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V2O5–TiO2 nanostructured porous layers were grown through micro arc oxidation of titanium in vanadate
containing electrolytes. This study sheds light on the effect of the electric current type on the photocat-
alytic performance of the layers. Surface morphology of the layers was investigated by SEM. The results
revealed a porous structure with a pores size of 30–180 nm depending on the frequency and the duty
cycle. A uniform porous structure was obtained under the pulse-DC regime. Topographical investigations
revealed a rough surface which is favorable for catalytic applications. Our XRD and XPS results showed
icro arc oxidation
xide
urfaces
atalytic properties

that the layers consisted of anatase, rutile, and vanadium oxide phases whose fraction was observed to
change depending on the electric variables. Finally, methylene blue was selected as a model material
in order to evaluate the photocatalytic performance of the grown layers. The layers which were fabri-
cated under pulse current, especially those synthesized at the frequency of 500 Hz and duty cycle of 5%,
exhibited higher photocatalytic efficiency under ultraviolet and visible illuminations on account of their
higher surface area and anatase/rutile fraction.
. Introduction

Titania (TiO2) only exhibits its photocatalytic properties under
V illumination due to its relatively wide band gap which is about
.2 eV. Its wide band gap means that it only absorbs in the UV
egion of the solar spectrum which represents only 4% of the incom-
ng solar energy. It is necessary to alter TiO2 surface structure and
omposition in order to improve its photoactivity under visible irra-
iation, because UV-irradiation cannot be applied for a long time

n practical applications. In addition, its relatively high recombi-
ation rate of e−–h+ pairs adversely influences the photocatalytic
ctivity [1–4]. Different solutions have been proposed to increase
he absorption capacity of TiO2 under the visible illumination and
ecrease the e−–h+ recombination rate. One of the most important
f these solutions is coupling titania with other semiconductors
5–10], metallic, and non-metallic species [11,12]. V2O5 is one of
he most important metal oxides catalysts with a narrow band

ap and its mixture with TiO2 can be beneficial to improve the
hoto-catalytic activity. Once optical excitation takes place in the
2O5–TiO2 composite layers, the photo-generated electrons can be
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transferred to the lower-lying conduction band of V2O5, while the
positive holes moves toward the valence band of TiO2 and accumu-
late there resulting in reduction of the electron-hole recombination
rate and consequently photocatalytic activity enhancement. It has
also demonstrated that the surface of V2O5–TiO2 layers is more
acidic than that of pure TiO2. The increased acidity can generate a
higher affinity of V2O5–TiO2 layers for species with unpaired elec-
trons; therefore, these films could absorb more OH− or H2O, and
create more OH radical necessary for photo-oxidation reactions.
Furthermore, due to the lower band gap energy, the light absorp-
tion capacity of the V2O5–TiO2 systems is higher than that of the
TiO2 layers. It results in generation of more e− and h+ pairs [13–16].
In addition, V-doping widens the light absorption range of titania
and shortens the transition time of electron to the sample surface
which is favorable to separate the e−–h+ pairs [17].

High quality titania based layers can be obtained via micro arc
oxidation (MAO) process [10,18–22]. MAO technology is a rela-
tively new and effective method of fabricating thick, hard, and
well-adhered ceramic layers. It is one of the most efficient and
simplest methods to grow TiO2 layers, based on the modifica-

tion of the growing anodic film by spark arc micro discharges. In
this process, the micro discharges rapidly develop and extinguish
(within 10−4–10−5 s) on the vicinity of the anode and heat the
metal substrate to less than 373–423 K. At the same time the local

dx.doi.org/10.1016/j.jallcom.2011.03.013
http://www.sciencedirect.com/science/journal/09258388
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layer grows during on-times and cools down in the adjacent elec-
trolyte during off-times. As a consequence, the growing layers are
allowed to cool down more at low duty cycles, since the off-time
is longer than on-time. Consequently, applying lower duty cycles
M.R. Bayati et al. / Journal of Alloys

emperature and pressure inside the discharge channels which are
ormed by electrical sparks can reach 103–104 K and 102–103 MPa,
espectively, which are enough to give rise to plasma thermo-
hemical interactions between the substrate and the electrolyte.
hese interactions result in the formation of melt-quenched
igh-temperature oxides and complex compounds on the sur-

ace, composed of oxides of both the substrate material and
lectrolyte-borne modifying elements. Due to strong electric field
106–108 V m−1) between anode and cathode, electrolyte anions
re drawn into the structural pores where they can attend elec-
rochemical reactions. Structural pores are formed by electron
valanches taking places on the vicinity of the anode. MAO can be
xpressed as a valid process for “in situ” preparing of ceramic coat-
ngs. In the case of TiO2, the phase structure can be controlled by
djusting the experimental conditions [23]. The details of the MAO
rocess can be found elsewhere [24–26].

In our previous study, we employed micro arc oxidation tech-
ique and fabricated V2O5–TiO2 layers under direct current. The

ayers were grown in the electrolytes consisting of sodium phos-
hate salt with a concentration of 10 g l−1 and sodium vanadate
alt with concentrations of 1, 2, and 4 g l−1 with applying various
oltages for 3 min. It was shown that the photocatalytic activity
as significantly improved when TiO2 layers was combined and
oped with V2O5. Moreover, maximum photocatalytic efficiency
as achieved in the layers which were grown under the voltage of

50 V in the electrolytes consisted of sodium vanadate with a con-
entration of 2 g l−1. It was found that vanadia was partially doped
nto the titania lattice and dispersed in its matrix as well. We fabri-
ated V2O5–TiO2 layers via MAO process and proposed a formation
echanism for the first [27,28].
In the present study, V2O5–TiO2 porous layers were grown by

icro arc oxidation technique under pulse current for the first
ime. The synthesis conditions were selected based on the obtained
esults in our previous works [27,29]. Physical and chemical prop-
rties of the layers, especially their photocatalytic performance,
ere compared with those of the layers made under direct current.
ence, we think that it is the first study of its kind.

. Experimental details

Commercially pure grade II titanium substrates, surrounded by an AISI 316 stain-
ess steel cylindrical container, were used to grow V2O5–TiO2 layers. Details of the
urface cleaning procedure as well as schematic illustration of the experimental
etup can be found in our previous works [30,31]. The layers were grown in the
lectrolytes containing sodium phosphate (Merck, 10 g l−1) and sodium vanadate
Merck, 2 g l−1) salts. The treatment time and the applied voltage were same and
onsidered as 3 min and 450 V for all samples, respectively. Meanwhile, frequencies
f 250 and 500 Hz and duty cycles of 5 and 25% were applied. Table 1 summarizes
ll synthesis conditions.

Surface morphology and topography of the layers were examined by scanning
lectron microscopy (TESCAN, Vega II) and atomic force microscopy (Veeco auto
robe) with a silicon tip of 10 nm in radius in contact mode in the atmosphere. X-ray
iffraction (Philips, PW3710) and X-ray photoelectron spectroscopy (VG Microtech,
win anode, XR3E2 X-ray source, equipped with AlK� X-ray source at energy of
486.6 eV, utilizing hemisphere energy analyzer) techniques were used to study
hase structure and chemical composition of the synthesized layers.

Photocatalytic activity of the layers was evaluated by measuring the degradation
ate of aqueous methylene blue solution at room temperature. A UV–Vis spectropho-
ometer (Jasco V-530) was used to measure the change in concentration, based on
he Beer–Lambert equation stating A = ε × b × C where A, ε, b, and C are absorptance
f the solution, molar absorptivity, path length, and solution concentration, respec-
ively. Since b and ε are constant, the parameter C is linearly proportional to the
bsorptance; thus, it can be obtained by measuring the parameter A. To do that, 50 ml
f the MB solution (50 mg l−1) and a 1 cm × 1 cm sample, as a photocatalyst, were
laced in a quartz cell. A UV-lamp (Philips, 25 W) was used as an irradiation source
uring photocatalytic experiments. Prior to UV irradiation, in each experiment, the
olution and the catalyst were left in the dark for 60 min (considered as a reference

oint) until adsorption/desorption equilibrium was reached. The solution was then

rradiated by UV light (� = 365 nm). A fixed quantity of the solution was removed
very 20 min to measure the absorption and then the concentration. The absorptiv-
ty measurements were carried out at a fixed wavelength of 664 nm, because the

aximum light absorption by the MB solutions occurs at this particular wavelength
Fig. 1. XRD patterns and anatase fraction of V2O5–TiO2 layers grown under different
conditions.

[32]. The photoactivity of the synthesized layers under visible irradiation was also
studied via a similar set of experiments under visible light with wavelengths ranging
from 400 to 550 nm using a Xenon-lamp (Luminar Ace 210, Hayashi Takei Works).

3. Results and discussion

XRD patterns of the V2O5–TiO2 layers are depicted in Fig. 1
where formation of the anatase, rutile, and vanadia phases are evi-
dent. Since the anatase phase of the TiO2 layers is well known
as a photoactive structure, its relative content (WA) determines
the degree of photocatalytic performance. Therefore, WA was cal-
culated using the formula WA = IA/(IA + IR + IV) where IA, IR, and
IV represent the normalized XRD-peak intensities of the anatase,
rutile, and V2O5 phase, respectively (Fig. 2). Concerning accuracy
of the XRD method as well as this formula, it is worthy to note that
the values presented in Fig. 2 may not match the real amount of
the anatase phase of the layers; however, they can be considered
as a reliable criterion to only compare the phase structure of the
samples, since any probable error is common for all samples and,
hence, can be neglected. Comparing these results and the results
obtained in our other works [27], it can be suggested that apply-
ing pulse current results in higher anatase fractions. The reason for
such a difference is that the growing layer can cool down in the
adjacent electrolyte when the current is off. Therefore, the anatase
metastable phase does not transform to the rutile phase which is
thermodynamically stable at all temperatures. In other words, the
anatase to rutile phase transformation is suppressed. Duty cycle
is defined as ˚ = on-time/(on-time + off-time). Concerning this for-
mula, on-time is longer at higher duty cycles and vice versa. The
Fig. 2. Anatase relative contents for different samples.
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Fig. 3. XPS core level binding energy of: (a) Ti(2p3/2), (b) O(1s), and (c) V(2p3/2).

Fig. 4. SEM top-view of the grown V2O5–TiO2 layers.
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Fig. 5. AFM surface topography and average

esulted in higher WA. Another difference between phase structures

f the V2O5–TiO2 layers grown under direct and pulse currents is
he amount of the vanadia phase dispersed in the titania matrix
hich decreased when pulse current was applied.

able 1
ummary of the growth conditions.

Sample
no.

Electrolyte Time
(min)

2505 Na3PO4 (10 g l−1) + NaVO3 (2 g l−1)

3
2525
5005
5025
e roughness of the grown V2O5–TiO2 layers.

Since the layer grown under the frequency of 500 Hz and duty

cycle of 5% had the highest anatase fraction, its surface chemi-
cal composition was further investigated by XPS technique whose
results are presented in Fig. 3. It should be noted that all of the

Voltage
(V)

Frequency
(Hz)

Duty cycle
(%)

450

250 5
25

500 5
25
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Fig. 6. ln(Co/C) as a function of the ultraviolet irradiation for different synthesis
conditions: (a) f = 250 Hz and (b) f = 500 Hz.
M.R. Bayati et al. / Journal of Alloys

inding energies were referenced to the C(1s) peak binding energy
t 285 eV. Fig. 3a depicts the Ti(2p3/2) core level binding energy.
he peak located at the binding energy of 458.6 eV asserts the exis-
ence of titanium in the form of Ti4+ state solely. Applying high
oltages, which are much more than the electrochemical poten-
ials of the titanium states, results in the formation of the oxides
ith highest states. According to Fig. 3b, the O(1s) peak were

esolved into four distinct components. The peak A, located at
30.3 eV, is assigned to the crystal lattice oxygen (Ti–O and V–O),
hile the peaks B and C, at the binding energies of 531.4 and

31.9 eV, represent the oxygen in hydroxyl groups (O–H) and O−

ith descending binding energy, respectively. Oxide free surfaces
ontacting with the atmosphere are always hydrated, i.e. contain
ater molecules and hydroxyl groups. Finally, the peak D, located

t the binding energy of 533.0 eV, represents oxygen in the water
olecules. Fig. 3c shows V(2p3/2) core level binding energy which
as deconvoluted to two distinct peaks. The peaks A and B with

inding energies of 516.1 and 517.7 eV correspond to V4+ and V5+,
espectively. As discussed earlier, oxides with the highest states
orm in the layers grown via micro arc oxidation process due to
he high voltages applied. However, another phenomenon is pre-
ailing as well. It has been suggested that V2O5 is stable at the
emperatures below ∼450 ◦C and transforms to other vanadium
xides such as VO2 [33]. Applying high voltages results in increasing
he temperature of the anode and the growing layer; as a con-
equence, V2O5 forms and, then, transforms to other vanadium
xides.

SEM surface morphology of the layers is shown in Fig. 4. Com-
aring these results and the SEM morphology of the vanadia–titania

ayers fabricated under direct current [27], it can be suggested
hat pores size decreases and finer structures are achieved when
ulse current is applied. The reason is that the long-living electri-
al sparks which are responsible for formation of wide pores are to
ome extent eliminated [34]. Generation of such low energy sparks
esults in formation of smaller pores. Under this condition, a higher
urface area is obtained and, thus, the photocatalytic efficiency is
nhanced [29]. It is observed that the pore size decreases with fre-
uency. Frequency is defined as the pulse number per second, or the
eciprocal of the time for one cycle: f = 1/t where f is the frequency
Hz) and t is the time of one cycle (s). The higher the frequency, the
horter the time of one cycle. For example, the time of one cycle is
.0017 and 0.1 s for frequency of 600 and 10 Hz, respectively. The
horter time of one cycle means the more breakdowns per second
nd the less energy provided by one cycle leading to weaker elec-
rical sparks. As a result, the electrical avalanches are shorter and
eaker at high frequencies. In addition, it can be observed that the
ore size increases with the duty cycle, because duration of sparks

ncreases with this parameter. It is concluded that the finest pores
ormed under the frequency of 500 Hz and duty cycle of 5%.

Fig. 5 shows AFM surface topography of the layers where a rough
urface is observed. Such a rough surface is usual for MAO-grown
ayers and increases the surface area. The average surface rough-
ess numbers (A.S.R.) are also presented in this figure. The electron
valanches taking place on the anode surface result in local melting.
fter the sparks disappeared, the melted zones solidify in the adja-
ent electrolyte. This phenomenon makes the layers roughened.
ccording to the statistical data analysis, it can be seen that the
urface roughness decreases with the frequency and increases with
he duty cycle.

In order to calculate the photocatalytic reactions rate constants
k), the quantity ln(Co/C) versus irradiation time was plotted for
ifferent growth conditions. Straight lines, which are shown in

igs. 6 and 7, indicate that the degradation of MB is a first order
rocess. The reactions rate constants (k) was calculated using the
quation ln(Co/C) = kt and the results are listed in Table 2. It is
orthy to be noted that the layers were photoactive under both

Fig. 7. ln(Co/C) as a function of the visible irradiation for different synthesis condi-
tions: (a) f = 250 Hz and (b) f = 500 Hz.
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activity of the layers increases when the duty cycle decreases. The
reason is the effect of this parameter on the surface area and the
phase structure of the layers, as elucidated before. In conclusion,
Fig. 8. SEM top-view of the vanadia–tita

ltra violet and visible irradiations due to their narrow band gap.
esults of the optical studies on the layers can be found in our
revious reports [27]. Comparing these results and those obtained

n our previous study, it can be deduced that the vanadia–titania
orous layers synthesized under pulse current are more photoac-
ive than the layers grown under direct current. Three reasons are
ut forward for such a difference. The first reason is that the lay-
rs fabricated under pulse current had a finer pore size and, hence,
igher surface area where the photocatalytic reactions take place.
s shown in Fig. 8, larger pores were formed in the vanadia–titania

ayers fabricated under direct current. The reason is that the sparks
aking place under DC mode have longer life. The second reason
s the difference between phase structures. As elucidated earlier,
pplying pulse current instead of direct current resulted in higher
natase fractions. Regarding the fact that the growing layer can-
ot cool down in the adjacent electrolyte under direct current,
he anatase–rutile phase transformation is encouraged in such lay-
rs resulting in lower anatase/rutile relative content, as shown
n Figs. 9 and 10. Higher surface area and more anatase phase,

hich is the main photoactive phase of the layers, result in better
hotocatalytic performance. Another reason, which is also pro-
osed, is the amount of the vanadia phase dispersed in the TiO2
atrix. The amount of this phase is less in the layers synthesized
nder pulse current when compared to that of the layers fabri-
ated under direct current [27]. It is well-known that only doped
anadium improves the photocatalytic activity of TiO2. In contrast,
he vanadia, which is dispersed in the matrix, adversely affects

able 2
hotocatalytic reaction rate constants (k) for different growth conditions.

Illumination Sample no.

2505 2525 5005 5025

Ultraviolet 0.0276 0.0252 0.0314 0.0281
Visible 0.0125 0.0116 0.0145 0.0135
rous layers grown under DC mode [27].

photocatalytic performance in high amounts, since photocatalytic
activity of vanadia is significantly weaker than that of titania [35].
A comparison between the phase structure of the pulse-grown lay-
ers and those fabricated under the direct current [27] asserts that
the diffraction angles of the anatase and the rutile phase for the
DC and pulse grown layers are approximately equal. This shows
that the amount of the doped vanadium does not change when
the current type is altered. As a consequence, applying pulse cur-
rent decreases the fraction of the dispersed vanadia, and, improves
the photocatalytic efficiency. Moreover, the photocatalytic activ-
ity increases with the frequency. The reason is that the anatase
fraction, affecting the photoactivity of the layers, increases with
frequency, as explained before. Photocatalytic performance is also
determined by surface area which was higher in the layers grown at
the frequency of 500 Hz. It is clearly evident that the photocatalytic
Fig. 9. XRD patterns of the vanadia–titania layers grown under DC mode [27].
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. Conclusions

V2O5–TiO2 porous layers with a rough surface were grown by
icro arc oxidation process under pulse current. The layers had
fine porous structure where the pore size decreased with the

requency and increased with the duty cycle. They consisted of
natase, rutile, and vanadium oxides phases. The layers which were
abricated under the frequency and the duty cycle of 500 Hz and
% had the highest anatase fraction. Photocatalytic activity of the

ayers was also examined by measuring the decomposition rate of
ethylene blue under both ultraviolet and visible photo irradia-

ions. It was observed that the layers grown under pulse current
ere more photoactive as compared to the layers which were syn-

hesized with applying direct current. It is finally suggested that a
niform porous structure with enhanced photocatalytic efficiency
an be elaborated by changing the current type and altering the
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