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Abstract: In this study, we report the physical properties of sub-stoichiometric Molybdenum trioxide (MoOs.) thin films
synthesized by thermal evaporation technique for photocatalytic application. MoOs_ thin films were deposited on glass and
Fluorine doped Tin Oxide (FTO) coated glass substrates with different thicknesses (100 - 650 nm). Structure analysis by
X-ray diffraction and field emission scanning electron microscope confirm the amorphous structure of MoOs films
deposited on FTO and glass substrates. The optical analysis by UV-Vis—near-infrared spectrophotometer showed that the
optical band gap does not depend on the substrate type and takes values in the range from 3.6 to 3.31 eV. The Corrosion
measurements for MoOs., films deposited on FTO coated glass substrates were performed using an electrochemical
potentiostat in a neutral medium of NaCl solution. The corrosion studies demonstrate that the as deposited MoOs. film of
thickness 650 nm exhibits the highest corrosion resistivity compared with other thicknesses. The methylene blue (MB) was
employed as a representative dye pollutant to evaluate the photocatalytic activity of the current samples. The results show
that the film thickness and substrate type play an important role in the enhancement of the photocatalytic properties of
MoOs. films. We found that the deposited films on glass decompose MB more than the films deposited on FTO. In
addition, the as deposited MoO3 film of thickness 100 nm exhibit the highest photocatalytic activity as compared with the
other deposited films.

Keywords: MoOs. thin films; thermal evaporation; x-ray diffraction; optical analysis; corrosion; photocatalytic activity.

thickness because this process leads to a careful control of
the film thickness, also MoOs thin films can be easily
prepared by using many and different evaporation
techniques [1].the usage of thermal evaporation techniques

1 Introduction

Molybdenum trioxide (MoOs,) is one of the most

important transition metal oxide materials by the virtue of
its high stability. In the last few years huge efforts were
dedicated to exploit the optical and electrical properties of
MoOs. thin films in many different industrial applications
[1,2] such as catalysts, photoluminescence, photovoltaics,
photochromisms, electrochromisms, sensors, and batteries
[2-4]. On the other hand, various techniques were used to
synthesis oxide materials, such as thermal evaporation [2,
5, 6] chemical vapor deposition [7], electrodeposition [8]
spray pyrolysis [9], sol gel [10, 11] and DC magnetron
sputtering [12, 13]. In this work, the thermal evaporation is
selected to prepare MoOs, thin films with different

for depositing thin films from oxide materials with
relatively high oxygen index such as MoO3;, WO;3; and V,0s5
produces n or p- type thin films according to the deposition
conditions [2,3,14]. This qualifies the deposited films to be
used in many applications. One of them is a photocatalyst
that accelerates chemical reactions. A number of
researchers have studied TiO and ZnO as a photocatalyst
[15-19]. Mai M. Khalaf et al studied TiO thin films doped
with Co to be used as a photocatalyst for water purification
from organic pollutants [15]. Phutthamon Chantes et al
studied the ability of TiO, and ZnO to be used as a
photocatalyst on the Degradation of Real Batik Wastewater
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[16]. Others have studied MoOz; to be used in the
photocatalysis and photovoltaic applications [20-25].

It’s important to study how much the as-deposited
MoO; can be corroded to know the optimum thickness
corresponding to the highest corrosion resistivity. Many
corrosion phenomena are occurring due to the
electrochemical reaction. Hence, their study required
different techniques to be accurately detected.
Electrochemical technique for the measurement of
corrosion is considered as the optimum method for
corrosion detection due to its speed [26], affectivity and
accuracy for metals or alloys that have high corrosion
resistant with respect to many other methods such as weight
loss method. Electrochemical technique can be used to give
important information about the specimen such as corrosion
rates, coatings, films passivity, pitting tendencies and many
other important data [26,27]. All of this important
information can be easily obtained from the current-
potential relation under carefully controlled conditions.

This paper studies the structural, surface topography,
compositional, optical properties and corrosion for different
thickness (100,200,300,500 and 650 nm) of the as
deposited MoOs., thin film on glass and fluorine doped tin
oxide coated glass (FTO) prepared by thermal evaporation
technique. The validity of these films to be used as a
photocatalyst for water purification from organic pollutants
such as Methyl blue (MB) has been tested too.

2 Experimental Procedures

MoOs. thin films with different thicknesses (100, 200, 300,
500, 650 nm) have been deposited by thermal evaporation
technique from a single source using a coating unit
(Manufactured using Technology Licensed from Edwards
Ltd, Auto 306, 2014).

MoOs powder provided by Aldrich with 99.999 % purity
was cold pressed to be in a tablet form and placed in a
molybdenum boat (melting point 2620 °C). This
compressed tablet MoOs; was used to prepare MoOs thin
films on ultrasonically cleaned microscopic glass and
fluorine doped tin oxide (FTO) coated glass. Substrates
were cleaned rinsing by means of heated ultrasonic cleaner
instrument (VGT-1613 QTD) provided with digital timer of
capacity 2000 mL using both acetone and distilled water.
Before deposition the chamber was evacuated to base
vacuum of 4x10” mbar and the vacuum in end of
deposition process was 3.63x10™ mbar.

The film thickness and the deposition rate were monitoring
by means of a digital film thickness monitor model
INFICON (SQM-160). The deposition rate was in the range
from 1 to 3 A%sec.

X-ray diffraction (XRD) examination was used for
examining the crystallographic structure of the as deposited
films on glass, and FTO. In this work the (XRD)
examination have been carried out using X-ray
diffractometer type Philips (model PW1710, Netherlands)
with Cu as target and Ni as filter, A=1.541838A°. The x-ray
diffractometer work at 40 KV and 30 mA with a scanning

speed 2%min. The diffraction scan was in the range (20)
from 10 to 100°.

The surface topography and the compositional
contents of some deposited MoOs.« thin films on glass and
FTO (thickness 200 and 500) have been checked by field-
emission scanning electron microscopy (FE-SEM) using a
JSM-6100 microscope (JEOL, Japan) with an acceleration
voltage of 30KV. The chemical composition of the films
was also analyzed using energy dispersive analysis of X-ray
(EDAX) unit attached with the FE-SEM (EDS unit, HNU-
5000, USA). Very thin layer of gold ~10 nm thick has been
deposited over the samples before examination.

The optical properties (absorption A) were
measured for as deposited films on glass and FTO at room
temperature using a computer-programmable Jasco V570
(Japan) double beam spectrophotometer. The wavelength
range was from 200 to 2500 nm at normal incidence with a
scan speed of 400 nm/ min.

The optical measurements were used to determine
several optical constants of the deposited MoOsy films,
such as the absorption coefficient (a), the optical band gap
energy Eg, the extinction coefficient (k) and refractive
index (n).

Corrosion measurements for MoOs-x films
deposited on FTO coated glass substrates were performed
for films of 100, 200, 300, 500 and 650 nm thick using an
electrochemical potentiostat VersaSTAT 4. A glass three-
electrode electrochemical cell has been used. The deposited
films used as a working electrode (WE), the counter
electrode (CE) are a rod of Platinum (Pt) and the reference
electrode (RE) is silver chloride (Ag/AgCl). The
VersaSTAT 4 controls the potential at the working-sense
electrode with respect to the reference electrode. In this
work, the three electrodes WE, CE and RE were immersed
in 3.5g9/ml NaCl as a supporting electrolyte solution and the
range over which the working electrode potential controlled
is £ 250 mV. Fig.1 illustrates simple design for the
electrochemical potentiostat circuit which has been used to
study the corrosion through the occurred electrochemical
reactions [28].

The as deposited MoOs. films on glass and FTO
have been tested to be used as a photocatalyst for water
purification from organic pollutants such as Methyl blue
(MB) .This can be performed by immersing these films in
.001g/ml Methyl blue (MB) solution for one hour, extract
theme out of the solution and let them to dry in dark for one
hour. Transmittance was measured for the films before and
after the exposure to UV irradiation for each five mints
until the total irradiation time reaches to two hours. Using
the value of transmittance at 580 nm before illumination Tg
and after illumination Ti (after each 5 min), the change of
absorbance AABS characterizing the decomposition of MB
has been calculated as AABS =In (T,/T;). The illumination
has been carried out using an UV light lamp (model ENF-
240C/FE) with a wavelength of 254 nm.

3 Results and Discussion

Figure 2 shows the X-ray diffraction (XRD) patterns of the
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Fig.1: Simple design for electrochemical potentiostat
circuit.

as-deposited molybdenum oxide thin film on glass and
fluorine doped tin oxide (FTO) coated glass substrates. For
the as deposited films on glass, it’s clear from Fig. (2, a)
that the deposited films have amorphous structure since no
diffraction peaks could be observed. This amorphous phase
could have resulted from the interstitial or substituting
location [2].

The XRD spectra for FTO substrate before and after the
films deposition is presented in Fig. (2, b). The results of
XRD suggest that the films have polycrystalline structure
and all observed diffraction peaks belongs to the (FTO)
coated glass substrate according to the (JCPDS No.41-
1445) card, confirming the amorphous structure of MoOs
films on FTO. This amorphinity may be due to the
dislocations and defects within the deposited films that
leading to the complex structure of the energy states within
the films.

Figure 3 depicts the SEM micrographs for as deposited
MoO3-x thin films with 200 and 500 nm thick deposited on
glass and FTO coated glass substrates. For MoOs thin
films deposited on glass with thickness 200 nm some nano
spheres were observed and disappear by increasing the film
thickness for film with 500 nm thick as in Fig (3,a, b).
Some cracks were appeared in film with 200 nm thick,
referring to high adhesion of film on the glass substrate. For
MoOs. thin films deposited on FTO as in Figs. (3-c, d), the
film has a compact and dense homogenous surface with
cluster of spheres appear on it. The MoO3-x film with 500
nm thick shows some spherical grains with size lying in
100-200 nm. The orientation of these grain are randomly,
some whole grains do not share a common border and so
are surrounded by empty spaces. Finally in general, the
SEM analysis shows that, by increasing the deposited film
thickness the grain size increase.

Figure 4 indicates the EDAX spectrum of as deposited
MoOs., thin films of 500 nm thick on FTO. It is observed
that, there is an excess of Mo™ atoms that work as point
defects (impurity atoms) due to the deficiency of oxygen
atoms (vacancy defects) in the deposited samples. The
appeared Sn and Si in the EDAX spectrum come from the
substrate components.

The optical absorption spectra of as deposited MoO;. films
on glass and FTO coated glass are shown in Fig.5. It is
observed that the absorption increases with increasing the
film thickness as expected since the presence of oxygen
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Fig.2: X-ray diffractograms of as-deposited molybdenum
oxide thin films on (a) glass, (b) FTO.

vacancies can lead to the increase of the carrier
concentration as the film thickness increments [7, 29, 30].

As shown in Fig. (5, a), the absorption of the deposited
films on glass is very low in the near infrared region (NIR)
compared with that for MoO3, films deposited on FTO.
This may be due to the plasmonic reflection resulting by the
relatively higher free carrier concentration of FTO
substrate. For both MoOs., films either deposited on glass
or FTO substrates, a high absorption values in both UV and
visible regions can be depicted as shown in Fig. (5 a, b).

The optical energy gab E4 has been calculated for both
MoOs., films either deposited on glass or FTO substrates.
It’s observed that the substrate type doesn’t have a sensitive
effect on the optical band gap energy values, which agree
with the matching in the absorption spectra in both UV and

visible regions for both MoOgz, films either deposited on
glass or FTO substrate. The calculated E, values were
matching with Eg values which have been measured in

many previous studies [2, 31, 32]. The E, values are listed
in Table 1.
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Fig. 4: EDAX spectrum of as deposited MoO3-x thin films
on FTO with thickness of 500 nm .
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Fig.5: The optical absorbance spectra for the as deposited
Mo0O3-x thin films (a) on glass and (b) FTO.

The absorption or the optical density near the absorption
band edge is an exponential function of the photon energy
as described by the Urbach law [33, 34].

Fig .3: SEM micrographs of as deposited MoOs. thin films o = agexp (hv/Ey) (1)
(a, ¢) on glass of 200 and 500 nm thick respectively and (b, . .
d) on FTO of 200, 500 nm thikc respectively. where, ag is a constant and Ey is the Urbach energy that

gives the width of the tails of localized states in the gab
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region [35]. E, was determined from the slope of the
straight line of Ln (a) vs. hv relation and reported in Table
1. As shown, E, decreases by increasing thickness for both
films deposited on glass and FTO substrates.

The refractive index (n) and the extinction coefficient (k) of
the as deposited MoOsx thin films of thickness
(100,200,300,500 and 650nm) on glass and FTO substrates
can be calculated by using the absolute values of the
measured transmittance (T) and reflectance (R) according
to Egs. 2 and 3 as follows [36]

1+RY/?
=17 2
al
kZE 3)

Figure 6 depicts the wavelength dependence of refractive
index (n) for MoOs thin films deposited on (a) glass, (b)
FTO substrates. The inset of Fig.5 refers to the variation of
refractive index at wavelength equals to 550 nm with the
thickness of the deposited film.

For as deposited MoOs, films on FTO substrate the
refractive index is relatively high in the NIR region. This
behavior may refer to the high carriers’ concentration in
films. By contrast, for MoOs films deposited on glass, n
values in NIR are relatively low. Also, both MoO; films
deposited on glass and FTO have the same average values
of refractive index in the visible region (about 2.5), as
reported in Table .1. As depicted in Fig.6, refractive index
decreases with the increment of the as deposited film
thickness at wavelength 550 nm for the as deposited films
on glass and FTO substrates.

Figure 7, depicts the wavelength dependence of extinction
coefficient (k) for MoOs. thin films deposited on (a) glass,

(b) FTO substrates respectively. It’s observed that the
extinction coefficient (k) for the as deposited films on FTO
substrate in the NIR region is larger than that of the as
deposited films on glass which again refers to higher carrier
concentration in the former films than that in glass-

substrate films. The extinction coefficient (k) for MoOs.
thin films deposited on (a) glass and FTO substrates
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Fig.6: The wavelength dependence of refractive index (n)
for MoO3-x thin films deposited on (a) glass, (b) FTO. The
inset figure refers to the refractive index of the deposited
film at wavelength equals to 550nm as a function of film
thickness.

Table 1: includes Eg n in the visible region, Urbach energy E, , Eq and E4 for MoOs. thin films deposited on both

glass and FTO.

deposited films on glass deposited films on FTO
Thickness

(nm) N average E, Eq N average Eq

E, (ev 320- E, (ev E, (ev 320- Eu(ev) | Eq(ev

@ | G20 ey | Bl | ey B | G B | o) | ()
100 3.59 2.54 0.411 0.86 6.43 3.61 2.45 0.467 1.28 6.05
200 3.51 2.49 0.346 1.05 6.42 3.52 2.50 0.427 1.20 5.99
300 3.42 2.50 0.312 0.78 6.35 3.43 2.38 0.372 1.19 5.94
500 3.24 2.51 0.282 1.19 6.61 3.25 2.48 0.329 1.04 5.94
650 3.13 2.39 0.272 0.73 6.28 3.16 2.33 0.324 0.99 6.36
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Fig.7: The wavelength dependence of extinction coefficient
(k) for MoOs thin films deposited on (a) glass,(b) FTO
,Fig (c) shows the variations in the visible region with the
thickness of the as deposited film on glass and FTO.

The concept of single oscillator energy has been used to
study and determine the optical dispersion parameters
(Wemple, 1977; Di Domenico, 1972) [37, 38]. Below the
interband absorption edge in the region of low absorption
the refractive index could be expressed by the following

relation;

2 yt_E 1
(n _1) _Ed E,Eq

(hv)’ )

Where, hv is the photon energy, E4 is the electronic
dispersion energy that represents the average strength of the
optical inter band transitions and independent on either the
band gap or the volume density of the electrons in the
valence band and E, is the single oscillator energy which
represents the mean transition energy from the valence
band to the conduction state (Bakr et al, 2003). E, involves
all the electronic transitions not only the transition from the
top of the valence band to the bottom of the conduction
band as in the optical band gap Eg. The relation between E,
and E; was found to be E¢~0.3E, for the as deposited
MoO3. films on glass and Eq = 0.35E, for MoOg., films on
FTO. By plotting (n*1)* against (hv)? and fitting a straight
ling, Eq and E, can be determined directly from the slope
(Eq Eo)* and the intercept E,/E4 on the vertical axis as
shown in Fig.8 and listed in Table.1.
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Fig.8: Plots of (n*1)™ versus (hv)® for MoOs., thin films

with different thicknesses (a) on glass and (b) on FTO.
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Tafel plot were performed for MoOgz thin films deposited
on conductive FTO substrates by polarizing the specimen
about 250 mV anodically (positive-going potential) and
cathodically (negative-going potential) from the corrosion
potential, Eor (versus open circuit potential). The resulted
current was plotted on a logarithmic scale versus the
applied potential as shown in Fig. 9.

Tafel equation employed to study the corrosion
phenomenon could be expressed as follows [27];

=B1 5
n=Pplog icorr ®)

Where, B is Tafel constant, 1 is the over voltage, which is
the difference between the potential imposed on the
specimen and the corrosion potential and i is the
corrosion current at the over voltage and can be obtained
from Tafel plot by extrapolating the linear portion of the
curve to the value of Ego [27] as depicted in Fig.9. By
rearranging Eq. 5 one obtains;

n =P (logl — 109 icorr) (6)

As shown in Fig. (10, a), i decreases by
increasing the film thickness from 100 nm up to 650 nm.
This can be attributed to that the FTO substrate electrode
becomes more fully covered with MoOs, layers by
increasing the deposited film thickness making the
deposited particles to be strongly stacked to the FTO
substrate. So, MoQs., films of thickness 650nm are more
protected films from corrosion as depicted in Fig. (10, a). It
is also observed that the E. values increases by increasing
the deposited film thickness as depicted in Fig. (10, b), this
may be due to the variation of the surface structure
morphology of the deposited films. This leads to the
variation of the open circuit potential of the deposited films
of different thicknesses.

The as deposited MoOs. films on glass and FTO
substrates have been tested to be used as a photocatalyst for
water purification from organic pollutants such as Methyl
blue (MB). The photocatalyst coupled with UV lights can
oxidize organic pollutants into nontoxic materials, such as
CO, and water and can disinfect certain bacteria. Figs. (11
and 12) depict the transmittance spectra for the as-deposited
MoOs. thin film deposited on glass and FTO substrates
respectively. The transmittance spectra were measured for
the 100, 200, 300 and 500 nm of film thickness before and
after the exposure to UV irradiation for each five mints
until the total irradiation time reaches two hours.

Figure 13 shows the variation of absorption at 580 nm by
MB for the as-deposited MoOs. thin films on glass and
FTO of 100,200,300 and 500 nm thick as a function of UV
illumination time. For films deposited on glass and FTO,
with increasing the irradiation time, the decomposition of
the MB increases. The deposited films on glass decompose
MB more than the films deposited on FTO. Besides, this
decomposition of the MB seemed to decrease with
increasing MoOs film thickness from 100 to 500 nm
which is in good matching with the corrosion
measurements. Moreover, the as deposited MoOs. thin film

of thickness 100 nm has the greatest ability to decompose
MB. This behavior is mainly attributed to the effect of the
surface activity of a corresponding film. The film with low
thickness provides high surface to bulk ratio compared to
the high thick one [39-41].
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Fig.10: (a) the measured icorr values for different MoO3
film thickness, (b) the measured Ecorr values for different
MoO3 film thickness.
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Fig.12: change of transmittance during UV illumination at different periods of time for as deposited MoO3-x thin films on
FTO substrate of 100, 200, 300 and 500nm thick.
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Fig.13: Variation of the absorption at 580 nm by MB as a function of illumination time for as deposited MoO3-x thin films

(a)on glass, (b) on FTO.

4 Conclusions

In summary, Amorphous MoOs. thin films with different
thicknesses were successfully synthesized using a simple
thermal evaporation technique on glass and FTO coated
glass substrates. The samples obtained were systematically
characterized in detail using various standard techniques in
terms of their structure, corrosion, morphology, optical and
photocatalytic properties. The substrate type doesn’t have a
sensitive effect on the optical band gap values. The optical
band gap decreases by increasing the thickness of all films,
whether deposited on glass or deposited on FTO substrates
and their values range from 3.1 to 3.6 eV. In addition, the
Urbach energy, refractive index, extinction coefficient and
dispersion energy parameters of MoOs, thin films have
been determined and discussed. Corrosion measurements of
the as deposited MoOs, thin film on FTO in a neutral
medium of NaCl solution with concentration 3.5 g/ml
revealed that the low thick films can corrode more than the
high thick films.

The photocatalytic activity was evaluated by the
degradation of MB. The highest photocatalytic activity was
found for MoOs., films with 100 nm thick deposited on
glass substrate. This result is mainly attributed to the effects
of low thickness on the morphology, and surface activity of
the MoOs. film.
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