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Mo-V-O thin films were prepared by pulsed laser deposition (PLD) technique at an oxygen pressure of 13.3 Pa
and room temperature on glass and Indium tin oxide (ITO)/glass substrates from (MoO3)1 − x(V2O5)x (x = 0,
0.09, 0.17, 0.23, 0.29) targets. We studied the effect of V2O5 counterpart on the growth characteristics of Mo-V-
O thin films and coloring switching properties including thermochromic, gasochromic, photochromic and
electrochromic. Surfacemorphology, surface chemical states, optical and electrochemical properties were exam-
ined using atomic force microscope (AFM), field emission scanning electron microscope (FE-SEM), X-ray photo-
electron spectroscopy (XPS), UV–Vis spectroscopy and electrochemical impedance spectroscopy (EIS).
Morphological characterizations illustrated porous cauliflower-like surface for the thin films and a columnar
growth was observed in which surface roughness varied by x. XPS spectra showed that Mo surface composition
for all the samples are Mo6+ and V composition at x= 0.09 is a combination of V4+ and V5+ states. At the other
stoichiometries the main state was V5+. Moreover, XPS and EDS revealed that V:Mo molar ratio in a deposited
film is smaller than in the target used for. It was found that there is a relation between the vanadium valance
states and the optical band gap as well as chromogenic properties.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, chromogenic materials have become more important be-
cause they allow the transmittance of visible light and solar energy to
be varied under the action of an external stimulus [1]. They are also
known by other names such as “smart”, “intelligent” and “switchable”
materials [1]. They work based on the electrochromic, thermochromic,
photochromic and gasochromic effects. Electrochromicmaterials exhib-
it a phenomenon which is a reversible change of their color by charge
transfer. In many ways, switchable smart windows and the materials
that underlie them are a mature technology [2]. Their application in
modern buildings involves large glass facades in order to receive good
day-light and desirable indoors–outdoors contact. Gasochromic gas
sensors can detect optically the presence of hydrogen gas and represent
the gas concentration data [3]. One of themost important class of mate-
rials in this filed are inorganic electrochromic oxides including tungsten
oxide, molybdenum oxide and vanadium oxide [4]. These materials are
divided into two different categories: cathodic and anodic. The cathodic
coloration is found in oxides of Ti, Nb, Mo, Ta, and W, with tungsten
oxide being by far the most extensively studied one. Anodic coloration
is found in oxides of Cr, Mn, Fe, Co, Ni, Rh, and Ir, with nickel oxide
and iridium oxide being the ones investigated in most detail. Vanadium
is exceptional in that the pentoxide (with V5+ states) exhibits anodic
and cathodic electrochromic within different wavelength ranges,
while the dioxide (with V4+ states) has anodic electrochromic [4].

Molybdenumoxide is a famousphotochromic [5]material and vana-
dium oxide is a famous thermochromic material [6]. So mixing molyb-
denum oxide with vanadium oxide in a single structure may provide
both effects simultaneously or improve coloring performance. More-
over, both of these have also shown electrochromic [7] and gasochromic
[8,9] properties. Improvement of gasochromic properties by adding
vanadium oxide into molybdenum oxide and tungsten oxide was also
reported in the literature [10,11]. Therefore, from scientific and techno-
logical view it is interesting to design a material with a desirable multi-
chromogenic effect. A window having desirable photochromic and
thermochromic properties is more effective in energy efficient applica-
tions. For example in a warm-cloudy or in a cold-sunny day window
will be able to switch effectively. Thin films of mixed metal oxide with
different chromogenic properties are expected to provide such a multi-
function optical coating. In addition, chromic mixed metal oxide films
often exhibit more natural colors than pure one in their coloring states
due to the improvement of the optical band gap [12]. However,
chemical and physical properties of metal oxides with different crystal
structures and metal valence states are not in direct proportion to the
mixing ratio. So it is important to study the variation of characteristics
and properties with mixing ratio. It was shown that cathode materials
with V2O5 doping have better electrochemical performance. For
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Fig. 1. Typical cross section FESEM image of MoO3 thin film deposited by PLD.
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instance, Mo-V-O based complex metal oxides were used for different
applications in heterogeneous catalysis applications such as oxidation
reactions of hydrocarbons [13].

Various fabrication techniques were used to prepare single ormixed
metal oxide films such as sputtering [8], evaporation [9], sol–gel [10],
chemical vapor deposition [11], spray pyrolysis [3] and pulsed laser de-
position (PLD) [12]. The main contribution of this paper is the deposi-
tion of Mo-V-O thin films by PLD method and investigation of possible
multi-chromogenic properties. In the present work, modified MoO3

films by V2O5 are prepared by PLDmethod. PLD is a powerful technique
for fabrication of thin films and coatings. In thismethod, an intense laser
beam evaporates target surface, produces a plasma plume ejecting to
substrate mounted in front of the target. Using PLD successful deposi-
tion of mixed oxides and high-temperature superconductors is possible
[13]. This technique can be accompaniedwith a gas to produce a variety
1 μm

1 μm1 μm

1 μm

Fig. 2. (a–e) Top-view FESEM images of Mo-V-O thin films deposited from ta
of controlled chemical compositions. PLD has some advantages over the
other techniques: the direct interaction of laser lightwith the targets re-
duces films impurity from the environment.

In this study Mo-V-O mixed oxide films were fabricated by PLD
method using (MoO3)1 − x(V2O5)x (x = 0, 0.09, 0.17, 0.23 and 0.29)
pressed powders. As-deposited films were characterized by FESEM,
AFM, XPS and UV–vis spectrophotometry. Chromogenic properties
were investigated under different stimulus for photochromic,
thermochromic, gasochromic and electrochromic properties. EIS mea-
surement were carried out to explore the effect of adding vanadium
oxide on charge transfer resistance of the films. Our data showed that
the vanadiumvalance states and chromogenic properties dependon va-
nadium oxide content. The results also indicated that in order to have
different chromogenicwith together anoptimum level of doping should
be selected in targets.

2. Experimental

Thin films were deposited from (MoO3)1 − x(V2O5)x (x = 0, 0.09,
0.17, 0.23, 0.29) pressed powder targets on the glass or ITO/glass
(for electrochromic investigations) substrates by PLD method. Firstly,
deposition chamber was evacuated to 1.33 × 10−3 Pa. Then the oxygen
(purity 99.99%) pressure was raised to 13.3 Pa. Pulses (number =
10.000) of KrF excimer laser with 248 nmwavelength, 10 Hz repetition
rate, 10 nsduration time, 200mj energy per pulse and about 1mm2 spot
size were delivered to the mixed oxide targets at 45° incident angle.
Substrate-target distance was kept constant 6 cm. XPS measurements
were performed in an ultra-high vacuum system using un-
monochromatized Al Kα twin anode X-rays source and a VG Scientific
CLAM2 energy analyzer. Binding energies were calibrated using stan-
dard peak position of carbon at 284.8 eV. Surface morphology of
1 μm

rget (MoO3)1 − x(V2O5)x (x = 0, 0.09, 0.17, 0.23 and 0.29, respectively.



Fig. 3. 2-D AFM image of Mo-V-O thin films deposited from target (MoO3)1 − x(V2O5)x (x = 0, 0.09, 0.17, 0.23 and 0.29), respectively. (f) Variation of RMS roughness as a function of x.
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samples was studied by AFM (Park Scientific Instruments, AUTOPROBE
CP) and FESEM (Hitachi model S4460). The optical transmission spectra
were measured by a UV–Vis spectrophotometer (PerkinElmer Lambda
Fig. 4. (a, c) Selective X-ray photoelectron spectros
25). To observe the gasochromic coloring of various samples they
were placed in a sealed chamber containing 10% H2/Ar gas. To activate
the surface of samples against hydrogen, 0.1 cm3 of 0.2 g/l PdCl2 solution
copy survey scans for Mo-V-O/glass samples.



Table 1
Peaks positions and FWHM for vanadium,molybdenum and oxygen elements inMo-V-O/
glass.

x in (MoO3)
1 − x(V2O5)x
targets

V2p3/2 Mo3d O1s

BE
(eV)

FWHM
(eV)

BE (eV) FWHM
(eV)

BE (eV) FWHM
(eV)

0 – – 233.9–237.0 1.55–1.61 531.6–532.9 1.61–1.82
0.09 517.4 2.24 233.4–236.5 1.74–1.76 531.1–532.8 1.87–1.84
0.17 517.7 2.13 233.3–236.5 1.57–1.61 531.3–533 1.81–1.58
0.29 518 1.86 233.6–236.7 1.56–1.56 531.3–532.8 1.68–1.45

Fig. 5. (a–c) high-resolution X-ray photoelectron spectroscopy spectra of vanadium, molybdenum and oxygen elements corresponding to spectra of Fig. 4.
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was dropped over the samples. A UV lamp chamberwas used for photo-
chromic property investigations. The chamber included sixteen UV
lamp (Philips, TUV15W), each one with 40 cm length, 3 cm diameter
and a power of 15 W. The irradiation exerted for 4 h with about 110
W/cm2 total irradiation density over the samples. The thermochromic
properties were studied by a simple heater that was set up at 80 °C
and samples heated for 15 min with a glass cover. The electrochemical
experiments were carried out using an IVIUM potentiostat/galvanostat.
The conventional three-electrode arrangement was used consisting of
an ITO/glass substrate electrode as working electrode, a platinum wire
as counter electrode and Ag/AgCl in KCl saturated electrode as a refer-
ence electrode. The electrolyte was prepared from 1 M propylene car-
bonate (PC) + LiClO4. EIS measurements were done in the frequency
range from100mHz to 10 kHzusing 10mVpeak to peak voltage. All cu-
mulative optical density changes were calculated at 300–1100 nm
wavelength range.
3. Results and discussion

Typical cross section FESEM image of as-prepared MoO3 sample
(x = 0) is shown in Fig. 1. The film has a uniform growth with 1.6 μm



Fig. 8. plots of (αhν)2 vs. hν (tauc plots) of Mo-V-O/glass thin films deposited from target
(MoO3)1 − x(V2O5)x (x = 0, 0.09, 0.17, 0.23 and 0.29).

Fig. 6. The V:Mo ratio inMo-V-O/glass obtained by EDS and XPS quantitative analysis as a
function of V:Mo ratio in the targets. As can be seen that the ratio of V:Mo in films is
smaller than the ratio in the targets. The x values in targets used for deposition are
shown for each point.
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thickness on the flat surface of glass substrate. It has a columnar growth
structure which is typical for pulsed laser deposition of metal oxide
films. For this columnar structure, a good porosity is observed within
the fabricated undoped MoO3 film. Dense films are usually fabricated
over the substrates keeping at elevated temperatures. Therefore, to ob-
tain high effective surface area on the films the substrate temperature
was kept near room temperature. X-ray diffraction revealed that all
the samples are amorphous up to the detection limit of XRD machine.
No annealing has been performed on the samples is this paper.

The top-viewFESEM images ofMo-V-O thin films on glass substrates
are presented in Fig. 2(a–e). As can be seen, all the films consist of nano-
particles aggregated in clusters with a cauliflower-likemorphology. The
cauliflowers exhibit a size of several hundred nanometers and are com-
posed of numerous particles with a size range of 30–40 nm. Although
the addition of V2O5 does not have a considerable effect on surfacemor-
phology, cracks are slightly diminished at higher x values. Rough and
porous surfaces provide a larger gas effective surface area for gas-
surface interactions and if the film is highly porous, the surface area
available to the gas or injecting ions for interaction (particularly in
gasochromic and electrochromic effects) will be far higher, giving a
higher sensitivity. In PLD, when the substrate temperature is low, the
period of the atomic jump process of ad-atoms on the substrate surface
becomes very large. This may result in the condensed species staying
stuck to the regions where they are landing leading to an amorphous
film [14].

Atomic force microscopy was carried out to investigate the surface
roughness of the Mo-V-O thin films deposited on glass substrate. 2-D
AFM images of the samples as a function of x are shown in Fig.3 (a–e).
For all the samples, AFM images show the cluster formation. Moreover,
Fig. 7. Optical transmission spectra of Mo-V-O films deposited from target (MoO3)1 −

x(V2O5)x (x = 0, 0.09, 0.17, 0.23 and 0.29).
it is clear from the images that grains contain a columnar shape and the
grain size decreases with increasing x. Grain growth also contributes to
decreasing surface roughness and smaller micro cracks confirming the
FESEM images. Mixed oxide thin films deposited on substrates with dif-
ferent composition may also have different growth mechanisms which
are directly related to the surface roughness. For example, the Volmer-
Weber growth tends to yield three-dimensional islands with relatively
high roughness [15]. Root mean square (RMS) surface roughness of
thin films was calculated. The variation of RMS roughness with x is
shown in Fig. 3(f). The RMS surface roughness of sample with x = 0 is
about 32 nm but it decreases for other samples containing vanadium
oxide so it is clear that adding vanadium oxide to molybdenum oxide
could decrease RMS surface roughness.

The surface composition may also play a significant role since the
gas/ion-surface exchange is the main rate-determining gasochromic
and electrochromic. The XPS analysis was carried out to determine the
valence states and quantify the ratio of V/Mo in the samples to be com-
pared with the ratio weighed into the target by analyzing their charac-
teristic peaks. XPS is a powerful technique for investigating the local
bonding environment of atoms through small changes in their binding
energies or possible chemical shifts. Transition metals like Mo and V
can exhibit different valence states in different compositions. Selective
XPS survey scans (0–1200 eV region) are illustrated in Fig. 4(a, c) for
Mo-V-O (x= 0, 0.09, 0.17, and 0.29) samples. The spectra of all samples
includemajor elemental constituents of layers involvingMo, V, and O in
addition to the signals of carbon contaminants. Corresponding high-
resolution XPS spectra of Mo3d, V2P3/2 and O1s are presented in Fig.5
(a–c) respectively. Peaks positions and full-width half-maxima
(FWHM) values are presented in Table 1. All the samples show a well-
resolved doublet peak due to Mo3d5/2 and Mo3d3/2. The position of
the peakMo3d5/2 is located at approximately 233.5 eV and the doublet
separation is ΔEB = 3.1 eV, which is in accordance with the literature
[16]. The FWHM of Mo peak for the sample with x = 0.09 is about
0.2 eV higher than other samples. As presented in Table 1, the V2p3/2
binding energy for x = 0.09 is around 517.4 eV and approaches to the
value reported for VO2 [17]. Hence, one can say that the majority of va-
lence state of vanadium in this sample is close to 4+ and the vanadium
species in the samples are mainly in the form of VO2. By increasing va-
nadium content the binding energy shifts by 0.3 eV to 517.7 eV. The
V2p3/2 binding energy of the sample with x = 0.29 is 518.0 eV, which
approximates the value reported for V2O5 [17]. Therefore, the oxidation
state of vanadium in this sample is close to 5+. The FWHM of V2p3/2
Table 2
Optical band gap of Mo-V-O/glass films.

x in (MoO3)1 − x(V2O5)x targets 0 0.09 0.17 0.23 0.29

Eg(eV) 3.12 2.83 2.92 2.87 2.80



Fig. 9. (a) Optical density changes and (b) the cumulative optical density changes from 400 nm to 700 nm wavelength of Mo-V-O/glass samples before and after heating at 80 °C.
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for the sample with x = 0.09 is 2.24 eV which reduces considerably to
1.86 eV by increasing vanadium concentration. Therefore, it is conclud-
ed that in comparison to x=0.29, films with x= 0.09 and 0.17 are not
constituted of pure V2O5. One can propose that filmswith lower vanadi-
um oxide contents consist ofmixtures of vanadiumoxides,mainly com-
posed of V2O5 andVO2. TheO1speak is often split into two components;
the peak around 531 eV is assigned to oxide in combinationwithmetals
and the peak around 532 eV is assigned to hydroxide or carbonate spe-
cies.Moreover, the oxide contribution (531 eV) in the O1s peak, inmost
cases, is significantly higher than the contribution at 532 eV. FWHM of
O1s in the sample with higher vanadium content reduces by 0.2 eV in-
dicating a possible purification of oxide species.

Fig. 6 illustrates the V:Mo ratio in films obtained by XPS and EDS
quantitative analysis as a function of V:Mo ratio in the targets. It indi-
cates that the ratio of V:Mo in films is smaller than the ratio in the tar-
gets. This behavior is also confirmed by EDX results. The overall
measured chemical concentration indicates different ablation mecha-
nisms of molybdenum and vanadium species.

3.1. UV–Vis spectra

In order to clarify the optical property of the samples, we studied the
transmission spectra of as-deposited Mo-V-O/glass films. Fig. 7 shows
optical transmission spectra of films for various amounts of V2O5 coun-
terparts (x) in the targets. As the figure indicates, optical transmissions
of all the samples are around 70–80%. For better understanding, the op-
tical band gaps were estimated by plotting the absorption coefficient
versus photon energy. According to the solid-state theory, the relation
Fig. 10. (a) Optical density changes and (b) the cumulative optical density changes from 400 n
(10H2/Ar) exposure. The samples were activated against hydrogen gas by PdCl2 droplets.
between the absorption coefficients and the energy of incident photon
hν is given by

α ¼ A hν−Eg
� �η

hν
ð1Þ

where A is a constant, η depends on the kind of optical transmission and
it is assumed that thermal broadening is negligible. So using the curve of
(αhν)1/η as a linear function of hv, the band gap (Eg) could be identified.
After examining the linear line fitting, η=1/2was selected (Fig. 8). The
optical band gap is presented as a function of x in Table 2. As is seen, the
band gap of samples with vanadium content is lower than the sample
without vanadium (x=0) in which sample with x=0.09 has the low-
est values. Vanadium dioxide (VO2) is a well-known semiconductor
material with a band gap of 0.7 eV [18] and V2O5 has a band gap of
about 2.2–2.7 eV [19]. On the other hand, the XPS results revealed the
presence of higher content of VO2 vanadium oxide phase in the film
with x = 0.09 and this is probably why the band gap of this samples is
smaller among the other samples.

3.2. Thermochromic properties

For thermochromic investigations, the optical properties of the films
deposited on glass substrates were recorded in the range 190–1100 nm
before and after heating samples at 80 °C (Fig.9 (a)) and there was an
observable change in transmission of samples depending on the vanadi-
um content x. In Fig. 9 (b) the cumulative optical density changes in the
wavelength ranges of 400 nm to 700 nm (visible range) is plotted as a
m to 700 nmwavelength of Mo-V-O/glass samples before and after diluted hydrogen gas



Fig. 11. (a) Optical density changes and (b) the cumulative optical density changes from 400 nm to 700 nm wavelength of Mo-V-O/glass samples before and after UV lamp irradiation.

226 M.A. Ashrafi et al. / Thin Solid Films 621 (2017) 220–228
function of x. Optical density changes is equal to –ln[Tcolor/Tbleach] where
Tcolor and Tbleach are transmittance after and before coloring, respective-
ly [20]. As can be seen, the sample with x = 0.09 shows higher
thermochromic change among the other samples. This observation is
attributed to higher VO2 content (XPS results) in this sample. As men-
tioned above, samples with vanadium oxide content have shown better
thermochromic property than virgin sample (x= 0). However, sample
of x = 0 has thermochromic property too (Fig. 9 (a)). Although molyb-
denum oxide is most likely famous for its best photochromic inorganic
compounds, a number of reports exist on its thermochromics behavior
[21,22].

3.3. Gasochromic properties

For gasochromic investigations, surface of Mo-V-O/glass was
activated by PdCl2 (0.2 g/l) droplet as a hydrogen dissociation cat-
alyst source. Optical transmission spectra before and after diluted
hydrogen gas (10H2/Ar) exposure is shown in Fig. 10 (a) and corre-
sponding cumulative optical density changes (400 nm to 700 nm)
is shown in Fig. 10 (b). Gasochromic response of the vanadium
doped sample with x = 0.09 is higher than other samples. Chang
et al. have observed that Pt/(MoO3)1 − x(V2O5)x (x = 0.01, 0.03,
0.05) thin films by PLD perform better gasochromic capability
Fig. 12. (a) Optical density changes and (b) the cumulative optical density changes from 400
coloration in a 0.02 M PC + LiClO4 electrolyte.
than the pristine Pt/MoO3 samples [23]. Our results confirm the ef-
fective role of vanadium oxide up to x = 0.09 while increasing the
vanadium content diminish the gasochromic performance and sta-
bility of color. The concentration of VO2 phase is greater at smaller
x values (see XPS data). The VO2 counterpart structure is open
enough so as to allow intercalation/deintercalation of small ions
such as H+ and Li+ [4].

3.4. Photochromic properties

The photochromic property of theMo-V-O/glass samples was inves-
tigated under irradiation of UV light with the 16 UV lamp (Philips,
TUV15W) for 240 min. The transmission spectra of samples before
and after UV irradiation are illustrated in Fig. 11 (a) and corresponding
cumulative optical density changes (400 nm to 700 nm) curves are also
plotted in Fig. 11 (b). As clearly seen undoped sample shows a pro-
nounced photochromic response and doping by vanadium oxide re-
duces the photochromic responses considerably. MoO3 is known for
its good photochromic effect and adding vanadium oxide diminishes
this property. In a study by Loo et al., the presence of some certain
Raman peaks suggested that the MoO3 films were transformed from a
disordered amorphous state to a more ordered crystalline state [24].
Based on this finding vanadium oxide may prevents phase
nm to 700 nm wavelength of Mo-V-O/ITO/glass samples before and after electrochromic



Table 3
Rs and Rct of Mo-V-O/ITO/glass films.

x in (MoO3)1 − x(V2O5)x targets 0 0.09 0.17 0.23 0.29

Rct (Ω) 1406 414 427 781 955
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transformation in MoO3 counterpart of vanadium doped films.
Beydaghyan et al. [25] reported evidence of enhancement of photochro-
mism in nanostructured thinfilmsofmolybdenumoxide due to a strong
correlation of coloration response with the internal surface area of the
films. In a work by Rouhani et al. [26] it was claimed that coloration
for the films with a complete stoichiometry is fully correlated to the
conversion of Mo6+ to Mo5+, while coloration of the sub-
stoichiometric films is controlled by another mechanism. Vanadium
may cause the formation of oxygen vacancies in Mo structure and it
may be a reason for the weak photochromic response of vanadium
doped samples. However, XPS data in Table 1 show that the FWHM of
Mo3d increases by about 0.2 eV indicating formation of some amount
of Mo5+ in the presence of vanadium. The overall peak position of
Mo3d also shows a slight shifts to lower binding energies by adding va-
nadiumoxidewith respect to virgin sample. So the quenching of photo-
chromic effect is partially attributed to formation of a mixture of
molybdenum oxidation states.

3.5. Electrochromic properties

For electrochromic investigation a conductive substrates are needed
and so in this section samples deposited on ITO/glass were used. The
electrochromic investigations of samples were done for Mo-V-O
samples deposited on ITO/glass substrates using PC+LiClO4 (1M) elec-
trolyte. The optical density changes and cumulative optical density
changes (400 nm to 700 nm) are shown in Fig. 12(a, b) for different
values of x. As can be seen, undoped MoO3 sample represents the
highest electrochromic coloration and by increasing vanadium content
the electrochromic property decreases. In a work reported by Zhang
et al. [27] the electrochromic mechanism of MoO3 was discussed by
using results obtained from XPS. Their results showed that Mo6+ in
MoO3 filmswasmainly reduced toMo5+ andMo4+ ions after Li+ inter-
calation process. In our study, Mo chemical states do not change consid-
erably by vanadium content, but instead, the oxidation state of V itself
changes considerably from partial V4+ to V5+.

The corresponding EIS spectra (Nyquist diagrams) are shown for dif-
ferent vanadium content x in Fig. 13(a). EIS is a powerfulmethod for in-
vestigation of ion transport in porous media. In this investigation, the
measurement accuracy for EIS analysis is in micro-ohm order. The im-
pedance spectra shows a region of high-frequency semicircles and a
low-frequency tail which is attributed to a double layer ion injection
process at the electrode/sample interface and the diffusion of lithium
ions in the film lattices. The impedance plots shown inset of Fig. 13
are fitted using the equivalent Randles circuit model. The equivalent
Fig. 13. (a) Nyquist plots of the as-prepared Mo-V-O/ITO/glass samples for different x
values; x = 0.00 (1), 0.09 (2), 0.17 (3), 0.23 (4), and 0.29 (5). Inset shows the
equivalent Randles circuit model.
circuit including: Rs (electrolyte resistance), the constant phase
element (CPE) related to the interfacial resistance, Rct (charge-transfer
resistance), and Zw (Warburg impedance)which is associatedwith lith-
ium ion diffusion in the films. All the EIS spectra were shifted by the
value of their Rs to zero. Table 3 indicates the Rct values for different x
values. One can see that the Rct values of all the samples containing va-
nadium oxide are smaller than undoped sample within which the Rct of
the sample with x = 0.09 is the smallest. So the charge transfer resis-
tance in oxidation-reduction reaction at the films surface has been re-
duced considerably by adding vanadium oxide. The lower charge
transfer resistance may be in relation to a lower Li + doping into the
layer during the electrochromic process. In other words, the lithium-
Mo-V-O films oxidation-reaction in an electrochromic process reduces
the concentration of Li + ions in the electrolyte and leads to an in-
creased charge transfer resistance. Therefore the minimum Rct for
x = 0.09 in accordance to XPS results because this sample has the low-
est concentration of V5+due to presence of some V4+. Lower concen-
tration of V5+ consumes less lithium ions and keeps Rct smaller.
Moreover, the MoO3 sample without doping (x = 0) has the highest
Rct indicating higher tendency for electrochromic reaction and perhaps
this is in relation to its higher electrochromic coloration. Electrical im-
provement of MoO3 by doping vanadium oxide was also reported else-
where [28]. Another reason is that doping of MoO3 with V is equivalent
to the donor defect and different doping ratio of V in the MoO3 will in-
duce different amounts of the vanadiumdefects.When theV concentra-
tion is below a certain level the resistance of the film is lowered.
However, different vanadium oxide defect states formed in the MoO3

host structure has an adverse effect on the process of electron transition
[29] hence increases the resistance.

Although our investigation on chromogenic indicated a potential to
produce chromic effect under different stimuluses in a compositional
mixed matter, reversibility is one of the most significant challenges.
Thin films in this study have been shown admissible reversibility re-
sponse for thermochromic and photochromic properties whereas for
electrochromic and gasochromic properties, the reversibility response
was a bit frustrating. Based on our overall observations, reversibility de-
pends on coloring type (thermos, photo…) and sample. Reversibility
was almost observed for all samples but, recovering time is yet an
open question and should be investigated in a detailed study.

4. Conclusion

Molybdenum-vanadium mixed oxide thin films were fabricated by
PLDon glass or ITO/glass substrates formulti-chromogenic applications.
We found that thermochromic and gasochromic properties improve
and photochromic. Our results also show that electrochromic remain
significantly high at small vanadium oxide molar ratio indicating a de-
sirable multi-chromogenic application potential. Optical band gap and
electrochemical charge transfer resistance are also lower at this opti-
mum ratio. These properties, based on XPS, were attributed to the
higher concentration of V4+ in the films.
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