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Abstract V2O5–TiO2 porous layers were synthesized via

micro-arc oxidation for the first time. The effect of the

applied voltage on morphology, composition, and photo-

activity of the layers was investigated. The layers, which

consisted of anatase, rutile, and vanadium pentoxide pha-

ses, revealed an enhanced photo-activity. About 93% of

methylene blue solution was degraded on the synthesized

layers after 120 min UV-irradiation with a reaction rate

constant of k = 0.0228 min-1. The band gap energies of

the vanadia–titania and pure titania layers were calculated

as 2.56 and 3.39 eV, respectively.

Keywords Micro arc oxidation � Titanium oxide �
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1 Introduction

Dyes are an important group of chemicals among different

pollutants of ecosystem. They are utilized in various indus-

tries such as textile, paper, rubber, plastic, and cosmetic

to color the products. These dyes are usually released in

the industrial wastes, and, consequently discharged to the

surface waters. Dyes even in low concentration are visually

detected and affect the aquatic life and food web; in addition,

they are aesthetically displeasing. They can also inhibit

sunlight into streams and affect the photosynthetic reactions

[1]. Among the various types of dyes, methylene blue (MB)

is one of the most commonly used substances for coloring

cotton, wood, paper stocks, and silk. It is utilized in medicine

as well. Severe exposure to MB will cause increased heart

rate, vomiting, shock, Heinz body formation, cyanosis,

jaundice and quadriplegia, and tissue necrosis in humans

[2–4]. Due to these critical negative effects, MB should be

eliminated from the human environment. The ways of

treating the industrial wastes to eliminate hazardous pollu-

tants have been reported by many scientists [5, 6]. Nowa-

days, heterogeneous photo-catalysis is the most efficient

method for destroying organic pollutants in especially

aqueous media [7–9]. This process is based on the use of

ultraviolet or visible radiations to excite a semiconductor

which on its surface the oxidation of the pollutants is

performed.

Titanium dioxide is one of the important semiconductors

which is widely used as an efficient photo-catalyst, because

it is chemically and biologically inert, photo-catalytically

stable, commercially available and inexpensive, and envi-

ronmentally friendly. Although it has a lot of advantages

including biological and chemical inertness, strong oxi-

dizing power, cost-effectiveness, and long-term stability

against photo-corrosion and chemical corrosion [10–17],

its wide band gap (*3.2 eV) and electron–hole recombi-

nation limit its applications. Because of its wide band gap

energy, it only absorbs the UV region of the solar spectrum

which is about only 4% of the incoming solar energy.

Therefore, numerous attempts have been directed to extend

the absorption of TiO2 towards the visible part of the

spectrum by many researchers in the last three decades
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[18–20]. To decrease the charge recombination rate

and increase the TiO2 photo-catalytic efficiency, several

methods have been put forward such as loading of metallic

and non-metallic species [21, 22] inorganic ions [23, 24],

noble and rare metals [25, 26] into the crystalline lattice of

titania, or mixing titania with other semiconductor metal

oxides [17, 27–30]. Such modifications can change TiO2

surface properties by altering interfacial electron transfer

process and, consequently, improve the photo-catalytic

efficiency of the surface as compared with pure TiO2.

While there are a variety of processes by which a TiO2

layer can be produced, micro-arc oxidation (MAO) is

considered to be appropriate for synthesizing such oxide

layers. MAO is an electrochemical technique for forma-

tion of anodic films by spark/arc micro-discharges which

move rapidly on the vicinity of the anode. This process is

carried out at voltages higher than the breakdown voltage

of the gas layer enshrouding the anode. Since the substrate

is connected to positive pole of the rectifier as anode, the

gas layer consists of oxygen. When the dielectric gas layer

completely covers the anode surface, electrical resistance

of the electrochemical circuit surges and the process

continues providing that the applied voltage defeats the

breakdown voltage of the gas layer. Applying such volt-

ages leads to formation of electrical discharges via which

electrical current could pass the gas layer. Due to strong

electrical field (106–108 V m-1) between anode and

cathode, electrolyte anions are drawn into the structural

pores where they can attend electrochemical reactions.

Structural pores are formed by electron avalanches taking

places on the vicinity of the anode [31–38]. Characteris-

tics of electrolyte have a great influence on the film for-

mation kinetics. Phosphates, sulfates, silicates and borates

are four conventional kinds of electrolytes employed

in previous researches, and the formed TiO2 films usu-

ally contain the element of the electrolytes (P, S, Si, B,

etc.) [37].

There are only few reported researches on growing

composite layers by MAO method, as listed in Table 1.

Yerokhin and his group were the first group who synthe-

sized Al2O3–TiO2 composite layers [31]. Afterward, Wang

et al. [39] produced a composite layer consisting of TiO2

and SiO2. Yan et al. [40] synthesized nano-structured

Al2O3–ZrO2 composite layers by MAO process. Finally,

composite layers consisting of Al2O3, ZrO2, and Y2O3

were made by Lou et al. [41]. All of these layers were

produced for anti friction and wear applications. Very

recently, He et al. prepared WO3–TiO2 composite photo-

catalysts layers. They reported that about 85% of the

methyl orange solution was decomposed on the composite

layers after 10 h UV-irradiation [42].

V2O5 is one of the most important metal oxides catalysts

with a narrow band gap and its mixture with TiO2 can be

useful for photo-catalytic reactions. To best of our

knowledge, this is the first study on growth of V2O5–TiO2

layers via MAO. Furthermore, sodium vanadate was uti-

lized as MAO-electrolyte for the first time. In this research,

we present results of growth, characterization, and photo-

catalytic performance of V2O5–TiO2 layers synthesized via

MAO method under different applied voltages.

Table 1 Researches carried out on synthesizing composite layers via MAO method

System Synthesis parameters Application Reference

Substrate Current type Electrical parameters Electrolyte Temperature (�C)

Al2O3–TiO2 Ti6Al4V AC – NaAlO2 (0.05–0.2 M) – Tribology [31]

SiO2–TiO2 Ti6Al4V Pulse DC Voltage: 500 V Na2SiO3 (20.0 g/L),

NaPO3 (6.0 g/L),

NaAlO2 (4.0 g/L)

50 Tribology [39]

Al2O3–ZrO2 Zr Pulse DC Voltage: 400 V

Frequency: 100 Hz

NaAlO2 (0.3 M) 30 Tribology [40]

Al2O3–ZrO2–Y2O3 Mg AC Anodic: 300 V,

Cathodic: -60 V,

Frequency: 700 Hz

NaAlO2 (0.12 M),

K2ZrF6 (0.035 M),

Y(NO3)3 (0.002 M),

KOH (0.089 M)

30 Corrosion [41]

WO3–TiO2 Ti Pulse DC Anodic voltage: 460 V,

Cathodic voltage: 50 V,

Frequency: 600 Hz

Na2WO4 (10.0 g/L)

NaOH (4.0 g/L)

NaF (0.0–4.0 g/L)

24–40 Photocatalysis [42]

V2O5–TiO2 Ti DC Voltage: 250–550 V Na3PO4 (10.0 g/L)

NaVO3 (4.0 g/L)

70 Photocatalysis This work
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2 Experimental

A home-made rectifier with a maximum output of 600 V/

30 A was used as the power supply for the growth process.

3 cm 9 3 cm 9 0.5 mm commercially pure titanium pie-

ces, connected to the positive pole of the power supply as

anode, were used as substrate. An ASTM 316 stainless

steel cylindrical container, surrounding the substrates, was

also used as cathode. Aqueous solutions containing

Na3PO4.12H2O (10 g L-1, Merck) and NaVO3 (4 g L-1,

Merck) were used as electrolyte. The electrolyte tempera-

ture was maintained at 70 ± 3 �C employing a water cir-

culating system.

Prior to MAO treatment, substrates were cleaned in

several steps including mechanical polishing followed

by washing in distilled water. Afterward, the titanium

plates were chemically etched in diluted HF solution

(HF:H2O = 1:20 Vol%) at room temperature for 30 s, and

then washed in distilled water again. In the last stage of

cleaning procedure, the substrates were ultrasonically

cleaned in acetone for 15 min and finally washed by dis-

tilled water.

MAO treatment was carried out with applying DC

voltages from 250 to 550 V in intervals of ?50 V. The

deposition time for each run was considered as 3 min.

Surface morphology of the layers was studied by scan-

ning electron microscope (TESCAN, Vega II). Further-

more, X-ray diffraction (Philips, PW3710) and X-ray

photoelectron spectroscopy (VG Microtech, Twin anode,

XR3E2 X-ray source) techniques were employed to study

phase structure and surface chemical composition of the

synthesized layers.

In order to calculate the band gap energies (Eg) of the

layers, a UV–Vis spectrophotometer (Carry 500) was used

to measure the diffuse reflectance of the layers in a

wavelength range of 200 to 500 nm. Afterward, the

absorption was calculated according to the Kirchhoff’s law

stating a ? q ? s = 1, where a, q, and s are absorptance,

reflectance, and transmittance, respectively. It should be

noted that the substrates were completely opaque. Hence,

their transmittance was assumed to be zero, so a = 1 - q.

Then, the da/dk was calculated and plotted as a function of

wavelength to find the wavelength at which the maximum

absorption occurs (km). Eg can be calculated via the for-

mula Eg = hC/km where C is the light speed in vacuum

(2.99 9 108 m s-1) and h is the Planck’s constant

(6.626 9 10-34 J s). Consequently, Eg (eV) = 1,236.56/

k(nm).

The photo-catalytic activity of the layers was evaluated

by measuring the degradation rate of aqueous methylene

blue (MB) solution at room temperature. A UV–Vis

spectrophotometer (Jascow Y-530) was used to measure

the change in concentration, based on the Beer-Lambert

equation stating A = e 9 b 9 C where A, e, b, and C are

absorption of the solution, molar absorptivity, path length,

and solution concentration, respectively. Since b and e are

constant, the parameter C is linearly proportioned to the

absorption; thus, it can be found by measuring the

parameter A. To do that, 50 mL of the MB solution

(50 ppm) and a 1 cm 9 1 cm sample were placed in a

quartz cell. A UV lamp (Philips, 25 W) was used as an

irradiation source during photo-catalytic experiments. In

each experiment, prior to UV irradiation, the solution and

the catalyst were left in the dark for 60 min (as a reference

point) until adsorption/desorption equilibrium was reached.

The solution was then irradiated under UV light. A fixed

quantity of the solution was removed every 20 min to

measure the absorption and then the concentration. The

absorptivity measurements were carried out at a fixed

wavelength of 664 nm, because the maximum light

absorption by the MB solutions occurs at this wavelength

[43]. To make a comparison between the photo-catalytic

activity of the synthesized composite layers and that of

pure TiO2 layers, three TiO2 samples were grown utilizing

sodium three-phosphate (10.0 g L-1) as electrolyte under

different applied voltages. A completely similar set of

photo-catalytic experiments were carried out on these pure

TiO2 layers.

3 Results and Discussion

XRD patterns indicating formation of both the titanium and

the vanadium oxides in the synthesized layers are shown in

Fig. 1. It was found that the titanium dioxide exists in the

forms of anatase and the rutile. Since the anatase phase

Fig. 1 XRD spectra of the

V2O5–TiO2 layers synthesized

under different applied voltages

a 550, b 450, and c 350 V
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of TiO2 is known for its photo-activity, the fraction of

anatase in the synthesized layers determines the sample

photo-catalytic performance. Therefore, the anatase/rutile

normalized peak intensities were calculated from XRD

patterns (Fig. 2). The results revealed that the anatase/rutile

ratio reaches a maximum value at the applied voltage of

450 V and then decreases at higher voltages. Applying

high voltages warms the anode up due to more electrical

sparks taking place on the vicinity of the anode; mean-

while, the electrical current passing the cell increases with

the applied voltage [31, 36]. Because of this extra heat, the

anatase which is a meta-stable phase transforms to rutile

stable phase at higher temperatures. A small shift toward

higher 2hs is observed in characteristic peaks of the anatase

and the rutile phases when vanadia was loaded on titania.

This shows that the lattice parameter decreases when V is

incorporated in the titania lattice, and Ti is substituted by

V. It should be reminded that the atomic radius of Ti

(0.068 nm) is greater than that of V (0.052 nm). Because of

this shift and the existence of V2O5 peaks, it can be con-

cluded that the V2O5 is not only loaded on TiO2 matrix but

also doped in TiO2 lattice. Both of these phenomena

enhance the photo-catalytic performance of the layers,

since the band gap energy is reduced due to the substitution

of Ti by V; furthermore, when V2O5 is distributed on the

TiO2 matrix, both of them generate electron–hole pairs

which are prerequisite for photo-catalytic reactions, and,

hence, more e-–h? pairs will be available.

The following mechanism for formation of vanadia–

titania composite layers by MAO process is put forward. At

first, OH- and VO3
- anions are generated due to ionization

of the sodium three-phosphate and sodium vanadate salts in

the water:

Na3PO4 ! 3Naþ þ PO4
3� ð1Þ

PO4
3� þ H2O! HPO4

2� þ OH� ð2Þ

and

NaVO3 ! Naþ þ VO3
� ð3Þ

When the potential is applied (at the beginning time of

the MAO process), titanium substrate, which is connected

to the positive pole of the rectifier as anode, involves an

oxidation reaction over the anode surface as below:

Ti! Ti4þ þ 4e� anodic reaction of Ti substratesð Þ ð4Þ

Simultaneously, the OH- and VO3
- anions move

toward the anode surface because of the strong electrical

field between anode and cathode, and react with the Ti4?

cations on the vicinity of the anode:

Ti4þ þ 4OH� ! TiO2 þ 2H2O ð5Þ

Ti4þ þ 4VO3
� ! TiO2 þ 2V2O5 ð6Þ

XPS technique, whose results are presented in Fig. 3,

was used to further confirm the oxidation states of the

titanium and vanadium elements in the composite layers.

All of the binding energies were referenced to the C(1s)

peak at 285.0 eV and interpreted according to the values

reported by other scientists [44–46]. Figure 3a depicts the

Ti(2p3/2) core level binding energy. The peak located at the

binding energy of 458.7 eV shows the existence of

titanium in the form of Ti?4 state. The O(1s) peak,

shown in Fig. 3b, can be resolved into two components

using original XPS software. Both O(1s) peaks are wide

and asymmetric demonstrating that there are at least two

kind of O binding states in the layers. The peak A, located

at 530.2 eV, is assigned to the crystal lattice oxygen (Ti–O

and V–O), while the peak B, located at 531.7 eV,

represents the oxygen in hydroxyl groups (O–H) from

adsorbed water on the surface. Moreover, Fig. 3c shows

V(2p3/2) core level at binding energy of 517.6 eV

corresponding to V5? state indicating formation of V2O5.

Morphology of the layers synthesized under different

voltages is depicted in Fig. 4. As is seen, no any pore was

formed in the structure of the layers synthesized with

applying voltages lower than the breakdown potential of

the surface gas layer, as no electrical spark takes place at

such voltages (Fig. 4a). It should be noted that the elec-

trical discharges, which are responsible for pores forma-

tion, occur at the regions where the applied voltage on the

anode surface is more than the breakdown potential of the

gas layer enshrouding the anode [31, 36]. The electrical

sparks are weak at low voltages due to low current passing

the electrochemical cell; as a result, the structural pores are

small at low applied voltages. In contrast, the electrical

current increases at high applied voltages resulting in for-

mation of wider pores due to stronger electrical sparks

taking place on the vicinity of the anode.

Figure 5a illustrates the diffuse reflectance and da/dk as

a function of the wavelength of the pure TiO2 sample

grown under 500 V applied voltage. Furthermore, the

Fig. 2 Normalized anatase/rutile intensities as a function of the

applied voltage
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diffuse reflectance and da/dk of the composite layer syn-

thesized with applying 500 V is shown in Fig. 5b. Other

results are not presented here. As is observed, the absorp-

tion edge of the layers shifted toward the visible region

when V2O5 was introduced to TiO2. Mechanism of such a

behavior can be found elsewhere [47–49]. According to the

results, band gap energies of the pure TiO2 and V2O5–TiO2

layers were calculated as 3.39 and 2.56 eV, respectively.

It has been reported that the photo-catalytic degradation

of MB solution agrees with pseudo-first-order kinetics [50].

Consequently, the kinetic reaction rate constants (k) can be

calculated by the equation: ln(C/Co) = -kt where Co is the

concentration of the MB at t = 0, and C represents the

concentration of MB at later times. In order to determine

the photo-catalytic reaction rates (k), the quantity ln(Co/C)

was plotted as a function of irradiation time for different

applied voltages. Figure 6a and b show the photo-catalytic

performance of the pure TiO2 and V2O5–TiO2 layers,

respectively. It was observed that the photo-catalytic

activity of the layers enhanced when vanadia was loaded

on titania. Addition of V2O5 to TiO2 creates apparently

more redox sites and reduces the band gap energy of the

Fig. 3 XPS spectra of the

V2O5–TiO2 layer grown with

applying 500 V a Ti(2p3/2) core

level, b O(1s) core level, and

c V(2p3/2) core level binding

energies

Fig. 4 Surface morphology of the V2O5–TiO2 layers grown under different applied voltages a 250, b 300, c 350, d 400, e 450, f 500, and g
550 V
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TiO2 resulting in better photo-activity. It has also demon-

strated that the surface of TiO2–V2O5 was more acidic than

that of TiO2. The increased acidity can generate a higher

affinity of TiO2–V2O5 for species with unpaired electrons;

therefore, these films could absorb more OH- or H2O, and

create more OH radical necessary for photo-oxidation

reactions, resulting in enhancement of charge separation

and photo-catalytic activity [11, 46]. In addition, the

presence of OH radicals on the surface of the layers results

in more attack to the MB molecules. Meanwhile, it was

deduced that the photo-catalytic activity improved when

applied voltage increased from 350 to 450 V, but reduced

at the voltage of 550 V. The reason for such a behavior is

that the anatase/rutile amount reaches its maximum value

at the applied voltage of 450 V, as elucidated earlier.

4 Conclusions

V2O5–TiO2 porous layers were successfully synthesized by

micro arc oxidation (MAO) process for the first time. The

effect of the applied voltage on the surface morphology,

phase structure, chemical composition, and photo-catalytic

activity of the layers were studied. It was found the pore

size increased with increasing the applied voltage. The

grown layers consisted of TiO2 (in the forms of the anatase

and the rutile phases) and V2O5 whose content varied with

the applied voltage. It was also revealed that the absorption

edge of the composite layers shifted toward the visible

wavelengths when V2O5 was loaded on TiO2 layers. It was

also found that the composite layers had an improved

photo-catalytic activity as compared with MAO-grown

pure TiO2 layers. About 92% of MB solution was decom-

posed over the produced composite layers surface after

120 min UV-irradiation.
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