
POWER 
SOURCES 

E L S E V I E R  Journa l  of Power  Sources 54 (1995) 352-355 

New amorphous molybdenum oxysulfide thin films 
Their characterization and their electrochemical properties 

A. Levasseur  a.., E. Schmidt  a, G. Meun ie r  a, D. G o n b e a u  b, L. Benois t  b, 
G. Pfis ter-Guil louzo b 

"Laboratoire de Chimie du Solide du CNRS et Ecole Nationale Supdrieure de Chirnie et Physique de Bordeaux, 33405 Talence Cedex, France 
b Laboratoire de Physico-Chimie Mol~cMa~e, Universitd de Pau et des Pays de l'Adour, avenue de l'Universitg, 64000 Pau, France 

Abstract  

New amorphous molybdenum oxysulfides have been obtained by r.f. sputtering using an MoS2 target. Their chemical 
composition depends on the partial pressure of oxygen introduced in the plasma during the preparation. All the properties 
depend on their composition. By transmission electron microscopy some randomly oriented ordered domains were found and 
identified as a 2H-MoS2-1ike phase in which a partial substitution of oxygen for sulfur has been evidenced. The low oxygen 
content thin films have the best electrical conductivity but can intercalate only 1.7 lithium per molybdenum. On the opposite, 
the high oxygen content ones are able to intercalate up to 3.5 lithium. Whatever the composition of the material, the intercalation 
of the first lithium is never reversible. By X-ray photoelectron spectroscopy it was found that this phenomenon corresponds 
to the reduction of M o  6+ to M o  5+ and MO 4+, the reversible part is mainly due to the further redox process of Mo 5÷ and 
Mo 4+ and also of disulfide pairs $22-. 
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I. Introduction 

It is well known that physical or  chemical deposition 
methods allow to obtain new materials in form of thin 
films. In addition, the miniaturization of  devices with 
their own power sources has led to a large growth in 
research on microbatteries. In a recent past, very at- 
tractive results have been obtained in these domains 
[1-3]. 

Starting from commercial  TiS2 and using r.f. sput- 
tering, some of the authors of  the present  paper  have 
previously obtained and characterized amorphous  ti- 
tanium oxysulfide thin films used as positive electrode 
materials in microbatteries [1,4,5]. With the same tech- 
nology, and starting from MoS2, new amorphous mo- 
lybdenum oxysulfide thin films have been obtained and 
studied, A summary of these results is p resen ted  in 
this paper. 

* Corresponding author. 

0378-7753/95/$09.50 © 1995 Elsevier Science S.A. All rights reserved 
SSD1 0378-7753(94)02100-H 

2. Experimental 

The molybdenum oxysulfides were p repared  at room 
tempera ture  by r.f. magnetron sputtering. To avoid 
water  contamination of both target and thin f lms,  the 
system is set up in a dry argon glove box. The target 
(50 mm in diameter)  was prepared from commercial  
2H-MoS2 powder. 

The sputtering conditions were the following: a power 
density of  2.3 W cm -2 at a frequency of  13.56 MHz, 
an argon pressure of  1 Pa and a target to substrate 
distance of approximately 70 mm. The average sputtering 
rate was about 130 /~ min -1. Before deposition, the 
chamber  was evacuated to a pressure of  10 -5 Pa. 

In order to obtain a high oxygen content  in the thin 
films pure oxygen was admitted into the chamber  through 
a leak-valve, so that the partial pressure of oxygen in 
the argon was between 10 -5 and 10 -2 Pa. 

3. Chemical composition of sputtered MoOyS~ films 

The chemical composition was determined by Ruth- 
erford backscattering spectroscopy. The unavoidable 
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presence of oxygen in the films was observed, due to 
traces of oxygen in argon in the dry box and in starting 
materials. As mentioned in Section 2, the introduction 
of oxygen in the sputtering chamber allows fi~rther the 
composition to be modified. For an easier presentation, 
in the following of this paper, the discussion will deal 
with formal oxydation numbers associated with entire 
charges, although in reality many gradations may exist. 

Table 1 reports the values obtained for y and z. 
The very large compo,;ition domain can be explained 

by the presence of three different oxidation states of 
molybdenum (Mo 6÷, Mo 5+, Mo 4+) and two oxidation 
states of sulfur (S 2-, $22-) as evidenced by X-ray 
photoelectron spectroscopy (XPS) studies [6]. By elec- 
tronic microprobe, the chemical composition was found 
uniform at any point of a thin film [7]. Auger electron 
spectroscopy (AES) analysis gave information on the 
element distribution in the depth profile of the film. 
The films are homogeneous and no superficial hydrolysis 
was observed. 

X-ray diffract0grams of MoOySz films were charac- 
teristic of an amorphous compound. 

Fig. 1. TEM micrograph of an MoOo.2SI.7 film. 

4. Characterization by transmission electron 
microscopy 

For this TEM study, films of about 50 nm thick were 
deposited on copper grids coated with an amorphous 
carbon film as substrate. For annealed films, golden 
grids were used. The TEM micrographs and diffraction 
patterns were obtained at a 200 kV accelerating voltage. 
Some ordered domains, randomly oriented versus one 
other, were found; they were identified by electron 
diffraction as a 2H-MoS2-1ike phase (Fig. 1). After 
annealing the films, starting from an amorphous or 
poorly crystallized phase, a crystalline one can be 
obtained. In this case, the identification of the different 
phases found is easier; the same kind of domains, but 
larger, are visible; in .addition, large single crystals, 
identified as MOO2, are present. X-ray diffraction anal- 
ysis confirms the presence of MoOz and 2H-MoS2-1ike 
phases. The position of the main diffraction lines of 
the 2H-MoS2-1ike phase shifts when the composition 
of the thin films changes indicating a partial substitution 
of oxygen for sulfur [7]. Indead, doo2 increases from 
6.31 /~ (MoOo.,S2.o) to 6.42 /~ (MoO~.5S2.o) and d~oo 

Table 1 
Chemical composition of MoOySz thin films 

y z 

Without 02 introduction 0.3-0.5 4- 0.1 2.1-1.8 4- 0.1 
With O2 introduction 

(10 -5 to 10 -2 Pa) 0.6-3.14-0.1 2.0--0.14-0.1 

decreases form 2.72 to 2.65 /~,, respectively, for the 
same compounds. The contraction of the a-parameter 
and the expansion of the c-parameter can be explained 
by steric and electronic considerations [7,8]. 

5. Electrical conductivity 

Single crystalline MoS2 (Mo in a trigonal prismatic 
site) has a semi-conducting behaviour characterized by 
a gap of about 1 eV between the filled dz 2 band and 
the higher lying conduction bands (dx2_~, dry) [9]. 

Molybdenum oxysulfide thin films have also a semi- 
conducting behaviour and their electrical conductivity 
depends on their composition [10]. If one assumes that 
the band structure of MOOyS~ is similar to that of MoSs, 
the electrical conductivity of thin films can be easily 
related to their compositions. The best values of elec- 
trical conductivity have been obtained with a low oxygen 
content, (y < 1 and z > 2). In this case, the predominant 
species are Mo '+ (d  2) and Mo 5÷ (d 1) [6]. The dz 2 band 
is half filled or completely full; the electronic transitions 
become easy and the corresponding materials have a 
semi-conducting behaviour (10-1 f~-1 cm-a at 298 K) 
[10]. 

On the contrary, for high oxygen content films (y > 1 
and z<2),  the predominant molybdenum species is 
Mo 6+ (d °) [6]; the dz 2 band is almost empty and the 
electronic transition to the conduction band is quite 
impossible; therefore the electronic conductivity is low 
(10-5 f~-i cm-1 at 298 K) [10]. 



6. Electrochemical behaviour quickly saturated by lithium; only 50 discharge/charge 
cycles are possible in these cases [11]. 

The diffusion coefficient of lithium within the films 
were determined using the method developed by Hon- 
ders et al. [12]. At the beginning of the discharge, for 
the high oxygen content films, the diffusion coefficient 
is rather low, about 3X 10 -a3 cm 2 s -1 [11] similar to 
the one found for M o S  2 in powder or in the form of 
thin films [13,14]. 

The electrochemical tests have been realized gal- 
vanostatically in an Li/liquid electrolyte/LLMoOySz cell 
with a current density of 3 /zA cm -2 between 3 and 
1.6 V and 60 min of relaxation at the end of each 
charge and discharge. The behaviour of the batteries 
depends on the composition of the films used as positive 
electrode (Fig. 2). Up to 3.5 lithium can be intercalated 
in the films with high oxygen content (Li3.sMoOL6S1.8); 
2.5 lithium can be de-intercalated during the first charge. 
The other cycles are similar to each other but different 
from the first one and 200 can be achieved easily, but 
50% of the specific capacity is lost" (with respect to 
the second cycle) after 100 cycles and a stabilization 
seems to be established afterwards [11]. 1.7 lithium 
only can be intercalated in a film with a low oxygen 
content MoOo.451.2; 0.6 lithium can be de-intercalated. 
In general, when y < 1.5, the amount of lithium inter- 
calated during a given discharge is higher than the one 
de-intercalated during the preceding charge (Fig. 
2(a)-(c)). For an unknown reason, oxidation seems to 
be more difficult than reduction. The thin films are 

7. Characterization by X-ray photoelectron 
spectroscopy 

3 . ' ;  

The XPS analysis were performed with a Surface 
Science Instrument spectrometer using a focused 
monochromatized A1 Ka radiation (1486.6 eV) [6]. 

The reference compounds (MOO2, MOO3, MoS2 and 
MoS3) were first analysed [6]. 

For the MoOySz thin films, three composition domains 
have been defined as a function of the Mo(3d) and 
S(2p) peaks shape. 
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Fig. 2. Electrochemical behaviour of different composition thin films in Li/liquid electrolyte/LixMoOySz batteries. 
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7.1. y<0.6; z>2 8. Conclusions 

Molybdenum atoms are; principally in a trigonal pris- 
matic environment as in MoS2 (Mo4+); sulfur atoms 
are present as S 2-. In order to satisfy electrical neu- 
trality, the hypothesis of one Mo 5+ is suggested, but 
the S(2p) peak shape rules out the possibility of a high 
proportion of MoS3 (Mo 5 ÷ and $2 2-). 

7.2. y>3; z < l  

The properties of these new amorphous molybdenum 
oxysulfide thin films depend strongly on their chemical 
composition. Their characterization have shown that 
at least three molybdenum species have been identified 
with different surroundings. Their electrochemical be- 
haviour involves the oxydo-reduction of both molyb- 
denum and sulfur. These materials are good candidates 
as positive electrode materials for microbatteries. 

As in MoO3 there is only a single Mo environment 
corresponding to Mo 6÷ :in octahedral-sites [6]. 

7.3. 0.6<y<3; 1<z<2 
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In addition to the two main molybdenum species 
(Mo 6÷ and MO 4 * )  a third one has been identified as 
Mo 5÷ having 0 2- and $2 2- as closest neighbours [6]. 

In connection with these results, an XPS study of 
the intercalation and de-intercalation of lithium in the 
films has been undertaken. Several thin films have been 
studied at various stages of their discharge or charge 
in microbatteries. The XPS data, in agreement with 
the cyclic voltammetry results allow a better under- 
standing of the redox mechanisms especially for the 
film with a high oxygen content. As shown in the 
previous Section, the first part of the discharge is 
irreversible; this phenomenon corresponds to the re- 
duction of Mo 6+ to Mo 5÷ and Mo 4+ and a partial 
reduction of disulfide pairs $2 2-. The second part of 
the discharge is reversible and more significant when 
the oxygen content is high; the main species, then 
involved, are Mo 5 + and Mo 4 + being reduced up to the 
zero-oxidation state and the disulfide pairs (being re- 
duced to S 2-) present in a particularly high proportion 
in the oxygen-rich thin fi]tms. The results obtained have 
clearly indicated the peculiar character of the MoOySz 
thin films and the important contribution of the sulfur 
atoms as well as the transition element during the 
redox processes [6]. 
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