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Abstract Molybdenum oxide thin films were prepared
electrochemically onto the selenium predeposited tin
oxide-coated glass substrates using 0.22 M sodium citrate
(C6H5Na3O7) solution (pH 8.3) and sodium molybdate as a
precursor. Cyclic voltammetry was used to determine the
deposition potential effects on molybdenum compound
speciation, while quantitative thin film composition was
obtained from X-ray photoelectron spectroscopy depth
profiles. Thin molybdenum film growth and composition
was potential dependant. Predominant molybdenum species
was Mo(IV) at all deposition potentials and deposition
times. Optical properties of the molybdenum oxide thin
films were determined using UV–VIS spectroscopy. The
absorption edge varied between 560 and 650 nm, whereas
optical band gap values—between 1.79 and 2.19 eV—well
within the limits for solar light-induced chemical reactions.
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Introduction

Nanoscale materials, such as nanowires, nanorods, nano-
whiskers, and nanofibers, have stimulated great interest due
to their importance in basic scientific research and potential
technology applications [1–3]. Electrodeposition is a useful
method in obtaining thin films at the nanometer scale that
possess many useful properties, such as photocorrosion
resistance [4], optical [5, 6], and catalytic activity [7–9]. In
this regard, electrolytic molybdenum chalcogenide and oxide-
based thin films are particularly attractive due to their rich
chemistry produced by the multiple valance states of the metal.

Electrolytically deposited molybdenum oxide is a prom-
ising cathode material for lithium batteries due to its stable
reversible capacity within 200–250 mAhg−1 [10]. Amor-
phous thin films of molybdenum oxide are used as
electrochemical sensors for iodide ions [11], whereas the
crystalline ones find applications for carbon monoxide
sensors [12]. MoSe2 absorbs light in the visible and near-IR
regions and exhibits an inherent resistive nature to photo-
corrosion [13]. Complex MoSe2|MoO2 systems have also
gained application in the fuel elements [14], and electro-
catalysis [7, 15], while amorphous MoOySx films—in
lithium battery cells [16].

Electrodeposition of molybdenum oxide films has been
investigated before by several groups. Different methods were
applied for the preparation of molybdenum oxides thin films.
The precursors were usually MoO4

2− [17, 18], iso- and
peroxo-polymolybdate [19–21], ammonium paramolybdate
[22], and polymolybdophosphate [23] aqueous solutions.
Hydrated amorphous molybdenum (IV) oxides on fluorine-
doped SnO2 [6] and highly oriented pyrolitic graphite [17]
surfaces were electrodeposited from aqueous alkaline sol-
utions containing MoO4

2− as the precursor. Alternatively, the
non-stoichiometric mixed-valence molybdenum (VI and V)
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oxides were grown on glassy carbon surface from aqueous
acidic solutions of sodium molybdate [11].

McEvoy and Stevenson [20, 24] reported cathodic
electrodeposition of molybdenum oxide on indium doped
SnO2 (ITO) electrode from aqueous acidic solution of iso-
polymolibdates and peroxo-polymolibdates and studied
reaction mechanisms using different characterization tools.
Deposition at specific applied potentials allowed formation
of molybdenum oxides with varying composition, such as
Mo3O8, Mo2O5, and Mo3−xO8−x(OH)x·xH2O. In contrast,
Banica et al. [21] reported the formation of a stable
MoO2·xH2O film on Pt support from aqueous acidic
peroxo-polymolybdate solutions. A mixture of non-
hydrated Mo2O5 with tetravalent MoO(OH)2 was deposited
from aqueous ammonium paramolybdate solutions [22].
Non-stoichiometric Mo4O11·nH2O has also been success-
fully obtained via electrodeposition on stainless steel [25].
In this compound molybdenum is pentavalent, and,
therefore, can be regarded as a double Mo2O5 molecule
coordinated via one oxygen atom. From literature analysis
presented above, it is evident that the properties and
composition of electrolytic molybdenum oxide films are
closely related to electrolyte composition [17, 20, 22],
electrolyte pH [22], and applied potential [20, 22, 24].

In this work, we used electrodeposition techniques to
obtain layered molybdenum oxide films for potential
application in photocatalysis and optical technologies.
Electrodeposition was performed in freshly prepared
0.22 M sodium citrate (C6H5Na3O7) solution (pH 8.3),
and the sodium molybdate was used as a precursor. Cyclic
voltammetric study was used to determine the deposition
potential range for obtaining the thin films on Se|SnO2|glass
surface. To the best of our knowledge, the interaction
between a selenium support and the electrodeposited film is
reported for the first time. The compositional, structural,
and optical properties of as deposited thin films are also
presented. The photocatalytic properties of these thin films
are the subject of a further study.

Experimental methods

Electrochemical experiments and cyclic voltammetry The
electrochemical measurements were performed in a con-
ventional three-electrode JCE-2 cell, using a computer-
controlled Autolab PGSTAT12 (Ecochem, the Netherlands)
potentiostat/galvanostat. The GPES® 4.9 software was
used for collection and treatment of experimental data.
Cyclic voltammetric measurements were carried out by
starting scan towards the negative potential. The potential
sweep rate was 50 mV/s. The electrolyte solution was
0.2 M Na2MoO4 in 0.22 M sodium citrate and pH value of
8.3. All solutions were prepared using doubly distilled

water and analytical grade reagents. SeO2 (>99%, Reachim,
Russia), Na2MoO4·2H2O (>99%, Sigma-Aldrich, Ger-
many), and sodium citrate (C6H5Na3O7·2H2O; >99%,
Lachema, Czech Republic) were used as received. pH of
the solutions was adjusted by adding 1 M H2SO4 or 6 M
NaOH solutions. Only freshly prepared solutions were used
for measurements and were not deaerated during the
experiments. All measurements were carried out at 293 K.
The counter-electrode was a platinum spiral with an active
area of 12.5 cm2. The reference electrode was a Ag|AgCl,
KCl(sat) electrode. Through the paper, all potential values are
referred to this reference electrode. The commercially
available (Nippon Sheet Glass Co, Japan) SnO2-coated glass
plates, prepared using spray pyrolysis technique, were used
as the working electrodes (further referred to as SnO2|glass
electrode). The thickness of the SnO2 layer was ∼1 μm. The
presence and crystallinity of the SnO2 films was confirmed
by the XRD analysis. The results confirmed the tetragonal
structure and the polycrystalline nature of the SnO2 layers.

The SnO2|glass electrode was fixed in a stainless steel
cylindrical holder and the electrical contact was realized
using a copper stick. The geometrical area of the SnO2|glass
electrode was 4.5 cm2. Before experiments, the SnO2-
coated glass electrodes were cleaned with acetone, followed
by 0.1 M HNO3 solution, and finally rinsed with the
distilled water.

Se|SnO2|glass electrode preparation A thin selenium film
was initially deposited on the SnO2|glass electrode using a
0.01 M H2SeO3 solution and 0.22 M sodium citrate as a
supporting electrolyte (pH 5.76). Electrodeposition was
performed applying cathodic current of 1.0 mA for 10 min.
Electrolysis temperature was 293 K. Resulting Se films
have been rinsed with double distilled water. The thickness
of Se film was about 90 nm, as determined using X-ray
photoelectron spectroscopy (XPS) analysis.

XPS measurements A custom-designed Kratos Axis Ultra
X-ray photoelectron spectroscopy system was used to
determine the elemental composition of the thin films.
The experimental setup for reactions and analysis has been
described in detail before [26]. Briefly, the surface analysis
chamber is equipped with monochromatic radiation at
1,486.6 eV from an aluminum Kα source using a 500 mm
Rowland circle silicon single crystal monochromator. The
X-ray gun was operated using a 15 mA emission current at
an accelerating voltage of 15 kV. Low energy electrons
were used for charge compensation to neutralize the
sample. Spectra were acquired in the region of interest
using the following experimental parameters: 20 to 40 eV
energy window, pass energy of 80 eV, dwell of 0.1 s, and
sweep time of 30 s. One sweep was used to acquire all the
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regions. Spectra were acquired from 110 μm circular area.
The absolute energy scale was calibrated to the Cu 2p2/3
peak binding energy of 932.6 eV using an etched copper
plate. A Shirley-type background was subtracted from each
spectrum to account for inelastically scattered electrons that
contribute to the broad background. CasaXPS software was
used to process the XPS data [27]. Transmission-corrected
relative sensitivity factor values from the Kratos library
were used for elemental quantification. Since common C1s
energy calibration cannot be done in depth profiling
experiments, all spectra were calibrated to the O1s value
of 530.5 eV. Peak at 530.5 eV is due to the most abundant
species present in these samples, MoO2.

In depth profiling experiments, an argon ion beam
produced in an argon gun operating at 4.8 kV and 15 mA
emission current was used. Beam raster size was 1.5 mm,
whereas beam current was ∼0.5 μA. Electrons were
sampled from 110 μm diameter area. Etch rate was
determined against a known thickness TaO2 layer on Ta
metal and was found to be ∼0.3 Å/s.

AFM measurements Atomic force microscopy was per-
formed using the Asylum Research MFP-3D AFM instru-
ment. Alternating current mode was used in all
experiments. Topography, amplitude, and phase images
were acquired simultaneously using 512 pixels per line
resolution and 512 lines. A rectangular silicon cantilevers
(125 μm length) from MikroMasch were used (NSC15/Al
BS, backside of probe aluminum-coated, resonant frequen-
cy between 265 and 400 kHz and typical force constant of
40 N/m). Scan rates were 1 Hz.

UV–VIS measurements UV–VIS spectrometry analysis was
carried out to investigate the optical properties of the Mo–
Se thin films. UV–VIS spectra were recorded using a
UV/VIS Spectronic Genesis spectrophotometer (Perkin
Elmer Spectrum GX, USA) in the range of 350–1,100 nm.
The optical absorption spectra of thin films was taken using
an identical transparent tin oxide-coated glass plate as a
reference, and the values of the optical absorption coefficient
α were not corrected for the reflectance from the film
surface. The optical band gap energy, Eog, was obtained by
studying the absorption edge behavior.

Results and discussion

Cyclic voltammetry

Cyclic voltammetry was used to monitor the electrochem-
ical reactions in order to find a suitable deposition potential.

Before each scan, the potential was monitored until
attaining the steady-state value. First, electrochemical
properties of Se|SnO2|glass electrode in 0.22 M sodium
citrate solution were determined. Cyclic voltammogram of
Se|SnO2|glass electrode in +1.2 to −1.2 V potential range in
0.2 M sodium citrate solution is shown in Fig. 1. Two
characteristic cathodic potential ranges are observed: a
wave c1 and an abrupt increase of current c2. The cathodic
wave c1 is associated with the reduction of selenium
according to the reaction [28, 29]:

Seþ Hþ þ 2e� ! HSe
�
ðadsÞ ;E� ¼ �0:449V ð1Þ

A significant current flow at −0.8 V is related to the
hydrogen evolution reaction (HER) [29, 30]. When poten-
tial was reversed at −1.2 V and scanned towards the
positive values, no anodic features were observed in curve.

The addition of 0.2 M Na2MoO4 solution to the 0.22 M
sodium citrate caused significant changes in CV profile
(Fig. 1). Higher deposition currents were observed and a
new reduction peak c3 centered at −0.55 V became
prominent. The peak c3 is positioned in the potential
domain where the reaction (1) occurs. However, peak
potential shifted by 140 mV towards negative values with
respect to the half wave potential (E1/2) observed for a pure
sodium citrate solution. Two competitive factors can be
responsible for this phenomenon: (1) slow electron transfer
kinetics through the selenium layer towards MoO4

2−

species and (2) formation of passive film on electrode
surface in initial stage of electrodeposition.

Fig. 1 Cyclic voltammograms of Se|SnO2|glass electrode in 0.22 M
C6H5Na3O7 and 0.2 M Na2MoO4+0.22 M C6H5Na3O7 solution at
potential sweep rate of 50 mV/s. Characteristic cathodic and anodic
waves are noted with corresponding letters and discussed in the text
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During reduction of MoO4
2− ions two additional parallel

reactions can proceed simultaneously:

2MoO2�
4 þ 3H2Oþ 2e� ! Mo2O5 þ 6OH� E� ¼ þ 0:552V

ð2Þ

MoO2�
4 þ 2H2Oþ 2e� ! MoO2 þ 4OH� E� ¼ þ 0:404V

ð3Þ
Although the standard potentials of these reactions are

positive, the actual molybdenum oxide formation occurs
with a significant value of overpotential [10].

The Pourbaix diagram [31] for molybdenum revealed the
thermodynamically stable MoO2 in the potential range of
−0.5 to −0.8 V at pH 8.3, while Mo2O5 oxide was reported
to be stable in acidic and neutral solutions within −0.3 to
−0.8 V potential range [22, 32].

Considering the thermodynamic stability of different
molybdenum oxides and conclusions made by different
authors [6, 17, 22], the cathodic current c3 can be related
with the reduction of MoO4

2− ions to Mo(IV) with
formation of MoO2 (reaction 3).

We propose that the reduction of MoO4
2− ions is

hindering the destruction of selenium layer. The cathodic
current drop around −0.5 V (Fig. 1) confirms formation of
the electrically passive film in the initial stages of the scan.
Additionally, reaction (3) causes a local increase in OH−

concentration near the electrode surface. Consequently, the
rate of reaction (1) should decrease, and HSe− is being
formed at more negative potentials.

In order to analyze oxidation processes of these films,
cyclic voltammograms between potentials of +1.3 to
−0.8 V were recorded. Fig. 2 shows the effect of the
cathodic scan limits on the reverse scan towards positive
potential. On the forward cathodic scan up to the potential
values of wave c3 (−0.6 and −0.8 V, respectively), no
associated anodic peaks were recorded in the reverse scan.
The repeated potential cycles showed only the irreversible
current behavior.

The cathodic current c2 (Fig. 1) is larger than that
observed for HER on Se|SnO2|glass surface. According to
Pourbaix diagram [31], two competitive reactions are
possible over this potential domain:

MoO2 þ 2H2Oþ 4e� ! Moþ 4OH� ; E� ¼ �1:199V

ð4Þ
and MoO4

2− reduction to Mo(0) by reaction:

MoO2�
4 þ 4H2Oþ 6e� ! Moþ 8OH� ; E� ¼ �1:226V

ð5Þ
It is thermodynamically favorable for molybdenum

metal to spontaneously react with H2O to produce
MoOx·yH2O with hydrogen evolution [17, 31, 32].

In this potential range, the interaction of the cathode
surface with hydrated molybdenum oxide and adsorbed
hydrogen caused destruction of selenium layer. As men-
tioned above, the formation of Mo(IV) oxides suppresses
Se reduction (reaction 1) and shifts the formation of HSe−

towards more negative potentials. This way hydrated
molybdenum oxide formed in interaction with selenium
layer may lose molecular water, and the overall cathodic
process can be described according to reaction:

MoO2 � xH2Oþ e� ! MoO2 þ xHads þ xOH� ð6Þ

Adsorbed hydrogen atoms reduce selenium layer:

2Hads þ Se ! H2Se ð7Þ
In turn, the direct reduction of selenium to Se2− ions can

occur:

Seþ 2e� ! Se2� E� ¼ �1:199V ð8Þ
The cyclic voltammograms presented in Figs. 2 and 3

clearly show that cathodic current c2 is associated with the
appearance of the broad peak a1 at Ep=−0.48 V and a weak
feature a2 on the reverse anodic scan. Moreover, anodic
peaks a1 and a2 were only observed on anodic curve when
potential scan limit of −1.0 V was applied (Fig. 3). Shift of
cathodic limits to more negative potential values causes the
increase of anodic peak a1 while anodic peak a2 potential
shifts towards the negative direction. In addition, peak a2
reaches maximum and vanishes when more negative
potentials were applied.

Fig. 2 Cyclic voltammograms of Se|SnO2|glass electrode recorded for
negative potential limits of −0.6 and −0.8 V in 0.22 M C6H5Na3O7+
0.2 M Na2MoO4 electrolyte at potential sweep rate of 50 mV/s.
Characteristic cathodic and anodic waves are noted with
corresponding letters and discussed in the text
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Anodic peak a1 was observed in the potential range that
corresponds to Se2− ions oxidation to elemental selenium
[30]. This selenium during anodic scan oxidizes at
potentials more positive than +0.9 V [28, 29].

Two combined Linear Sweep Voltammetries were
applied in order to determine the nature of the anodic wave
a2 and to avoid interaction between species formed on the
electrode surface and species in solution. First, the negative
potential sweep was performed scanning from E=−0.09 V
towards the selected negative potential limits (cathodic
linear sweep voltammetry). When cathodic limit was
reached, the potential was held for 2 min in order to
increase the amount of the deposited species. After the
electrolysis, electrode was removed from electrolyte solu-
tion, subsequently placed in to 0.22 M sodium citrate
solution (pH 8.3), and the positive scan was performed.

When cathodic potential scan was performed towards
−0.6 V and, after subsequent electrolysis, no anodic dissolu-
tion peaks were recorded on anodic linear sweep voltammetry
(ALSV) curve (Fig. 4). The absence of any appreciable
anodic current indicates that the film is hardly oxidizable.

When potential scan was performed towards −0.9 V and
after subsequent electrolysis, a broad small anodic peak a2
with a maximum at +0.55 V can be observed in ALSV
curves (Fig. 4).

Shift of the cathodic scan limits to more negative potential
values leads to a new anodic feature labeled a3 with wave a2
also increasing. These processes partially overlap. The
change of scan rate also does not result in their resolution.

The absence of the anodic peak a1 in ALSV (Figs. 2 and 4)
indicates that Se2− ions, being negatively charged under

prolonged deposition conditions, diffuse away from elec-
trode surface.

Analysis of LASV curves revealed that films deposited at
potentials negative then −0.9 Vare less resistive to oxidation
than those obtained at −0.9 V. The detection of several
anodic peaks can be attributed to the oxidation via different
intermediate phase. No attempt was made to analyze
oxidation products and identify anodic a2 and a3 peaks.

Chronoamperometric studies

The current transient was performed in 0.22M C6H5Na3O7+
0.2 M Na2MoO4 solution (pH 8.3) at 293 K and constant
potentials values of: −0.7, −0.8, −0.9, −1.0, and −1.2 V.

Fig. 3 Cyclic voltammograms of Se|SnO2|glass electrode recorded for
negative potential limits of −0.9, −1.1, −1.2, and −1.4 V in 0.22 M
C6H5Na3O7+0.2 M Na2MoO4 electrolyte at potential sweep rate of
50 mV/s. Characteristic cathodic and anodic waves are noted with
corresponding letters and discussed in the text

Fig. 4 Anodic linear sweep voltammetry (ALSV) curves
corresponding to the cathodic linear sweep performed in 0.2 M
Na2MoO4+0.22 M C6H5Na3O7 solution, both performed at potential
sweep rate of 50 mV/s. Cathodic limits used were −0.6, −0.9, −1.0,
and −1.2 V. Characteristic anodic waves are noted with corresponding
letters and discussed in the text

Table 1 Electrodeposition conditions and sample numbering

Number Sample Electrodeposition conditions

Deposition time
(min)

Deposition potential
(V)

1 MoSe9 10 −0.9
2 MoSe1 1 −1.0
3 MoSe2 5 −1.0
4 MoSe3 10 −1.0
5 MoSe4 30 −1.0
6 MoSe5 1 −1.2
7 MoSe6 5 −1.2
8 MoSe7 10 −1.2
9 MoSe8 30 −1.2
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Fig. 5 Representative Mo3d
spectra of MoSe1, MoSe4,
MoSe5, and MoSe8 thin film
depth profiles. Spectra shown
were acquired within the 1,110 s
depth profiling interval for
MoSe1 and MoSe5 and 9,060 s
depth profiling interval for
MoSe4 and MoSe8 thin films

Fig. 6 Representative O1s
spectra of MoSe1, MoSe4,
MoSe5, and MoSe8 thin film
depth profiles. Spectra shown
were acquired within the 1,110 s
depth profiling interval for
MoSe1 and MoSe5 and 9,060 s
depth profiling interval for
MoSe4 and MoSe8 thin films
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At −0.7 and −0.8 V potentials, current initially sharply
increases, passes through a maximum value, and in 30 s,
gradually decreases to a negligible value. Thus, at present
experimental conditions, it was impossible to obtain
appreciable amount of the deposit. The impossibility of
depositing thicker coatings may be caused by the formation
of the electrically inactive film layer in the initial stages and
more negative deposition potential should be applied to
overcome this passivity effect.

Different samples (Table 1) were prepared in order to
elucidate the influence of deposition time and deposition
potential on thin films structural composition. Deposition
current was monitored in each experiment. Electrolysis
conditions and sample numbering are listed in Table 1.

Regardless of the deposition potential as-deposited thin
films were well-adhered to the substrate and transparent,
brown in color. No visible defects such as cracks, voids,
porosity, or loose particles were found.

After deposition, thin films were rinsed with acetone and
analyzed with XPS.

X-ray photoelectron spectroscopy analysis

XPS analysis was performed in order to (a) establish the
speciation of the Mo and Se compounds formed during the
thin film deposition and (b) obtain the depth-related
elemental information. Mo3d spectra of MoSe1, MoSe4,
MoSe5, and MoSe8 thin film depth profiles are shown in

Fig. 7 Representative Se3d
spectra of MoSe1, MoSe4,
MoSe5, and MoSe8 thin film
depth profiles. Spectra shown
were acquired within the 240 s
depth profiling interval for all
films. Bare selenium thin film
representative Se3d spectra of
the 1,200 s interval depth profile
is also shown
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Fig. 5, whereas O1s and Se3d spectra of the same depth
profiles are shown in Figs. 6 and 7, respectively.

Spectra shown were acquired within the 1,110 s depth
profiling interval for MoSe1 and MoSe5 and 9,060 s depth

profiling interval for MoSe4 and MoSe8 thin films in Fig. 5
and within the 240 s depth profiling interval for all films.
Se1 thin film representative Se3d spectra of the 1,200 s
interval depth profile is also shown in Fig. 7. XPS data of
MoSe1, MoSe4, MoSe5, and MoSe8 films is shown here as
it represents that of all films synthesized and analyzed.
Representative sample labeling and electrodeposition con-
ditions are shown in Table 1, whereas representative Mo3d
and Se3d peak assignments are shown in Table 2. Several
peaks were observed in Mo3d spectra for all thin films
investigated here. As a useful trend, molybdenum species
detected did not change with depth in samples deposited at
shorter deposition times (MoSe1, MoSe2, and MoSe3), as
well as MoSe5 and MoSe6. These all had characteristic
Mo3d doublets with Mo3d5/2 peaks located at 232.2 and
229.3 eV. Mo3d5/2 peak at 232.2 eV rapidly decreased in
intensity with film thickness. It has previously been
assigned to fully oxidized Mo(VI) species in MoO3 [33].

Fig. 8 XPS depth profile deter-
mined elemental composition of
Mo–Se thin films at deposition
voltages of −0.9, −1.0, and
−1.2 V. Total composition is
shown for MoSe9, MoSe3, and
MoSe7 films in terms of Mo3d,
O1s, and Se3d regions

Table 2 XPS peak assignments of Mo3d5/2 and Se3d transition in
deposited films

Region Compound or assigned species Binding energy (eV)

This
worka

Literature
referenceb

Mo3d3/2 MoO3 232.2 232.6

MoO2 229.3 229.1

Se3d Se–Mo 55.2 N/A

N/A literature references were not found
a Calibrated to the O1s peak at 530.4 eV
b Clayton et al. [22] calibrated to C1s at 284.6 eV
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This species can arise from the thin MoSe film oxidation in
the atmosphere.

A predominant species in all spectra with Mo3d5/2 peak
located at 229.3 eV was assigned to Mo(IV) in MoO2 [22].
This was the majority product found in all MoSe films
synthesized after surface layers were removed. Depending
on the deposition time, Mo(IV) species could be found after
8,280 s of depth profiling in MoSe4 and 5,070 s in MoSe8,
corresponding to ∼250 and ∼150 nm, respectively.

A third distinct molybdenum species was observed in
MoSe4, MoSe7, and MoSe8 samples with Mo3d5/2 peak
located at 225.4 eV. A distinct location of this layer was
below the Mo(IV) layer in the three films mentioned above
(MoSe4, MoSe7, and MoSe8), e.g., only in thicker films
with longest deposition times. A peak at 226.1 eV has
previously been assigned to Mo in metallic state [34].
However, most of the literature references showed that
metallic molybdenum has Mo3d5/2 peak located at

−0.9V (MoSe9) −1.0V (MoSe3) −1.2V (MoSe7)

Etch time (s) Composition Etch time (s) Composition Etch time (s) Composition

0–60 MoO3, MoO2, Se 0–210 MoO3, MoO2 0–9,060 MoO2

60–300 MoO2, Se

300–2,820 MoO2 210–6,840 MoO2

Table 3 XPS depth profile de-
termined composition of films
after 10 min of deposition at
varying potential

Fig. 9 XPS depth profile deter-
mined elemental composition of
thin films at constant deposition
voltage of −1.0 V as a function
of deposition time. Total com-
position is shown for MoSe2,
MoSe3, and MoSe4 films de-
posited for 5, 10, and 30 min,
respectively, in terms of Mo3d,
O1s, and Se3d regions

J Solid State Electrochem (2011) 15:711–723 719



228.0 eV [33, 35]. The Mo3d5/2 binding energy shift from
229.3 to 225.4 eV coincides with a gradual O1s peak shift
from 530.5 to 527.3 eV, as well as Na1s peak shift by
∼3 eV (not shown) implying change in electric properties of
the sample, rather than a change in the molybdenum

oxidation state. To eliminate the possibility of the sample
differential charging, sample was “floated,” e.g., direct
contact with ground was removed. The same peak shift was
observed thus confirming change in electric properties of
the sample. Most importantly, this shift was strongly

5min (MoSe2) 10min (MoSe3) 30min (MoSe4)

Etch time (s) Composition Etch time (s) Composition Etch time (s) Composition

0–1,140 MoO3, MoO2, Se 0–210 MoO3, MoO2 0–9,060 MoO2

1,140–4,320 MoO3, MoO2 210–6,840 MoO2

Table 4 XPS depth profile de-
termined composition of Mo–Se
films at constant deposition po-
tential of −1.0 V

Fig. 10 Representative AFM
images of Se1, MoSe4, MoSe8,
and MoSe9 films. The image
sizes are 2 μm. Line scans for
each image are also shown
underneath
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correlated with decrease in of Sn3p peak intensity. In
MoSe4, MoSe7, and MoSe8, Sn3p peak was negligible or
completely absent throughout all of the depth profiling
experiment. Change in Sn concentration on the sample has
affected its electric properties thus affecting the equilibrium
between the flux of outgoing photoelectrons and charge
neutralizer electrons.

O1s spectra of MoSe1, MoSe4, MoSe5, and MoSe8 thin
films are shown in Fig. 6. Two main peaks can be seen in
all O1s spectra. A peak located at 530.5 eV can be
attributed to Mo–O bond. This peak was also pronounced
in MoSe4 and MoSe8, together with the peak ∼528 eV. The
latter appeared only in deeper layers and always coincided
with the appearance of Mo3d5/2 225.4 eV peak (MoSe4,
MoSe7, and MoSe8). The nature of this peak can be
explained by the change in electric properties of the
samples with the removal of Sn layer (vide supra).
Moreover, it is only partially related to any of the
molybdenum species. This can be illustrated using MoSe7
film, where after 9,060 s of etching Mo3d signal almost
disappeared, whereas O1s peak at ∼528 eV was present
with ∼40% abundance. While O1s in molybdenum oxides
is commonly found around 530 eV, atomic oxygen
dissociated on clean metal surfaces upon adsorption with
O1s peak at 529.5 eV [36] and lattice O2− species at
529.0 eV in mixed MoOx|(LaCoO3+Co3O4) catalysts [37].
This confirms the fact that O1s peak shift to 528 eV is due
to the electric phenomena of the glass, rather than change in
speciation. Here, we propose that the main peak at
530.5 eV is due to both molybdenum oxide and hydroxide
species.

Se3d spectra of Se1, MoSe1, MoSe4, MoSe5, and
MoSe8 thin films are shown in Fig. 7. Surprisingly,
selenium was only detected in small amounts on the surface
of the films and not underneath the molybdenum layer
(where molybdenum layer was fully removed via depth
profiling). Small amounts of selenium were detected on
MoSe1 and MoSe5 thin films fully disappearing after 120 s
of depth profiling, corresponding to 3.6 nm thickness.
MoSe4 and MoSe8 films showed no Se3d signal through-
out all profiling. Measured Se3d binding energy of Se in
Se1 film is 54.6 eV, lower than that in MoSe1 of 55.2 eV.
This shift in binding energy can be assigned to two
different species of selenium: Se(0) in Se1 and MoSe2 in
MoSe1 film.

The effect of the deposition potential on quantitative
depth profile information can be seen in Fig. 8 a, b, and c in
terms of Mo3d, O1s, and Se3d regions. Quantitative
description of the depth profiles is summarized in Table 3.
Thin films MoSe9, MoSe3, and MoSe7 represent deposi-
tion potentials of −0.9, −1.0 and −1.2 V, respectively. Data
in Fig. 8 shows an increasing thickness of molybdenum
oxide films with an increase in deposition potential. For

MoSe9, amount of molybdenum in the deposited film is
∼40% after ∼500 s of etching and then gradually decreases
to zero after 3,000 s of etching. MoSe3 shows a steady-state
concentration of Mo in the film of ∼40% to ∼5,000 s of
etching, where its concentration starts gradually decreasing
until no Mo is present after 7,000 s of etching. Finally,
MoSe7 shows a constant molybdenum concentration of
40% which decreases to zero after 7,000 s of etching. This
confirms that the thickness of Mo film formed increases
with the deposition potential.

The effect of the deposition time on the quantitative
depth profile information can be seen in Fig. 9 a, b, and c in
terms of Mo3d, O1s, and Se3d regions for MoSe2, MoSe3,
and MoSe4 films. Quantitative description of these depth
profiles is summarized in Table 4. These thin films with
deposition times of 5, 10, and 30 min. Data shows an
increasing thickness of molybdenum oxide films with an
increase in deposition time. For MoSe2, amount of
molybdenum in the deposited film is ∼30% after ∼500 s
of etching and then gradually decreases to zero after 4,000 s
of etching. MoSe3 shows a steady-state concentration of
Mo in the film of ∼40% to ∼5,000 s of etching, where its
concentration starts gradually decreasing until no molybde-
num is present after 7,000 s of etching. Finally, MoSe4
shows a constant concentration between 30% and 40%
even after the 9,000 s of etching. This shows that the
thickness of Mo film formed increases with the deposition
time at constant deposition potential.

Atomic force microscopy

Representative AFM images of Se1, MoSe4, MoSe8, and
MoSe9 films are shown in Fig. 10. All image sizes shown

Fig. 11 UV–VIS spectra of MoSe2, MoSe3, and MoSe7 thin films
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are 2 μm. Initial Se1 film is amorphous with no visible
graininess, whereas molybdenum deposition results in
particulate matter formation. Particle size seems to be
decreasing with an increase in deposition potential as
MoSe9 film deposited at −0.9 V has largest particle size
of 86 nm, whereas MoSe4 and MoSe8 (−1.0 and −1.2 V,
respectively), have average measured particle sizes of 50

and 40 nm, respectively. Root mean square roughness
values of these films were very similar, 4.1, 4.4, 3.2, and
8.9 nm for Se1, MoSe4, and MoSe8, respectively, and
50 nm for MoSe9. These data show a transition between the
amorphous selenium film and well-defined particle size
molybdenum oxide films. There is no exact correlation,
though, between deposition parameters and particle size.

Table 5 Optical characteristics of the deposited molybdenum oxide layers

MoO3, MoO2, Se|MoO3, MoO2 (MoSe2) MoO3, MoO2| MoO2 (MoSe3) MoO2 (MoSe7)

Thickness, nm (WDM)a 130±5 205±3 272±6

Absorption edge, nm 600 650 560

α, ×10−4, cm−1 8.18 3.46 4.65

Eog, eV 1.90 1.79 2.19

WDM weight difference method
a Three samples of each film were deposited, and thickness of each sample was calculated assuming MoO2 density as the bulk density of deposited films.

Fig. 12 (αhν)2 vs. hν plots of
MoSe2, MoSe3, and MoSe7
thin films. These correspond to
a MoO3, MoO2, Se|MoO3,
MoO2 (MoSe2); b MoO3,
MoO2|MoO2 (MoSe3); and c
MoO2 (MoSe7)
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UV–VIS studies

XPS depth profiling experiments indicated the formation of
three different multilayer compositions of MoO3, MoO2,
Se|MoO3, MoO2 (MoSe2), MoO3, MoO2|MoO2 (MoSe3),
and MoO2 (MoSe7). The absorption spectra of these films
were recorded in wavelength 350–1,100 nm at 293 K
temperature (Fig. 11).

The absorption edge, depending on the film structure,
was found to be within 560 and 650 nm. The optical
absorption coefficient, α, was calculated from the absor-
bance, A, using the following equation [38]:

a ¼ 2:303
A

d
ð9Þ

where d is the sample thickness. Thickness was estimated
using weight difference method. Three samples of each film
were deposited, and thickness of each sample was calcu-
lated assuming the MoO2 density as a bulk density of
deposited film.

The absorption coefficient was of the order of 104 cm−1

above the absorption edge. Plots of (αhν)2 vs. hν (Fig. 12)
indicate direct allowed transitions are responsible for optical
absorption. Extrapolation of the straight-line portion to the
zero absorption (α=0) gave the values of the band gap energy
(Eg). These are summarized in Table 5. The bandgap values
obtained were between 1.79 and 2.19 eV, thus in the visible
region. It can be proposed here that layered molybdenum
oxide films can be deposited under controlled conditions with
optical response properties in the visible region.

Conclusions

It has been demonstrated that molybdenum oxide films can be
electrodeposited on Se|SnO2|glass surface from alkaline citrate
solutions containing 0.2 M Na2MoO2. The film growth and
composition was time and potential dependant. Careful
adjustment of deposition parameters allows depositing molyb-
denum oxide thin films with varying layered composition.
XPS depth profiling experiments of samples indicates forma-
tion of several different layers within the thin films, such as:
MoO3, MoO2, Se|MoO3, MoO2 (MoSe2), MoO3, MoO2|
MoO2 (MoSe3), and MoO2 (MoSe7) with MoO2 being major
species. The absorption edge of thin-layered molybdenum
oxides films was found to lie between 560 and 650 nm, and
absorption coefficients were in the order of 104 cm−1 above
the absorption edge. The value of the band gap was film
composition dependent and varied between 1.79 and 2.19 eV.
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