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Abstract

Amorphous molybdenum trisulfide (MoS3) active materials were successfully prepared by ball
milling of the mixture of Mo metal and sulfur. The atomic ratio of Mo to S in the starting mixture
was 1:3. All the diffraction peaks due to Mo metal and sulfur disappeared in the milled sample. In
addition to a halo pattern due to the amorphous structure, it is a broad peak at about 15° that
appeared in the diffraction profile obtained in MM 80 hours. The HR-TEM image revealed that
microstructure of the milled sample was characterized as random distribution of nano-sized domains
with the size of 2 ~ 3 nm, which consist of crystalline MoS, with the layered structure. The DTA
curve of the amorphous MoS; exhibited no endothermic peaks attributable to melt of crystalline
sulfur. The particle size of the amorphous MoS; was about 1 um. The milled samples were not
formed by agglomeration of submicron-sized ordinary particles. The all-solid-state lithium
secondary batteries using a sulfide solid electrolyte and the amorphous MoS; electrode showed
capacities higher than 670 mAh g for 60 cycles. The amorphous MoS; had a higher capacity than

the cell using the crystalline MoS,.
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Introduction

Lithium-ion batteries are widely used in portable electronic devices such as cell phones and
personal computers.l’ : Increasingly they are also being scaled up for using large applications in
electric vehicles and smart grids.” However, due to limited capacity in both positive and negative
electrodes, the specific energy density of lithium-ion batteries needs to improve remarkably to meet
the requirements for practical applications. Current positive electrode materials have an actual
capacity less than half that of negative electrode materials such as graphite and silicon. Therefore,
high-capacity positive electrode materials are required to realize lithium-ion batteries with
higher-energy densities.

Sulfur is one of the most promising positive electrode materials because of its high theoretical
specific capacity of 1672 mAh g'l, which is at least 5 times higher than that of the transition metal
oxides such as LiCoOz.S’ % Sulfur also has many other advantages of low cost, abundant resource and
environmental friendliness. However, fast capacity fading during cycling of Li/S batteries has been a
major challenge toward its practical use.” ® The poor cycle life is due to the dissolution of
intermediate lithium polysulfides, which are formed during the battery operation, into organic liquid
electrolytes, the volumetric expansion and contraction of sulfur during cycling and the insulating
nature of sulfur and lithium sulfide. A well-designed sulfur electrode to clear these issues is required.

The current approaches focus on confining sulfur active materials in porous nanostructures to
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capture the lithium polysulfides during charge-discharge reactions.”'> The cycle life and utilization
of Li/S batteries are drastically improved by maintaining an electron conducting path to the sulfur
active materials and physically inhibiting the dissolution of polysulfides into liquid electrolytes.
Although an excellent structural electrode design mentioned above has led to the outstanding
electrochemical performances, there are still a few soluble species escaping from the nanostructures
as a matrix over numerous cycles, resulting in a consecutive capacity fading with cycling.

For fundamental improvement in inhibiting the dissolution of lithium polysulfides, the use of
inorganic solid electrolytes instead of organic liquid electrolyte is an effective approach. Various

15

inorganic solid electrolytes such as Li,S-SiS, glass,13 Li,S-P,Ss glass-ceramics”’ and

thio-LISICONS in Li;GeS;-LizPSy system“’ with high Li" ion conductivity of over 10*S cm™ at 25
°C have been explored as electrolytes in all-solid-state lithium batteries. Recent reports have
described that sulfide-based solid electrolytes such as Lij¢GeP,S;, crystals and 70Li,S-30P,Ss
glass-ceramics have high lithium-ion conductivity of 12x10% S ecm” " and 1.7x107 S em™ ",
respectively, at room temperature. Those values are as high as the conductivity of conventional

organic liquid electrolytes. The Li/S cells using these solid electrolytes exhibited a good cycling

19-22

performance because of completely eliminating the issue of polysulfides dissolution. Several

attempts have been made to enhance utilization of sulfur active materials. For instance, composites

19, 23, 25 22,25

of sulfur and electrically conducting materials such as copper or nanocarbon were
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19,23,24 e 2 .
" and gas-phase mixing.”” Furthermore, the construction of not

prepared by mechanical milling
only an electron conducting path but also a Li" ion conducting path to the sulfur active material is
essential for improving the performance in all-solid-state Li/S batteries. Recently, we found that
mechanical milling of a mixture of sulfur or Li,S active material, acetylene black (AB) and
Li,S-P,S5 solid electrolytes (SE) is powerful approach for enhancing the reversible capacity and the
rate capability in all-solid-state Li/S batteries.”® Lin ef al. reported that sulfur-rich LizPS,., prepared
by the solution process using THF was applied to all-solid-state cells and they showed good
electrochemical performance.”’**

In this paper, we focus on a transition metal sulfide with a higher electronic conductivity than
that of sulfur. The sulfide electrode active materials with high electronic conductivity and capacity
can be prepared by combining sulfur and transition metal sulfides. These sulfide positive electrodes
will be compatible with sulfide solid electrolytes in all-solid-state batteries with sulfide-sulfide
interfaces. The use of molybdenum disulfide (MoS;) as positive electrode active materials for
lithium batteries is of great interest because of its low cost and high safety.29 The lithium batteries
with MoS, showed high reversible capacity with excellent cyclability. Sulfur-rich molybdenum
sulfide would have higher capacity than the MoS, crystal. Moreover, sulfur-rich molybdenum sulfide

electrodes would have higher electronic conductivity than that of sulfur. This charge-discharge

reaction is affected by the presence of additional sulfur atoms in the sulfur-rich molybdenum sulfide
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electrode.

We reported that amorphous TiS; prepared by ball milling had better cyclability than crystalline
TiS3.>" *' Moreover, the first discharge capacity of the all-solid-state cell with amorphous TiS;
exhibited approximately 400 mAh g, which is higher than the initial capacity of the liquid type cell
with crystalline TiS; (ca. 350 mAh g") ***' as described above. These results suggested that
amorphous sulfur-rich titanium sulfide (a-TiS;) showed the higher reversible capacity.

Electrode properties of amorphous MoS; (a-MoS3) prepared by pyrolysis of (NH4),MoS, have
been investigated in an organic liquid electrolyte.” A liquid-type cell with a-MoS; electrode shows
the reversible capacity of 400 mAh g'. Although crystalline MoS; has not been synthesized so far,
a-MoS; electrode active materials have a higher reversible capacity than that of crystalline MoS,.
All-solid-state lithium batteries with a-MoS; electrode active materials have not been reported yet.

Amorphization of active materials is potentially capable of achieving higher capacity and
cyclability because of open and random structure in amorphous materials. For example, amorphous
V,05 and MoO, were reported to exhibit better rechargeability than crystalline V,05 or MoO, did.*
*A coin-type cell with amorphous MoO, electrode showed particularly higher capacity and better
rate capability than that of the cell with crystalline MoO,.”* Ku et al. reported that the cell
performance was improved because the structural defects in amorphous MoO, acted as a Li" storage

site. Sakuda et al. reported that the all-solid-state cells with amorphous TiS,; and amorphous NbS,
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37 Thus, the amorphous electrode active materials are very

showed high reversible capacities.
attractive.

In this study, amorphous MoS; was successfully prepared by mechanical milling from the
mixtures of molybdenum metal and sulfur. Both microstructures and electrochemical properties of
amorphous MoS; in all-solid-state cells with sulfide solid electrolytes were investigated.
Electrochemical performances in amorphous MoS; and crystalline MoS, positive electrodes in

all-solid-state cells were examined. It is revealed that amorphous MoS; had a higher capacity and

superior cyclability.

Experimental

Amorphous MoS; electrode active materials were prepared by mechanical milling.

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 an zirconia pot (volume of 45 ml) and 500 zirconia balls (4 mm diameter). The

rotational speed was set to 370 rpm. The milling time was 80 hours. To examine crystal structures of

prepared samples, X-ray diffraction experiment was carried out using a X-ray diffractometer

(Ultimal V; Rigaku). Differential thermal analysis (DTA) was performed by using a thermal analyzer
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(Thermo Plus TG8110; Rigaku) at a heating rate of 10°C min . The morphology of the amorphous
MoS; was examined using a scanning electron microscopy (SEM, JSM-6610A; JEOL) and a
transmission electron microscope (TEM, JEM-2100F; JEOL).

All-solid-state electrochemical cells were fabricated as follows. The 80Li,S-20P,Ss (mol%) solid
electrolyte was prepared by the mechanical milling and then heated at 210°C for 1 h.'"* The lithium
ion conductivity of the solid electrolyte was 1.3x10” S cm™ at 25°C."> The amorphous MoS;
prepared by milling and the crystalline MoS, (99%; Aldrich) were used as active materials. The
working electrode was prepared by mixing of the active materials, the 80Li,S-20P,Ss solid
electrolyte and acetylene black with the weight ratio of 40:60:6. The solid electrolyte and acetylene
black were respectively added to secure lithium-ion and electron conduction paths to the active
material in the working electrode. The obtained working electrode (10 mg) and the solid electrolyte
(80 mg) were placed in polycarbonate tube (10 mm diameter) and pressed together under 360 MPa.
A Li-In alloy was put on the solid electrolyte layer as a counter-reference electrode. Then pressure
of 120 MPa was applied to the three-layered pellet. Finally, two electrode cells sandwiched with two
stainless-steel disks as a current collector were obtained. All processes described above were
conducted in a dry Ar 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.).
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Results and discussion

Figure 1 shows the X-ray diffraction profiles of the molybdenum sulfide prepared by milling of

the mixtures of Mo and S at various milling periods of time. In the mixtures, the diffraction peaks

belonging to the starting materials, Mo metal and sulfur, were detected. The diffraction peaks due to

octahedral ring structure of sulfur disappeared by milling for 20 hours. On the other hand, the

intensities of the diffraction peaks due to Mo metal gradually decreased as the milling time is longer.

After milling for 80 hours, all the diffraction peaks due to Mo metal and sulfur disappeared. In

addition to a halo pattern due to the amorphous structure, it is a broad peak at about 15° that

appeared in the diffraction profile obtained in MM 80 hours. We analyzed the position of the broad

peak around 15° and found that the position corresponds to the (002) diffraction peak of crystalline

MoS, (JCPDS NO. 070-9264). Thus, to clarify microstructures in some milled materials,

high-resolution TEM observation was conducted. Figure 2 shows (a) a high-resolution TEM image,

(b) electron diffraction pattern and (c) its intensity profile of the molybdenum sulfide prepared by

milling for 80 hours. The inset in (a) shows magnified image of (a). The HR-TEM image revealed

that microstructure in the milled sample was characterized as random distribution of nano-sized

domains with the size of 2 ~ 3 nm, which consist of crystalline MoS, with the layered structure. Note

that lattice spacing due to the (002) plane of crystalline MoS, was approximately 6 A, which was

almost coincident with spacing of the lattice fringes in Fig. 2 (a). Electron diffraction patterns
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obtained in the milled sample showed debye rings without diffraction spots. Figure 2 (c) shows the

intensity profile obtained along the dotted line in the ED pattern of Fig. 2 (b) and the origin at the

horizontal axis corresponds to the direct 000 spot. The peak positions of the intensity profile almost

corresponded to those of crystalline MoS,. From these considerations, it is suggested that the

prepared sample should include clusters consisting of MoS, with the layered structure. It is noted

that the prepared material including the clusters is called amorphous MoS; in the following

discussion.

The DTA curve of the sample milled for 80 hours exhibited no endothermic peaks attributable to

melt of crystalline sulfur whereas endothermic peaks were observed at around 115°C in the DTA

curve obtained in the mixture of Mo metal and S before milling (0 hour), as shown in Fig. 3. This

implies that chemical reaction between Mo metal and sulfur occurred completely.

The SEM images of the sample before and after milling are shown in Fig. 4. The SEM image of

the mixture of Mo metal and S before mechanical milling indicated that the mixture consisted of Mo

metal particles of ca. 20 pm in size and sulfur particles of ca. 100 um. After milling for 80 hours, the

milled sample consisted of submicron-sized particles. The staring materials as Mo metal and sulfur

particles were not observed.

Figure 5 shows (a) the charge—discharge curves and (b) the rate performance of all-solid-state

cells Li—In/80Li,S 20P,Ss glass-ceramic/amorphous MoS; or crystalline MoS,. In Fig. 5 (a),

10

Page 10 of 25



Page 11 of 25

Journal of Materials Chemistry A

charge—discharge measurements of the cells were conducted at the current density of 0.064 mA cm™
(C/50) at 25°C. 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 Li-In alloy was
used as a counter electrode, because Li-In alloy exhibits a stable voltage plateau at 0.62 V vs Li'/Li
in an all-solid-state cell using a sulfide solid electrolyte.38 The first discharge capacity of the cell
using crystalline MoS, was approximately 270 mAh g'. The obtained discharge capacity was larger
than 167 mAh g'1 (the capacity corresponding to the insertion of 1 molar Li to MoS;). MoS, crystal
was practically used as the positive electrode in lithium metal batteries with liquid organic
electrolyte.”” Electrochemical reaction mechanism of crystalline MoS, with lithium is reported as
follows:

a-MoS, +xLi" +xe© — a-LiyMoS, (2.1 V-1.1 Vvs. Li) (1)

a-LiMoS, +yLi" +ye" — B-Lix,MoS, (1.1 Vvs. Li)  (2)

The intercalation reaction of Li" ions to a-MoS, was observed at the potential range of 2.1-1.1 V
vs. Li in the initial discharge process. The discharge plateau due to the two phase reaction between
o-MoS;, and -MoS, appeared at 1.1 V vs. Li. The charge-discharge reaction after the initial
discharge process proceeded in B-MoS, because the structure change to a-MoS, did not occur.”
Recently, Du er al. and Fang et al. reported that the cell with MoS, crystal exhibited a higher

capacity of approximately 670 mAh g'1 (the capacity corresponding to the insertion of 4 molar Li to

11
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MoS,) than 167 mAh g"'.*** The following reaction is suggested on the discharge process to 0 V vs.

Li:
B-LiMoS, +3 Li' +3¢ —» 2Li,S+Mo (1.1-0 Vvs. Li)  (3)

The all-solid-state cell with crystalline MoS, showed a higher capacity than 167 mAh g'1 because
the excess Li” would react with B-LiMoS, due to the reaction (3) occurring at the potential range of
1.1-0 V vs. Li. Because the discharge cut-off voltage was 0.62 V vs. Li, the all-solid-state cell did not
show a higher discharge capacity than the cell with an organic electrolyte reported by Du et al. and
Fang et al. The initial charge capacity was about 180 mAh g™'. The initial coulombic efficiency of
the cell with crystalline MoS, was 69.3%. This capacity was close to 167 mAh g'. Additionally, the
charge-discharge curve of the all-solid-state cell with crystalline MoS, was similar to that of the cell
using an organic liquid electrolyte, suggesting that electrochemical reaction mechanism of the
crystalline MoS, electrode in all-solid-state cells is almost the same as that in the cell with an
organic liquid electrolyte.

On the other hand, the amorphous MoS; (a-MoS;) electrode in the all-solid-state cell with the
sulfide solid electrolyte exhibited higher capacity and better cyclabilty, compared to the crystalline
MoS; in the all-solid-state cell. The initial discharge and charge capacities of the cell with a-MoS;
were about 760 mAh g and 720 mAh g”', respectively. The initial coulombic efficiency of the cell

using a-MoS; was 93.4%. The obtained discharge capacity was higher than 670 mAh g (the

12
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capacity corresponding to the insertion of 4 molar Li to MoS,). The capacity loss was observed at
the second cycle and a possible reason for it is a partial contact loss in the working electrode by a
volume change of a-MoS;. The cell maintained the capacity of about 670 mAh g up to the 10th
cycle. The cell with a-MoS; did not show well-defined discharge plateaus and this is a typical
behavior of amorphous electrode materials. Cyclic voltammogram (CV) of the cell is shown in a
supplemental figure (Fig. S1) and three broad peaks observed in CV almost corresponded to the
discharge profile as shown in Fig. 5 (a). The discharge potential of the cell using a-MoS; was higher
than that of the cell using crystalline MoS,. This suggested that the additional sulfur reacted with Li"
during discharge process to 1.6 V vs. Li. The electrochemical reaction at ca. 2.0 V vs. Li at the initial
discharge process would be based on the additional sulfur redox because this electrochemical
potential was similar to that of elemental sulfur. The electrochemical reaction mechanism of the
amorphous MoS; below 1.6 V vs. Li is similar to that of MoS,.

The rate performance of the cells with a-MoS; and crystalline MoS, are shown in Fig. 5 (b). The
cell using MoS, showed the reversible capacity about 180 mAh g for 10 cycles at the current
density of 0.064 mA cm™. The reversible capacity decreased gradually with increasing the current
density. The reversible capacity of the cell with crystalline MoS, exhibited about 75 mAh g'l. On the
other hand, the cell with a-MoS; showed the higher reversible capacity than the cell with MoS,. The

reversible capacity of the cell using a-MoS; was about 670 mAh g for 10 cycles at the current

13
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density of 0.064 mA cm™. After the 2nd cycle, the coulombic efficiency of the cell was about 100%.
The capacity fading was not observed with increasing the current density form 0.064 mA cm™ to
0.13 mA cm™. However, the reversible capacity of the cell with a-MoS; was about 400 mAh g'1 at
the current density of 1.3 mA cm™. This suggests that sulfur-rich molybdenum sulfide electrode
active materials have higher reversible capacity than the MoS, crystal even at the high current
density. Structure analyses for a-MoS; are needed to clarify reaction mechanism and will be done in

the near future.

Conclusions

Amorphous MoS; was successfully prepared by ball milling of the mixture of Mo metal and
sulfur. The present XRD, DTA, SEM and HR-TEM experiments revealed that amorphous MoS; is
characterized by the random distribution of the nano-sized domains consisting of clusters of
crystalline MoS,. The initial discharge capacity of the all-solid-state cell with the amorphous MoS;
was approximately 760 mAh g'. The capacity was higher than 670 mAh g (the capacity
corresponding to the insertion of 4 molar Li to MoS,). The cell with amorphous MoS; electrode
retained discharge capacity of about 670 mAh g for 60 cycles. The amorphous MoS; had higher

capacity than the crystalline MoS,.

14
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Figure captions

Figure 1 XRD profiles of the mixture products prepared by mechanical milling (MM) of Mo metal

and sulfur for different periods time.

Figure 2 High-resolution TEM image (a), electron diffraction pattern (b) and its intensity profile

(c) of the molybdenum sulfide prepared by milling for 80 h. The inset in (a) shows magnified image

of (a).

Figure 3 DTA curves of the mixture and product of Mo metal and sulfur prepared by MM for 0 and

80 hours.

Figure 4 SEM images of the mixture and product of Mo metal and sulfur prepared by MM for 0

and 80 hours.

Figure 5 Charge-discharge curves (a) and rate performance (b) of the all-solid-state cells with

amorphous MoS; and crystalline MoS,.
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The all-solid-state lithium batteries with amorphous MoS; showed the
high reversible capacities for 60 cycles.



