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Abstract Thin-film molybdenum oxysulfide cathodes for
lithium and lithium—ion microbatteries were fabricated by a
simple electrodeposition method. According to Scanning
Electron Microscopy (SEM) data, the deposition parameters
affect the morphology of the cathodes. X-ray diffraction
(XRD) tests indicated that the sub-micron-thick molybde-
num oxysulfide films are amorphous or form too small
crystallites to give rise to detectable X-ray diffraction peaks.
A variety of poly-ion clusters containing both oxygen and
sulfur (like MoOS, MoO,S and MoS-O and others) detected
by TOF-SIMS tests unambiguously indicates the formation
of molybdenum oxysulfide compounds, and not a mixture
of oxides and sulfides, during electrodeposition. The sulfur-
to-oxygen ratio in the bulk of the deposit is about 1.76 and
does not depend much on the electrodeposition parameters.
XPS studies reveal that electrodeposition in unbuffered
solutions produces deposits with high oxygen and low
sulfur content, as compared with cathodes deposited in
buffered solutions. Potentiostatic, as compared to galvano-
static deposition, is followed by the formation of cathode
films with slightly higher sulfur and lower oxygen content
at the same pH. An increase in the pH of electrolyte
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solutions from 8 to 9.5 slightly reduces sulfur content, but
appreciably increases oxygen concentration. Charge—discharge
overpotential of Li/hybrid polymer electrolyte microbatteries is
lower in sulfur-rich MoO,S, cathodes.

Introduction

Recent progress of the Very Large Scale Integrated (VLSI)
microelectronics has been made possible in three most
essential processes: miniaturization, interconnection, and
integration. However, the miniaturization of electronic
components embodied by the present VLSI microelectron-
ics technology has not been accompanied by a similar size
reduction of power sources. Miniature power sources are
needed for sustained mini- and micro-systems like Micro-
electromechanical systems (MEMS), smart cards, sensors,
miniature radio frequency (RF) transmitters, microrobots,
biochips, implantable medical devices, and other micro-
devices. Rechargeable, thin-film, lithium and lithium—ion
microbatteries (MB) are potentially useful as power sources
on integrated-circuit chips. Lithium and lithium—ion micro-
batteries can be fabricated in a variety of shapes. Due to
their all-solid-state design, there is no worry about gaseous
components generated during operation. Lithium and
lithium—ion microbatteries feature long-cycle life, high
energy and power densities. However, the capacity of such
MBs is restricted by battery dimensions, and to date the
best commercial planar or two-dimensional (2D) thin-film
batteries have a reversible capacity of 0.133 mAh/cm? [1],
which is quite small.

We have recently demonstrated the first working, three-
dimensional, rechargeable microbattery (3DMB) that is
compatible with microsystem on-chip-integrated power
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requirements [2—5]. The technology has been developed for
fabrication of 3DMB cells on both glass multichannel plates
(MCP) and perforated silicon substrates. These substrates
have thousands of high-aspect-ratio holes per square cm,
thereby providing more than an order of magnitude increase
in surface area per given footprint (original substrate area).
The 3DMB cells that have been developed have a
sandwich-like structure of conformal thin-film electrodes,
electrolyte and current collectors. The complete 3DMB cell
consists of a nickel current collector, a molybdenum
oxysulfide cathode, a hybrid polymer electrolyte (HPE)
based on PVDF-silica and a lithiated-graphite anode that
also serves as an anode current collector. All available
surfaces of a perforated substrate are coated sequentially by
thin-film layers with the use of wet chemistry. For preparing
low-cost and low-toxicity molybdenum oxysulfide thin
cathode layers an inexpensive and relatively simple
electrodeposition method has been proposed [6]. A highly
adherent, homogeneous, compact molybdenum oxysulfide
film about 300-500 nm in thickness can be deposited on
nickel-coated silicon and glass substrates. The choice of
molybdenum oxysulfide as a cathode in MBs was not
accidental. The crystalline MoS, was firstly utilized as a
cathode in primary lithium cells by Moli Energy in late
1980s. The reversibility of crystalline MoS, was found to
be poor [7] however the amorphous molybdenum disulfide
had demonstrated much better cycleability as a cathode in
the lithium battery [8]. Thin amorphous MoS, films could
be prepared by RF-sputtering [9] or CVD [10]. The CVD-
deposited MoS, have demonstrated similar to amorphous
molybdenum disulfide insertion/deinsertion behavior of
lithium. The molybdenum trisulfide (MoS3) cathodes can
also be reversibly cycled. Although its specific energy is
noticeably higher [11] than of MoS, its electrochemical
behavior in Li cells has never been investigated. It is worth
noting that MoS; can be also electrodeposited from aqueous
solutions [12]. The molybdenum trioxide (MoOs) and
molybdenum dioxide (MoQO,) are well known for their
ability to reversibly host lithium cations. The crystalline
form of MoO, exhibits potential of 1.3 V vs Li and can be
used as an anode [13], whereas crystalline MoO; demon-
strates higher average potential of 2.5 V vs Li and can serve
as a cathode [14]. None of these materials was ever
commercialized in lithium cells. Molybdenum oxides can
be easily electrodeposited from an aqueous solution of
molybdate and used as cathodes in lithium cells [15]. The
electrochemical characteristics of lithium or lithium ion
battery with molybdenum-containing materials are strongly
affected by chemical composition of sulfur or oxygen.
Therefore, the current work places particular emphasis on
morphological, structural and compositional characteriza-
tion of thin electrodeposited free-of-binder molybdenum
oxysulfide cathodes as a function of deposition parameters.
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Experimental

Deposition was carried out in an electrolytic bath contain-
ing tetrathiomolybdate MoSi’ anions as the electroactive
species. The bath was prepared by mixing aqueous
solutions of Na,S and Na,MoQOy,. It is well known that the
formation of thiomolybdates from MOOAZ[ proceeds via
successive replacement of oxygen and there are five
different species of thiomolybdates in the solution at
equilibrium: MoO3~, M00,S3~, Mo03S8*, MoOS}~ and
MoSﬁ_ [16]. Therefore, the preparation of an aqueous
thiomolybdate solution requires careful control of reactants
concentration and pH. The formation of tetrathiomolybdate
proceeds according to the following reaction:

MoO?~ + 4H,S AMoS2~ + 4H,0. (1)

In addition to thiomolybdate, such species as K, Na',
H,PO,, HPOi_, HS™ and H,S are also present in the
solution. Some of these are involved in equilibrium reactions,
such as,

H,PO; AHPO;  +HT, (2)
and
H,SAHS™ +HT. (3)

This complicates the process. Nevertheless, it is possible
to outline a few guidelines for the preparation of thiomo-
lybdate solutions [16]. Tetrathiomolybdate formation in
aqueous media requires a high [S]-to-[Mo] ratio. High
sulfide concentrations facilitate the MoOS%‘ to MoS;™
reaction. The rate constants (for thiomolybdate formation
as well as hydrolysis) increase with the basicity of the
solution. For all the abovementioned reasons and on the basis
of experimental data recently obtained [3-5], the optimal
concentration ratio of [Na,S] to [Na,MoQO,4] was taken as
6:1. The total concentration of sodium sulfide was 0.2 M.
The pH of the solution for deposition of MOSC was
maintained between 8.0 and 9.5 by KH,PO4/K,HPO,
buffer. It is also worth noting that high concentrations
(0.3 M and higher) of Na,S require large amounts of
KH,PO, for its neutralization and therefore is not practical.
Furthermore, lowering the pH of the solution to <7 gives
rise to MoS; and sometimes to MoS, precipitation accord-
ing to the reactions [17]:

MoS3™ + 2H" — MoS; + H,S, (4)

MoS?™ +2H" — MoS; + H,S + 8. (5)

A JSM-6300 scanning microscope (Jeol Co.) equipped
with a Link elemental analyzer and a silicon detector was
used to study the surface morphology of the cathode films.
X-ray diffraction data were obtained with the use of a 60
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Scintag powder diffractometer equipped with a Cu K,
source and a liquid-nitrogen germanium solid-state detec-
tor. X-ray photoelectron spectroscopy (XPS) tests of as-
deposited films were performed with a monochromatic Al
Ky source (1,486.6 eV) in ultra-high vacuum (2.5x
107" torr) with a 5600 Multi-Technique System (Physical
Electronics, USA). Depth profiles were obtained by argon
ion sputtering, at a sputtering rate of 0.5 nm/min based on
a Si0,/Si sample. TOF SIMS tests were conducted with
the use of TRIFT II (Physical Electronics USA) under the
following operating conditions: primary ions—In" and a
DC sputtering rate of 2 A/s based on SiO,.

Results and discussion

Electrodeposition at constant potential is a very good
method for producing thin-film cathodes. The advantage
of this method lies in the fact that both the chemical
composition and the morphology of the cathode can be
controlled by varying the potential of the working electrode.
It was found that electrodeposition of an molybdenum
oxysulfide cathode (MOSC) does not occur at potentials
less negative than —1.0 V vs Ag/AgCl (3M). Hence, the
potentiostatic deposition was carried out at potentials of
—1.1, —1.2 and —1.3 V. Generally speaking, electrodeposi-
tion of MOSC from a thiomolybdate solution can be
represented by the following electrochemical reactions:

MoO,S; ™, + 2H,0 +2e~ — MoO,S,_x + 2HS™

+ where x can be 0, 1,2

(6)
MoO,S; ", + 2H,0 +2¢~ — MoO,_;S;_, + HS™
+ where x can be 1,2,3
(7)
MoO,S5~, +2H,0 +2¢~ — MoO, 2S;_ +40H™
(8)

where x can be 2,3,4

It is most likely that the reduction in thiomolybdate happens
through cleavage of the Mo—S bond rather than Mo-O, as
the Mo—O bond is stronger than Mo-S [17]. Nevertheless,
the possibility of reactions occurring via Mo—-O bond
cleavage cannot be entirely ruled out.

SEM characterization of the deposited molybdenum
oxysulfide cathodes

The SEM images of thin cathodes electrodeposited for
15 min are shown in Fig. 1. It is clear that the morphology

of electrodeposited cathodes is strongly influenced by the
deposition potential. All the samples contain a network of
fractured segments and cracks. It is most likely that this
happens as a result of internal stresses created during
electrodeposition. More prolonged deposition can even
cause complete peeling of the cathodes. Another interesting
feature is the complex structure of the fractured segments,
which consist of many spherical micrograins. These micro-
grains grow laterally during electrodeposition and coalesce
into segments that collapse because of high internal
stresses. The size of the segments and the crack width are
larger in samples deposited at —1.1 V. Increasing the
potential by 100-200 mV drastically changes the morphol-
ogy of the electrodeposited films—the electrode surface, in
addition, is covered by an interconnected granular network.
The average size of the granule is about 1 pm. It seems
likely that formation of the granular network occurs at
potentials above —1.2 V.

It is worth noting that the granular network does not
fully cover the electrodeposited layer; this can be attributed
to vigorous hydrogen evolution and low current effective-
ness. The granular network structure may present a problem
in microbattery fabrication, since its microsize structure
could penetrate the membrane layer and cause a short-
circuit of the microbattery. In view of such undesirable
side-effects, the electrodeposition of MOSC should be
carried out at cathode potentials lower than —1.2 V and
higher than —1.0 V.

The morphology of galvanostatically deposited MOSC
under different operating conditions such as current density,
deposition time and temperature is shown in the high-
resolution SEM micrographs in Fig. 2. According to Fig. 2,
samples deposited at different current densities have
different morphologies. For instance, in the sample depos-
ited at 15 mA/cm?, the segments and the cracks are about
four times as large as those in the sample deposited at
5 mA/cm?. Higher current density promotes faster segment
growth and, in turn, greater internal stresses for the same
deposition time. Moreover, it seems likely that higher
current density also increases the rate of coalescence of
growing nuclei, in contrast to the common behavior of
metal deposition in which an increase in current density
usually leads to a decrease in the size of crystallites [18].
Similar enlargement of segments and cracks was observed
in the samples deposited for 10 min at different tempera-
ture. For sample deposited at 50 °C this effect is even more
pronounced than at ambient temperature. It is worth noting
that on the sub-micron as well as on the nanometric scale, all
deposits are compact, uniform and homogeneous, regardless
of the deposition parameters. It was found that the size of the
fractured segments and the size of the cracks increase with
the deposition time. We believe that the growth of MOSC
occurs by the enlargement of 2D clusters, which, in turn, are
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Fig. 1 SEM micrographs of
molybdenum oxysulfide cath-
ode electrodeposited at:
aandb-1.1 V,candd 1.2V,
eand f—1.3 V vs Ag/AgCl

formed by the coalescence of primary nuclei. This 2D
enlargement is accompanied by the continuous formation of
new nuclei, which are growing on already deposited film,
forming a new layer for further growth. Such a phenomenon
is known as a multinuclear—multilayer mechanism [19] and
is probably responsible for MOSC growth both in the
galvanostatic and potentiostatic deposition modes.

All electrodeposited films were X-ray transparent,
regardless of the deposition conditions. The featureless
curves are typical of amorphous materials. It should be
mentioned, however, that the crystallites might be too small
to give rise to detectable X-ray-diffraction peaks.

TOF-SIMS analysis of electrodeposited MOSCs

TOF-SIMS analysis is the tool of choice for evaluating the
chemical composition of thin-film surfaces as well as bulk
media. Four different, planar samples deposited in unbuff-
ered solution at various current densities, times and temper-
atures, namely: 5-5-25 (5 mA/cmz, 5 min., 25 °C), 5-10—
25, 5-10-50 and 15-5-25 were tested by TOF-SIMS.

@ Springer
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The negative-ion mass-spectrum of MOSCs spectra were
typically recorded during 16 min of sputtering from an area
of 50x50 um. A variety of oxygen- and sulfur-containing
molybdenum fragments, like MoO,, MoS, MoS,, MoOj;
were found in the cathode. A distinctive feature of the
spectra is the presence of polyion clusters containing both
oxygen and sulfur, like MoOS, MoO,S and MoS,0. These
species were found both on the surface and in the bulk of
the electrode and, in our opinion, are of primary impor-
tance, as their appearance unambiguously indicates forma-
tion of molybdenum oxysulfide during electrodeposition
[4]. The complete list of molecular fragments is given in
Table 1.

TOF-SIMS imaging of sputtered and as-deposited sample
15-5-RT was carried out in order to visualize differences in
sulfur and oxygen concentrations on the surface and in the
bulk. The ion images of sulfur and oxygen fragments before
and after sputtering are shown in Fig. 3. As in the case of
SEM micrographs, the ion images reveal fractured seg-
ments of deposited material with micron-sized microcracks.
The dark and bright regions are those with low and high
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Fig. 2 High-resolution SEM
micrographs of cathodes after

5 min of galvanostatic deposi-
tion at: 5 mA/em? (left column)
and 15 mA/em? (right column)

concentrations, respectively. Obviously, the images of
unsputtered sample show high oxygen concentration along
with very low sulfur content, but after 16 min of sputtering,
the whole picture is reversed, and there are more bright
sulfur than oxygen regions. The sulfur-to-oxygen ratio in

Table 1 Molecular fragments detected by TOF analyzer in sputtered
MOSCs

Molecular fragments

Most probable (deviation<10%) Less probable (deviation>10%)

MoS MoO, — —
MoOS MoOs3 - -
MoO,S MoS, MoOy4 —
MoOs;S MoOS, MoOs -
MoO,S, MoS; MoO,S MoOg

the bulk of the deposit is about 1.76 and does not seem to
depend much on the electrodeposition parameters.

Figure 4 shows the concentration distribution of frag-
ments for different sputtering time. After 1 min of
sputtering, samples 5-10-50 and 15-5-25 show 25-40%
higher MoO; concentration and lower concentrations of
sulfur-containing fragments than do the 5-10-25 and 5-5-
25 samples. However, in all the samples, the concentration
of MoOg3 is still high, a fact that indicates a highly oxidized
surface.

After sputtering for 3, 7 and 16 min, the MoO; content
in 5-10-50 and 15-5-25 decreases significantly, whereas
in samples 5-5-25 and 5-10-25, it shows almost no
change. Furthermore, concerning the second major frag-
ment, MoO,S, it can been seen that its concentration
changes drastically during sputtering in samples 5—10-50
and 15-5-25, from about 10% after 1 min up to more than
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0O in the bulk,
15 5RT

S on the surface,
155 RT

10 pm

Fig. 3 Ion imaging of 15-5-25 sample on the surface and in the bulk

20% after 16 min of sputtering. At the same time, the
MoO,S concentration in samples 5-5-25 and 5-10-25
does not change by more than 5% after 16 min of
sputtering. A sharp decrease in oxygen content in MoO,S,
fragments upon completion of the sputtering is in agree-

Fig. 4 Molecular fragment con-
centration distribution after | MoS; + Mo0,S,
sputtering at: a 1 min, b 3 min, ¢
7 min and d 16 min
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ment with a previous finding of higher sulfur concentration
in the bulk in comparison to oxygen. It is noteworthy that
the concentration distribution of molybdenum oxysulfide
fragments is similar in all the samples, except for 5-5-25.
This can be associated with the thickness of the cathode.
Indeed, the higher the deposition current, temperature and
deposition time, the thicker and fractured the cathode and
the more oxidized it is.

According to TOF-SIMS ion images (not shown here),
the MoO,S, fragments are distributed homogeneously
through the deposit at least at sub-micron level. It seems
likely that these fragments originated from a submicron-
sized single mixed phase rather than from a mixture of
various submicron phases.

To check the cathode composition in the crack, TOF-
SIMS analysis of six dominant **Mo-containing fragments
was made for electrodeposited samples 5-5-25 and 15-5—
25. Since the crack width is about 1 p, the mass spectrum
was recorded from a small area of 1x1 um. As seen in
Fig. 5, the relative distribution of MoO,S, fragments in the
crack is very similar in both samples. It should be
emphasized that the relative distribution of the fragments
resembles that found in the bulk of the MOSC deposits.
The presence of MoO,S, fragments in the crack indicates
that the cracks are covered by a film, a few tens of
nanometers thick, with chemical composition similar to that
in the bulk of the deposit.
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XPS analysis of deposited MOSCs at different pH

The Mo 3d, S 2p and O 1s XPS spectra of MOSCs
galvanostatically deposited at pH=8.0, 8.5 and 9.5 at
5 mA/ecm? and 25 °C are shown in Fig. 6. For the sake of
convenience, samples deposited at different pH are named
ph80, ph85 and ph95, respectively. As seen from the figure,
the surface Mo 3d spectra of all the samples consist of two
major doublets. The first doublet reflects both Mo(IV)-S
and Mo(IV)-O bonds and hence cannot be properly
resolved, but the second pair of peaks clearly corresponds
to the Mo(VI)-O bond, which can be in MoO;3 or non-
stoichiometric MoO,., compounds. The higher intensity of
this doublet in ph95 suggests that its surface is more
oxidized than those of the other samples. The S 2p surface
spectra of all the samples reveal one broad doublet around
162 eV, which corresponds to the mixed-valence bond
Mo-S. The spectrum of pure MoS, clearly shows one well-
resolved doublet, whereas the spectrum of MoS; shows
only one broad peak slightly shifted towards higher binding
energy (not shown here). Thus, the doublet in the spectra of
the MOSCs may actually represent Mo(IV)-S, Mo(VI)-S
or even Mo(V)-S bonds. An additional doublet around
168 eV appears in all the samples, but its contribution is
significant only in sample ph95. This overlapped doublet
represents the S—O bond and is characteristic of impurities
on the surface. This doublet disappears after sputtering.
Further surface analysis reveals overlapped peaks in the O
Is spectrum, consisting of spectral curves at 530.7 and
532.3 eV.

The former characterizes the Mo—O bond, whereas the
latter corresponds to impurities containing S—O bonds. As
for the S 2p spectra, the higher binding-energy peak
disappears after sputtering. After 6 min of sputtering, there

1004 M()S3 + M00282
172}
= 804
%)
E” MoO,S
& 604
m%
O* ! [——
=]
E 404 MoO
= 3
e
=
o 204
I3
MoS
0 _
5-5-25 15-5-25

Fig. 5 Distribution of molecular-fragment concentration in the 1x1
pum crack of 1x1 pm

is a slight shift of the Mo 3d peaks towards lower binding
energy. This can be related to the sputtering itself, which
may partially reduce the analyzed sample. It seems likely
that sputtering completely eliminates MoOs;, since its
doublet is absent from all spectra. Furthermore, comparison
of the bulk spectrum of reference MoO; with similar
spectra of MOSCs shows no shoulder around 234 eV,
which supports the assumption of the existence of a very
thin oxidized layer of MoOj; in all the electrodeposited
samples.

On subsequent sputtering of up to 16 min, there is a
further shift of the Mo 3d binding energy by 0.1-0.2 eV.
The bulk spectra of S 2p are similar regardless of sputtering
time and pH. These spectra exhibit one broad peak at
162 eV. It is interesting that no S—O binding-electron
doublet was observed in the sputtered samples. The
inability to see a well-resolved doublet of the S 2p binding
electron implies the presence of mixed-valence Mo—S
overlapped doublets.

The XPS analysis of the O 1s binding energy region in
sputtered samples reveals one peak for each of samples
ph80, ph85 and ph95 that corresponds to the binding
energy of the Mo—O bond. Obviously, the highest O 1s
binding energy corresponds to the sample prepared at
highest pH. As with the bulk spectra of Mo and S, the peak
assigned to impurities on the surface disappears after
sputtering.

Valuable information regarding the chemical composi-
tion of deposited samples can be gained by analyzing the
depth-profile graphs in Fig. 7a. After 2 min of sputtering,
the concentration of Mo increases two- and threefold and
approaches 44.2, 40.9 and 39.1% after sputtering for
16 min. Contrary to molybdenum, the concentration of
oxygen is higher at the surface. After 16 min of sputtering,
the oxygen concentration decreases sharply to 20.1, 18.2
and 34% for samples ph80, ph85 and ph95, respectively.
The sulfur concentration on the surface as well as in the
bulk of samples ph80 and ph85 slightly increases from 32.6
to 35.7% and from 34.3 to 38.0%, respectively, whereas in
sample ph95, there is a drastic change from 13.45 to 27.0%
after 16 min of sputtering. Hence, among the three samples,
sample ph95 can be considered an exception because of its
highly oxidized surface and high oxygen content along with
lower sulfur concentration in the bulk.

Three additional samples were potentiostatically depos-
ited for 10 min at —1.1 V vs Ag/AgCl at pH=8.0, 8.5 and
9.5 and analyzed by XPS. The depth-profile charts are
shown in Fig. 7b. As can be seen, the surface is highly
oxidized in all the samples with relatively low Mo content.
However, the Mo concentration increases rapidly (even
after 2 min) and approaches 44.9, 40.8 and 42.1% after
16 min of sputtering. Similarly, the sulfur concentration on
the surface is low but it increases up to an almost constant
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Fig. 6 XPS spectra of molyb-
denum oxysulfide cathodes de- Mo 3d
posited for 5 min at 10 mA/cm? — surface

at different pH=8.0 (fop), 8.5 —— 6 mn

and 9.5 (bottom), samples ph80, —— 16 min

ph85 and ph95
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value of 40.2, 38.5 and 33.2% for ph80, ph85 and ph95,
respectively. The oxygen profile shows the highest surface
concentration of all the analyzed elements—70.5, 57.8 and
74.4%, but it drops sharply to 14.8, 20.6 and 24.6% after
16 min of sputtering. The lowest oxygen and highest sulfur
concentrations are found in the sample prepared at the
lowest pH (8.0). Correspondingly, the lowest sulfur and
highest oxygen concentrations are found in the sample
prepared at the highest pH (9.5).

XPS analysis of deposited MOSCs at various current
densities and stored under different conditions

Two sets of samples were deposited, one for 10 min at
5 mA/ecm? and the second for 5 min at 25 mA/cm? at pH=8 in
unbuffered solutions. The samples were stored under air or
in a glove box under argon for several weeks. In
accordance with the preparation and storage conditions,
the samples were named 5—10-arg, 25-5-arg, 5—10-air and
25-5-air.

Figure 8 shows the main atomic-concentration profiles
of the elements as a function of sputtering time. The surface
concentration of oxygen is about 70-75% for all the
samples. The molybdenum concentration is about 20% for
samples deposited at low current density and only 13% for
those obtained at 25 mA/cm?.
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The atomic concentration of molybdenum increases on
sputtering and approaches 40% after 8 min for samples
5-10-arg, 25-5-arg and 5-10-air. The concentration of O
decreases sharply after 4 min of sputtering and reaches 30
and 40% for the argon-stored samples. For the air-stored
cathodes, even after 8 min of sputtering, the oxygen
concentration is about 50% or more. The higher the
deposition rate, the higher the oxygen content. Sulfur
atomic-concentration profiles are similar for both argon-
stored samples with the bulk concentration about 20%. For
the air-stored samples the bulk concentration of sulfur does
not exceed 15%.

Chemical composition of MOSCs based on XPS results

As shown above, the conditions of both deposition and
storage influence the composition of the thin-film molyb-
denum oxysulfide cathodes. Table 2 summarizes the change
in chemical composition of the cathodes calculated from
the XPS depth-profile plots. The bulk stoichiometry of
deposited MOSCs was calculated from the atomic concen-
trations of Mo, S and O at the end of the sputtering. As seen
from the table, for almost all the samples, except those
deposited at high current density, the relative oxygen
content is lower than unity. The relative stoichiometric
concentration of sulfur varies from 0.2 to 0.9. The lower
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Fig. 7 a Depth profiles of galvanostatically deposited ph80, ph85 and ph95 samples (/eft to right). b Depth profiles of potentiostatically deposited

ph80, ph85 and ph95 samples (lefi to right)

values were detected in cathodes deposited at high current
density or stored under air.

The reduction in thiomolybdates results in the formation
of MOSCs with the lowest detected oxidation state (+4) for
molybdenum [20]. Therefore, the possible stoichiometry of
thin MOSCs should be a mixture of Mo(IV)O,S;, Mo(V)
0S5 and Mo(V)O,sS;, i.e. MoO,S,, where x,y>1.
However, no sample among those stored under argon
exhibits such bulk stoichiometry. After sputtering, the
atomic concentration of molybdenum is typically higher
than that of sulfur. This results from a preferential sput-
tering process, which removes the more volatile compo-
nents of the compound, like S and O, and enriches the
surface in molybdenum, the lower-sputter-yield species.
The low-yield component will accumulate on the sample
surface, and its contribution to the sputtered-particle flux
will increase until steady-state sputtering will be achieved
[21]. It is worth noting that the sputtering of most metal
oxides results in a preferential loss of surface oxygen and
sometimes a concomitant reduction of the metal to a

lower oxidation state [22]. The same phenomenon of
preferential sputtering occurs in metal-sulfide and other
metal-chalcogenide compounds [23]. In light of the above,
it may be seen that the stoichiometry of MOSCs calculated
from depth profiles cannot be considered valid. However,
by assuming similar behavior during sputtering of all
electrodeposited MoO,S,, cathodes, some conclusions can
be drawn regarding the correlation of the real chemical
composition of the samples and various preparation and
storage conditions. The conclusions are as follows:

—  Electrodeposition in unbuffered solutions (pH is poorly
controlled) produces high-oxygen and low-sulfur
deposits as compared with cathodes deposited in
buffered solutions.

— Higher current density results in higher bulk oxygen
concentration in the deposit. Potentiostatic deposition
results in deposits with slightly higher sulfur and lower
oxygen content than does galvanostatic deposition at
the same pH.
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— Raising the pH from 8 to 9.5 in electrolyte solutions
slightly reduces the sulfur content but appreciably
increases the oxygen concentration, especially in
galvanostatically deposited samples.

— The conditions of storage of electrodeposited samples
is of great importance because of the oxidation of
deposited material on the surface as well as in the bulk.

The strong dependence of the oxygen content of the
deposits on pH and current density is due to the increase
in local pH in the near-electrode area. This phenomenon is
observed even in buffered solutions. The pH rises when H,
is evolved simultaneously with the deposition of MOSCs.
In addition, it was found that in the absence of buffer in the
electrolyte, the oxygen content of the deposited cathodes

Table 2 Bulk chemical composition of various deposited MOSCs

Sputtering time [min]

strongly increases with increasing applied current density
(see Table 2). This can be explained by the surface
precipitation and occlusion of hydroxides in the growing
deposit resulting from an increase in the pH of solution
adjacent to the cathode. A near-electrode pH rise decreases
the near-electrode concentration of H,S which, in turn,
shifts chemical equilibrium of the reaction (9) to the left,
thereby increasing the local concentration of thiomolyb-
dates with higher oxygen content.

MoO,S; ™, + HaSAMoO,_ 1S3~ + H,0, (9)
This influences the reduction in different thiomolybdate
species and the structure, the composition and performance
of molybdenum oxysulfide Li and Li—ion batteries.

Stoich Deposition Time pH Storage Mo % S % 0%
MoOy gSp.» 5 mA/em? 10 min 8, unbuf air 48.4 9.1 41.1
MoO, 5So. 5 25 mA/cm? 5 min 8, unbuf air 29.9 15.4 54.8
MoOg gS¢.7 5 mA/cm? 10 min 8, unbuf argon 39.7 26.9 30.3
MoO, 1Sp6 25 mA/cm? 5 min 8, unbuf argon 36.5 22.3 41.2
MoOg 4Sy.g 10 mA/cm? 5 min 8.0, buf argon 442 35.7 20.1
Mo0Og 4S0.9 10 mA/cm? 5 min 8.5, buf argon 43.82 38.0 18.2
Mo0Og ¢S 7 10 mA/cm? 5 min 9.5, buf argon 39.07 26.9 34.0
Mo00Oy 5S¢0 -1.1V 10 min 8.0, buf argon 44.92 40.2 14.8
MoOg 5S¢0 -1.1V 10 min 8.5, buf argon 40.80 38.5 20.6
MoOg ¢Sp.g -1.1V 10 min 9.5, buf argon 42.15 332 24.6
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Table 3 Calculated MoS, stoichiometry based on XPS spectra and depth profiles

MoS, Linear fit Deposition Time pH
MoS; 13 y=2.13x—140.74 10 mA/cm? 5 min 8.0
MoS; 19 y=0.65x—42.01 10 mA/cm? 5 min 8.5
MoS.0s y=0.36x—22.94 10 mA/cm? 5 min 9.5
MoS; 30 y=1.21x-79.27 -1.1V 10 min 8.0
MoS; 20 y=0.95x—-62.10 -1.1V 10 min 8.5
MoS; o0 y=0.47x-30.80 -11V 10 min 9.5

Although it is impossible to establish the exact chemical
composition on the basis of the depth profile, (because of
preferential sputtering of oxygen and sulfur), the approxi-
mate composition of the electrodeposited sample can still
be derived. Since there is almost linear correlation between
the MoS, stoichiometry and the Mo 3ds,, binding-energy
peak, then by plotting the MoS, composition derived from
depth profiles as ordinate against the Mo 3ds,, binding energy
as abscissa, it is possible to find the basic stoichiometry of
MoS, simply by locating the ordinate whose abscissa equals
the surface (unsputtered) value of the binding energy. Using
the binding-energy peak difference (Mo 3ds,—S 2ps»)
as the abscissa is favored over the Mo 3ds), peak alone since
it serves to reduce errors from charging effects or small drifts
in the analyzer electronics [24].

The calculated MoS, and MoO,S, stoichiometries based
on XPS spectra and depth profiling are summarized in
Tables 3 and 4. It should be emphasized that the calculated
stoichiometries are approximate because of errors in the
linear fit, which was carried out by way of only two
measurement points (at 6 and 16 min of sputtering), as well
as the error of 0.1 eV in the exact determination of the
binding energy. In addition, regarding the Mo 3ds,
binding-energy peak, the implicit assumption was made
that it refers to Mo—S alone, whereas, in fact it characterizes
both Mo—-S and Mo-O bonds. Once the MoS, stoichiom-
etry is established, the oxygen content can be estimated by
the simple multiplication of the average oxygen-to-sulfur
concentration ratio (recorded during the sputtering) by the
previously calculated sulfur concentration in MoS,. Here

Table 4 Comparison of sputtered and calculated stoichiometries

again, it was assumed that the oxygen-to-sulfur concentra-
tion ratio averaged over successive sputtering times could
represent the real oxygen-to-sulfur ratio in the bulk of the
electrodeposited samples. As indicated in Table 3, as the pH
rises, there is an obvious tendency towards increased
oxygen and lowered sulfur content in the deposited
cathodes. It appears that the deposition regime has little
influence on the sulfur concentration and moderate influ-
ence on the oxygen concentration in the bulk. Thus,
although the stoichiometry after sputtering is not useful
for determining chemical composition, it still provides
valuable information about the general tendency when one
sample is compared with another. On the other hand, the
calculated stoichiometries provide information that is more
precise and closer to reality regarding the chemical
composition than do the sputtered samples.

Planar Li/MoO,S, batteries ran over 500 reversible
cycles (Fig. 9). The capacity loss of the batteries with
cathodes deposited from unbuffered solutions is close to
that of buffered and does not exceed 0.08%/cycle.
However, the charge/discharge overpotential of lithium
insertion/de-insertion was lower by about 15 mV in the
cells with cathodes obtained from buffered solutions. In
addition, it was found charge/discharge profiles of these
cells do not change upon prolonged cycling, whereas the
slope of the curves increases in the cells with cathodes from
unbuffered solutions. These observations are consistent
with [25] and our previous findings [5] of better electro-
chemical performance of sulfur-rich molybdenum oxy-
sulfide cathodes.

Sputtered MoO,S,, Calculated MoO,S, Deposition regime Deposition time pH
MoOy 4S0 5 MoOg 64 = 0.0451.23 10 mA/cm? 5 min 8.0
Mo0g.4S0. MoOg.61 = 0.0251.10 10 mA/cm? 5 min 8.5
Mo0Oyg.6S0.7 MoO 40 =+ 02350.95 10 mA/cm?® 5 min 9.5
Mo0Og3S0.9 MoOg 55 + 0.0351.30 -1.1V 10 min 8.0
Mo0Oy 5S0.9 MoOy 54 = 0.0251.20 -1.1'V 10 min 8.5
Mo0Og.6S0.3 MoOo 34 + 0.09S1.00 -1.1V 10 min 9.5

@ Springer



284

J Solid State Electrochem (2008) 12:273-285

100

—m—buffered
—e —unbuffered

80

60~ 0.08%/cycle

40

Capacity [pAh]

20

T T T T T T T T 1
100 200 300 400 500
Cycle number
Fig. 9 Plot of capacity vs cycle number of Li/HPE/MoO,S, cells

Conclusions

Molybdenum oxysulfide cathodes can be deposited in
either the galvanostatic or potentiostatic mode. The depos-
ited cathode always had a network of fractured segments
and cracks as a result of internal stresses. The size of both
segments and cracks on the planar cathode, deposited at
constant current density, increase with increasing current
density, deposition time and temperature. All electrodepos-
ited films were X-ray-transparent, regardless of the depo-
sition conditions.

The presence of various molecular fragments of MoO,S,
(MoOS, MoO,S etc), both in the surface and bulk TOF
mass-spectra of the cathodes indicates that electrodeposi-
tion results in the formation of molybdenum oxysulfide
films. The high-resolution TOF-SIMS ion images of
various MoO,S, fragments in the bulk of the deposit
indicate that these fragments are distributed homogenously
throughout the deposit, at least at the sub-micron level, and
most likely originated from a submicron-sized single
molybdenum oxysulfide phase, rather than from a mixture
of various submicron-sized phases. The concentration of
oxygen decreases as a function of depth in the film while that
of sulfur increases, until both concentrations attain constant
values in all samples. In addition, the sulfur-to-oxygen ratio in
the bulk of the deposit is about 1.76 and does not depend
much on the electrodeposition parameters. The high-
resolution mass spectra of MoO,S,, fragments inside the
cracks show that these cracks are covered by a film a few
tens of nanometers thick, of chemical composition similar to
that in the bulk of the deposit.

The surface XPS spectra of deposited cathodes revealed
the existence of Mo(IV)-O, Mo(VI)-O, Mo(IV)-S and,
most likely, Mo(V)-O bonds. These bonds, except for Mo
(VD)-O, are also found in the bulk. The sputtering of the
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samples severely altered the composition of the sample and
made impossible the evaluation of both bond type and exact
atomic concentration of the elements. However, it was
possible to derive the approximate composition of electro-
deposited molybdenum oxysulfide samples on the basis of
linear correlation between MoS, stoichiometry and the Mo
3ds,, binding-energy peak along with the average oxygen-
to-sulfur concentration ratio recorded during the sputtering.
It was found that electrodeposition in unbuffered solutions
produces deposits with high oxygen and low sulfur content,
as compared with cathodes deposited in buffered solutions;
higher current density results in higher bulk-oxygen con-
centration in the deposit; potentiostatic, as compared to
galvanostatic deposition, forms deposits with slightly
higher sulfur and lower oxygen content at the same pH;
an increase in the pH of electrolyte solutions from 8 to 9.5
slightly reduces sulfur content but appreciably increases
oxygen concentration, especially in the galvanostatically
deposited samples; the storage condition of electrodepos-
ited samples is a matter of great importance because of the
oxidation of deposited material on the surface as well as in
the bulk.
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