration decreased the specific surface area of
a-TiS3/S/KB.

Figure 3 shows (a) the initial charge-discharge curves and (b)
the cycle performance of the liquid electrolyte coin cells with S/KB,
a-TiS3 and a-TiS3/S/KB. The cell with S/KB was run at a current den-
sity of 0.084 mA cm−2 (at the 1st cycle) and 0.84 mA cm−2 (from the
2nd to 100th cycle). The charge–discharge measurements of the cells
with a-TiS3 and a-TiS3/S/KB were conducted at a current density of
0.064 mA cm−2 at 25◦C. The cell with S/KB showed reversible capac-
ities of about 1200 mAh g−1 and 800 mAh g−1 at the 1st and the 100th
cycle. This electrochemical performance is similar to that of previous
reports.22 On the other hand, the initial reversible capacities of the cells
using a-TiS3 and a-TiS3/S/KB were about 400 and 500 mAh g−1, re-
spectively. The cell with a-TiS3/S/KB showed higher reversible capac-
ity than the cell with a-TiS3, because the additional sulfur in the S/KB
reacted with Li during the discharge process. The cycling performance
of the liquid cells with a-TiS3 and a-TiS3/S/KB deteriorated during
the electrochemical tests, however. We assume this is due to dissolu-

Figure 2. FE-SEM images of (a) S/KB; (b) the a-TiS3/S/KB composite.
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Figure 3. (a) Initial charge-discharge curves of liquid electrolyte cells with
a-TiS3, S/KB and a-TiS3/S/KB and (b) their cycling performance.

tion of polysulfides produced from a-TiS3 during discharge process.
To clarify detailed reaction process, electronic structures of sulfur
and titanium elements in a-TiS3 during cycling need to be analyzed.
Sakuda et al. have reported that coin cells using liquid electrolytes and
a-TiS4/acetylene black (AB) composite showed stable cyclability.35

They explained that the chemical binding between Ti and S formed by
the amorphization procedure suppressed the dissolution of polysul-
fide into the electrolyte. Furthermore, the dispersion of AB inside the
a-TiS4 was effective in improving the cycle performance.33 In our
study, ineffective dispersion of KB inside TiS3 might have led to un-
stable cycling performance. We prepared S/carbon composites using
the other carbon materials such as CMK-3,15 PCNS23 and graphite in a
similar manner. The initial and the 100th charge and discharge capaci-
ties of the coin type liquid cells with a-TiS3/S/CMK-3, a-TiS3/S/PCNS
and a-TiS3/S/graphite are summarized in Table II. The capacities
of the cell with a-TiS3/S/KB are also shown for comparison in

Table II. 1st and the 100th discharge and charge capacities of the
coin type liquid cells with a-TiS3/S/KB, a-TiS3/S/CMK-3, a-TiS3/S/
PCNS and a-TiS3/S/graphite composite electrodes.

Capacity (mAh g−1)

1st discharge 1st charge 100th discharge 100th charge

a-TiS3/S/KB 673 484 20 12
a-TiS3/S/CMK-3 780 666 — —
a-TiS3/S/PCNS 774 498 — —

a-TiS3/S/graphite 642 400 113 109
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Figure 4. Initial charge-discharge curves of the all-solid-state cells with
a-TiS3/S/KB, a-TiS3/S/CMK-3, a-TiS3/S/PCNS and a-TiS3/S/graphite.

Table II. Capacity degradation of the a-TiS3/S/graphite cell was also
observed. The 100th capacities for the cells using a-TiS3/CMK-3/S
and a-TiS3/PCNS/S are not listed because a shuttle phenomenon45

appeared at the 2nd charging process (the charge-discharge curves are
not shown.). On the other hand, the cells using S/CMK-3, S/PCNS and
S/graphite, respectively, showed an initial reversible capacity of about
1250, 900 and 800 mAh g−1 in a voltage window between 1.9 and
3.0 V at a current density of 0.084 mA cm−2. The 2nd reversible capac-
ities of the cells with S/CMK-3, S/PCNS and S/graphite in the voltage
window between 1.8 and 3.0 V at the current density of 0.84 mA cm−2

were about 780, 650 and 470 mAh g−1, respectively. The reversible
capacities of the cells using S/CMK-3, S/PCNS and S/graphite after
the 100th cycle were about 750, 480 and 370 mAh g−1, respectively,
and the S/carbon samples (carbon: KB, CMK-3, PCNS and graphite)
in the cells with liquid electrolytes showed a relatively-stable cycle
performance. Therefore, the degradation of the cells with liquid elec-
trolytes and a-TiS3/S/carbon composites is undoubtedly due to the
dissolution of polysulfides derived from a-TiS3.

It is expected that a-TiS3/S/carbon composites in all-solid-state
cells with sulfide solid electrolytes will have good cyclability be-
cause the dissolution of polysulfides is suppressed by using solid elec-
trolytes. Figure 4 shows the initial charge-discharge curves of the all-
solid-state cells with a-TiS3/S/KB, a-TiS3/S/CMK-3, a-TiS3/S/PCNS
and a-TiS3/S/graphite. The Li-In alloy was used as a counter electrode,
because it exhibits a stable voltage plateau at 0.62 V vs Li+/Li in an
all-solid-state cell using a sulfide solid electrolyte. Charge–discharge
studies of the cells were conducted at a current density of 0.064
mA cm−2 at 25◦C, using the a-TiS3/S/carbon composites as a work-
ing electrode at room temperature. The results are presented refer-
enced to the electrode potential vs. Li+/Li. The all-solid-state cell with
a-TiS3/S/KB showed the highest reversible capacity of about 650 mAh
g−1 in the cells. Figure 5 shows a comparison of the initial charge-
discharge curves (a) and cycle performance (b) of the all-solid-state
cells with a-TiS3/S/KB, S/KB, a-TiS3 and a-TiS5 electrodes. Amor-
phous TiS5 (a-TiS5) was prepared by mechanical milling from a-TiS3

and sulfur. The cells with S/KB showed an initial discharge capacity
of about 150 mAh g−1; the obtained capacity in this study was lower
than that of our previous results,43 because the Li+ ion conduction
paths were insufficient. The S/KB cell obviously needs the addition of
sulfide solid electrolytes in the working electrode, as it did not exhibit
a capacity on the 1st charge. On the other hand, a-TiS3 showed a re-
versible capacity in the all-solid-state cell using the a-TiS3 electrode
without the addition of solid electrolyte or conductive additive pow-
ders. Its reversible capacity was about 500 mAh g−1. The solid-state
cell with a-TiS5 exhibited about the 490 mAh g−1 capacity on initial
discharge, but the cell could not be charged. A lower electronic con-
ductivity of a pressed pellet of a-TiS5 (about 10−6 S cm−1 at 25◦C)
than that of a-TiS3 (>10−3 S cm−1 at 25◦C) is one reason for the
irreversibility. The cell with a-TiS3/S/KB exhibited the highest ini-
tial capacity of about 650 mAh g−1. The electronic conductivity of a
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Figure 5. (a) Initial charge-discharge curves and (b) cycling performance of
the all-solid-state cells with a-TiS3/S/KB, S/KB, a-TiS3 and a-TiS5.

pressed pellet of a-TiS3/S/KB prepared from a-TiS3 and S/KB was
about 10−3 S cm−1, which is similar to the conductivity of a-TiS3

itself. The a-TiS3/S/KB electrode exhibited a higher capacity than the
a-TiS3 electrode, suggesting that additional sulfurs in S/KB were used
as active material in the a-TiS3/S/KB electrode. The additional sulfurs
in a-TiS3/S/KB electrode thus contribute to a reversible capacity be-
cause of conductive feature of a-TiS3. Both all-solid-state cells with
a-TiS3 and a-TiS3/S/KB showed better cyclability than the liquid elec-
trolyte cells. In particular, the cell comprised of a-TiS3 alone showed a
promising reversible capacity of about 450 mAh g−1 at the 50th cycle
without significant capacity fading. However, capacity degradation of
a-TiS3/S/KB was observed, with a reversible capacity of only 250
mAh g−1 being attained on the 50th cycle. This is explained below.

In order to improve the cycle performance of the cell with a-TiS3/
S/KB, working electrodes were prepared with a sulfide solid elec-
trolyte. These were assembled by hand-mixing a-TiS3/S/KB and the
80Li2S · 20P2S5 glass-ceramic solid electrolyte (SE). The weight ra-
tios of electrodes were 100/0, 70/30 or 40/60. Figure 6 shows (a) the
initial charge-discharge curves and (b) the cycling performance of the
all-solid-state cells with a-TiS3/S/KB composites. The cell using the
a-TiS3/S/KB composites with the addition of 30 wt% SE exhibited
the highest reversible capacity of about 850 mAh g−1 at the 1st cy-
cle. Forming favorable contacts among the electrode components of
a-TiS3/S/KB and the sulfide solid electrolytes should clearly be effec-
tive in improving the reversible capacity of all-solid-state cells. How-
ever, the initial reversible capacity of the cell with the a-TiS3/S/KB
composite with 60 wt% SE decreased to 650 mAh g−1 over cycling.
After the 50th cycle, the all-solid-state cells using the electrodes with
0, 30, and 60 wt% SE showed a capacity of about 250, 650 and 370
mAh g−1, respectively. Although capacity degradation was observed
in all the cells, the cell using a-TiS3/S/KB composite with 30 wt% SE
retained higher reversible capacity than the cell using a-TiS3 after the
50 cycles.

Figure 7 shows the XRD pattern of the a-TiS3/S/KB working elec-
trodes without solid electrolytes before cycling and after the 50th
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Figure 6. (a) Initial charge-discharge curves and (b) cycle performance of the
all-solid-state cells using a-TiS3/S/KB composites with 0, 30 and 60 wt% solid
electrolyte.

charge-discharge measurements. Silicon was used as an internal stan-
dard. A halo pattern due to the a-TiS3/S/KB active material was ob-
served even after the 50th charge. This implies that the amorphous
state of the a-TiS3/S/KB active materials was maintained during elec-
trochemical cycling.

Figure 8 shows the cross-sectional FE-SEM images and their EDX
elemental maps for S, Ti and C of the a-TiS3/S/KB working electrodes
(without solid electrolytes) (a) before cycling and (b) after the 50th
charge-discharge measurements. Pores and grain boundaries were ob-
served in the FE-SEM image (a) for the working electrode before
cycling. Conversely, the working electrode after the 50th cycle (b)
was denser. This is due to the volumetric changes of the sulfur com-
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Figure 7. XRD patterns of the a-TiS3/S/KB working electrodes without elec-
trolytes before cycling and after the 50th charge-discharge measurements.

Figure 8. Cross-sectional FE-SEM images and EDX elemental mapping im-
ages for S, Ti and C of the a-TiS3/S/KB working electrodes without solid
electrolytes (a) before cycling; and (b) after the 50th charge-discharge.

ponent in the a-TiS3/S/KB composite during charge-discharge. He
et al. have reported that the thickness of the sulfur composite elec-
trode expanded during discharging (lithiation process).46 The EDX
maps of all elemental signals of S, Ti and C were observed in the en-
tire area of the electrode before and after charge-discharge, suggesting
that a-TiS3/S/KB was homogeneously dispersed during cycling.

In order to understand the capacity degradation of all-solid-state
cells with the a-TiS3/S/KB electrode, detailed reaction mechanism
of the electrode should be analyzed. Electronic structure changes of
sulfurs in the electrode are effective for clarifying the reaction mech-
anism. Very recently, we have reported sulfur electronic structure in
a-TiS3 electrodes in all-solid-state cells by X-ray photoelectron spec-
troscopy (XPS) and X-ray absorption near edge structure (XANES).47

These analyses for both sulfur and titanium elements will be performed
for the a-TiS3/S/KB electrode before and after charge-discharge cy-
cles, and the role of the additional sulfurs in S/KB to a reversible
capacity will be clarified in the near future.

Conclusions

Novel a-TiS3/S/KB electrode active materials were prepared.
The reversible capacity of coin cells using a liquid electrolyte and
a a-TiS3/S/KB cathode decreased from 484 to 33 mAh g−1 dur-
ing 50 charge-discharge cycles, because polysulfides formed from
a-TiS3/S/KB were dissolved in the electrolyte. Capacity degrada-
tion of a-TiS3/S/graphite cells was also observed. The cells using
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a-TiS3/CMK-3/S and a-TiS3/PCNS/S also showed a shuttle phe-
nomenon as early as the 2nd charging process. On the other hand,
all-solid-state cells using a-TiS3/S/KB composite electrodes showed a
higher reversible capacity and better cyclability. In addition, all-solid-
state cells with a-TiS3/KB/S showed a higher reversible capacity (650
mAh g−1) than the cell with a-TiS3. We believe this is because the
additional sulfur in KB/S can be utilized as an active material, while
maintaining the amorphous state of the a-TiS3/KB/S. That makes
this material, with a high sulfur content, attractive as a high capacity
positive electrode for all-solid-state lithium secondary batteries.
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