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Abstract: A V-doped titania catalyst was synthesized on ti-
tanium substrate by micro-arc oxidation and then it was
carried out by heat treatment in nitrogen atmosphere. The
surface characteristics of the synthesized titania coatings
were investigated by SEM, EDS, XPS and XRD. The syn-
thesized TiO2 coating doped with V (in form of V2O3 and
V2O5) showed a large amount of “cellular” bulges with
more microscopic defects. The anatase phase of the TiO2
coatings after heat treatment tended to be transformed
into rutile phase. As a result, the corrosion resistance and
photocatalytic performance of TiO2 coating doped with V
after heat treatment had been enhanced.

Keywords: Micro arc oxidation; Heat treatment; Mi-
crostructure; Photocatalysis; Corrosion

1 Introduction
In recent years, photocatalyst materials have attracted sig-
nificant interest among researchers for application in en-
vironmental remediation due to their outstanding photo-
catalytic performance towards organic pollutants degrada-
tion [1–3]. It is well known that metal oxide photocatalysis
is a very promising approach to solve the pollution prob-
lem. Among various metal oxide, titanium oxide (TiO2)
has become one of the most popular photocatalysis for
its chemically inert and photocatalytically stable, and so
on. The preparation of photocatalytic TiO2 coatings on
the substrates has been the main research direction cur-
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rently. A number of commonly surface techniques have
been developed to synthesize titanium dioxide, such as
sol–gel, chemical vapor deposition, cold spray, spray py-
rolysis, and anodizing [4, 5]. Micro arc oxidation (MAO) is
one of the most promising and environmentally friendly
technology to prepare TiO2coatings, which could be car-
ried out byultrasonic catalysis, light-oundand light-lectric
combined catalysis. It has recently gained much attention
as useful photcatalysis for its simple manufacturing pro-
cess, high growth rate and adhesion, porous microstruc-
ture, excellent anti vibration performance [6–9]. Since the
band gap energy (Eg) of titania is relatively wide, consid-
erable efforts have been extended to broaden the absorp-
tion edge of TiO2 toward the visible part of the spectrum
in the last three decades, and so it is expected to be a new
method for the preparation of high performance TiO2 pho-
tocatalytic coating. The TiO2 coatings doped with metallic
or nonmetallic elements (such as Ag, V, W, B, N and S) to
enhance the photocatalytic properties have been reported
by some references [10–13]. Furthermore, heat treatment
is another method for improving the photocatalytic prop-
erties of the coatings and also beneficial for increasing
the coating adhesion strength, which is used in TiO2 thin
film or powder [14–16]. However, heat treatment to influ-
ence the microstructure and photocatalytic performance
of TiO2 coatings has been little reported.

In this paper, the TiO2 coatings formed by MAO were
prepared on pure titanium in the electrolytes with or with-
out NaVO3 addition. Then, the obtained coatings were car-
ried out by heat treatment. Finally, themicrostructure and
photocatalytic performance of the TiO2 coatings with or
without Vdoping before and after heat treatment had been
comparatively studied. Meanwhile, the mechanical, elec-
trochemical and photocatalytic performances of TiO2 coat-
ings were also systematicly studied.

https://doi.org/10.1515/secm-2020-0002
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2 Experimental

2.1 Preparation of MAO coatings

Pure titanium (Φ16mm×5mm)wasmechanically polished
to an average surface roughness of Ra ≈ 28.6 nm, fol-
lowed by ultrasonic cleaning in acetone for 10 min. To fab-
ricate TiO2 ceramic coatings, the constant voltage mode
was selected and 450 V was predefined. The MAO param-
eters were as follows: frequency 500 Hz, duty cycle 6%
and time 5 min. The solution temperature was kept be-
low 35∘C during the MAO process. Three electrolytes, 10
g/L Na2SiO3, 20 g/L Na2SiO3, 20 g/L Na2SiO3 + NaVO3,
were used for the MAO deposition. As a result, the three
TiO2 coatings with the thickness of about 8 µm were pre-
pared. In the further text, we would use the terms “MAO-1,
MAO-2,MAO-3” to denote the three TiO2 coatings. Then the
three obtained TiO2 coatingswere carried out by heat treat-
ment using tube furnace (KSY, Beijing Kewei Instrument
Co. Ltd. Yongxing, China), using “MAO-1+HT, MAO-2+HT,
MAO-3+HT” to denote the three TiO2 coatings after heat
treatment. Due to the relatively small size, the three sam-
ples wrapped with tin foil were loaded in porcelain boats
during the heat treatment process. The annealing temper-
ature for heat treatment were set at 400∘C in N2, at which
the specimens were kept for 60 min. In the final step, the
samples were left in the furnace to cool naturally.

2.2 Coating characterization

Field-emission scanning electron microscopy with energy
dispersive X-ray spectrometer (EDS) (FE-SEM, S-4800, Hi-
tachi, Japan) were performed for morphological character-
izationof the TiO2 coatings. X-raydiffractionmeterwithCu
Kα radiation was used to study the phases of the obtained
TiO2 coatings. The x-ray generator was operated at 40 kV
and 40 mA. X-ray photoelectron spectroscopy (XPS, Axis
ultraDLD, Japan) with Al (mono) Kα irradiation at pass en-
ergy of 160 eVwasused to characterize the chemical bonds
of the coatings. The binding energies were referenced to
the C 1s line at 285.0 eV.

2.3 Property testing

The corrosion resistance of the coatings was tested by the
electrochemical system (PGSTAT302, OTL, Holland) under
room temperature using electrochemical potentiodynamic
polarization in 5wt.%NaCl solution. During the process of
electrochemical test, a three electrode cell with the coated

specimens as working electrode, the platinum sheet as
auxiliary electrode, the saturated calomel electrode as the
reference electrode was used. The working electrode was
covered with a holder with a circular window having a
surface area of 0.785 cm2 and was exposed to the elec-
trolytic solution. Before each measurement, the open cir-
cuit potential (OCP) of samples wasmonitored for 5 min to
stabilize the surface condition. The scanning speed was 1
mV/s. A 64 bit system -zview software was used to fit and
calculate the characterization parameters of electrochemi-
cal corrosion. The photocatalytic activities of the prepared
samplesweremeasuredbydetermining thedegradationof
methylene blue (MB) solution, and a 8 W ultraviolet lamp
was used as the light source of simulated sunlight. The dis-
tance between the samples and the lamp was 5 cm. The
concentration of the MB solution was 8 mg/L and the test
sample was fully immersed in 10 ml of MB solution. The
decomposition rates of MB were monitored by measuring
the absorbance of MB solution at 664 nm using a UV 723
spectrophotometer periodically every 1 h for a total time of
5 h. The coated samples were tested for the average value.

3 Results and discussion

3.1 Coating characteristics

Figure 1 shows the surface morphologies of TiO2 coatings
prepared in three different electrolytes on pure Ti sub-
strates. It was found that the surfacemorphologies of TiO2
coatings prepared in 10 g/L or 20 g/L Na2SiO3 solutions
were compact and smooth, which was not clearly changed
before and after heat treatment under 400∘C for 1 h. Af-
ter adding 5 g/L NaVO3 into 20 g/L Na2SiO3 base solution,
energy applied to the sample under the same electrical
parameter output conditions had been enhanced and mi-
cro arc phenomenon could be strenghthened during the
MAO process. So high energy resulted in more spattering
ofmolten droplets andmore holes observed in the ceramic
coating. As a result, some “cellular” bulge andmicropores
were found on this TiO2 coating. Compared with the TiO2
coating prepared in 10 g/L or 20 g/LNa2SiO3 solutions, the
TiO2 coating prepared in 20 g/L Na2SiO3 +5 g/L NaVO3 so-
lutions was more coarse obviously. Furthermore, the sur-
face defects on the TiO2 coating doped with V were in-
creased after heat treatment. These “defects” microstruc-
ture might be beneficial for increasing the adsorption of
organic matter on the coating surface and improving its
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Figure 1: Surface morphologies of MAO coatings before and after heat treatment (a) MAO-1, (b) MAO-1+HT, (c) MAO-2, (d) MAO-2+HT, (e)
MAO-3, (f) MAO-3+HT
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Table 1: EDS results of MAO coatings prepared on Ti substrates before and after heat treatment

Coatings O Ti Si Na C V
MAO-1 71.56 16.05 11.91 0.39 0.09
MAO -2 71.66 10.67 17.26 0.34 0.07
MAO-3 65.81 10.11 20.01 1.12 0.12 1.29

MAO-1+HT 71.22 16.47 11.80 0.50
MAO-2+HT 70.79 11.16 17.56 0.43 0.06
MAO-3+HT 64.55 10.15 20.53 1.26 0.06 1.59

Figure 2: (a) XPS survey spectra, (b) typical Ti2p3/2 and (c) V2p high-resolution XPS spectrum of MAO coating doped with V on Ti substrate
after heat treatment

photocatalytic performance due to the increase of surface
area.

The EDS analysis of the TiO2 coatings in three different
electrolytes was shown in Table 1. It was found that the el-
ementary compositions of the TiO2 coatings formed in the
same electrolyte had no obvious change before and after
heat treatment. The content of Si element was increased
significantly, as the TiO2 coating was prepared in an in-
creased concentration of Na2SiO3. Meanwhile, the content
of Ti element significantly reduced and O content was not
significantly changed. So, it was obtained that Si element
from the electrolyte was strongly involved in the formation
process of TiO2 coating. The introduction of V into the base
Na2SiO3 solution resulted in a sharp micro arc discharge

phenomenon. As a result, V and Si elements from the elec-
trolyte strongly participated in the formation process of
TiO2 coating, which resulted in the decreased content of
O and Ti elements in the coating. So it was obtained that
the degree of solute ions participating in the TiO2 coatings
could be affected by each other.

In order to study the elemental composition of the
TiO2 coating doped with V after heat treatment, the XPS
analysis has been employed. The XPS survey spectra of
the prepared coating is shown in Figure 2 (a). It was noted
that the dominant elements were O,Ti, Si, V and C. The
high concentration of C was commonly in the surface XPS
scan, whichwas attributable to environmental contamina-
tion. The concentration of Ti and O elements were 11.28
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Figure 3: XRD patterns for three MAO coatings formed onto Ti substrates, (a) before heat treatment, (b) after heat treatment

Table 2: Ratio of anatase and rutile phases of MAO coated Ti sub-
strates before and after heat treatment

Coatings Ratio of anatase and rutile
MAO-1 Only anatase
MAO-2 Only anatase
MAO-3 10.28

MAO-1+HT 8.45
MAO-2+HT 1.81
MAO-3+HT 0.85

at.% and 63.67 at.%, respectively. The V2p peak of the TiO2
coating had been found and the atomic percentage of the
V element in this coating was 1.85 at.%, which indicated
that the V element from the solution had been doped into
the TiO2 coating. Furthermore, a large amount of Si ele-
ment (about 18.36 at.%) from the base solution had been
obviously detected, which illustrated that the solute el-
ement had been strongly involved in the formation pro-
cess of TiO2 coatings. This was consistent with some litera-
tures [17, 18]. The Ti2p3/2 peak of TiO2 coating was shown
on Figure 2 (b), and theTi2p3/2 peak of 558.41 eV indicated
the existence of TiO2. So it could be obtained that the tita-
nium oxide was formed in this TiO2 coating. The V2p peak
of TiO2 coatingwas shown on Figure 2 (c). The V2p3/2 peak
of 516.98 eV and V2p1/2 peak of 524.58 eV corresponded to
V2O3 and V2O5, respectively. Therefore, it was confirmed
byXPSanalysis thatV element from the solutionwas incor-
porated into in the oxide film through the electrochemical
oxidation process. According to M.R. Bayati et al. [19], the
absorption edge of the TiO2 coating doped with V (V2O5)
shifted toward the visible wavelengths and the photocat-
alytic performance of this composited TiO2 coating could

be enhanced. Thus it could be speculated that the photo-
catalytic performance of the obtained TiO2 coating doped
with V might be changed compared with the TiO2 coating
without V doping [20].

The XRD patterns of the oxidized samples prepared by
different MAO technology are presented in Figure 3. The
proportion of anatase and rutile phase of different TiO2
coatings is shown in Table 2. XRD analysis revealed that
the surfaces of the coated samples were covered by Ti and
TiO2. The appearance of Ti peaks on the XRD patterns
was most likely due to the penetration of the X-rays be-
yond the TiO2 coating. The TiO2 coating prepared in 10
g/L Na2SiO3 solution included only anatase TiO2 before
and after heat treatment. The crystalline phase of the pure
TiO2 film is anatase, because it is very difficult for the
metastable anatase phase to transform to thermodynami-
cally stable rutile phase due to less heat produced by mild
spark discharge on the surface of anode for a low conduc-
tivity of the solution. Xiang et al. [10] also reported that
TiO2 film was mainly composed of anatase generated dur-
ing MAO process. Furthermore, it was found that the crys-
talline phase of the pure TiO2 film after heat treatmentwas
still composed of anatase phase. When the concentration
of Na2SiO3 was increased to 20 g/L, the TiO2 coatings in-
cluded anatase TiO2 and rutile TiO2, and the proportion
of anatase phase and rutile phase was 10.28, which was
due to a violent discharge on anodic surface and resulted
in the transformation of crystalline phase frommetastable
anatase phase to thermodynamically stable rutile phase.
The proportion of anatase phase and rutile phase of this
TiO2 coating after heat treatment decreased to 8.45, imply-
ing that themetastable anatase phase furhter transformed
into thermodynamically stable rutile phase.With the addi-
tion of NaVO3 into 20 g/L Na2SiO3 solution, the TiO2 coat-
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Table 3: Electrochemical parameters obtained from the polarization curves of Figure 4

Coatings Corrosion current density (A/cm2) Corrosion potential (V)
MAO-1 6.037×10−8 −0.205
MAO-2 8.998×10−8 −0.2593
MAO-3 9.31×10−8 −0.2061

MAO-1+HT 1.492×10−9 −0.5506
MAO-2+HT 5.922×10−9 −0.5577
MAO-3+HT 4.894×10−8 −0.284

ings also included anatase TiO2 and rutile TiO2 before and
after heat treatment, and the proportion of anatase phase
and rutile phase was 1.81 and 0.85, respectively. Compared
with the TiO2 coatings without V doping, the proportion
of anatase and rutile phase of the TiO2 coatings with V
doping significantly decreased due to the change of mi-
cro arc discharge characteristics and the function of V ele-
ment in the coatings [20]. It was also believed that anatase
phase of the TiO2 coatings prepared in 20 g/LNa2SiO3 elec-
trolyteswith orwithout NaVO3 addition tended to be trans-
formed to rutile phase after heat treatment. As a result, the
TiO2 coatings with different proportion of anatase and ru-
tile phase could present different properties, especially the
photocatalytic performance.

3.2 Corrosion resistance

In order to study the corrosion resistance ofMAO treated Ti
substrate when it serves as photocatalytic material, an in
corrosion test is employed and the potentiodynamic por-
larization curves are used to evaluate the corrosion resis-
tance [21, 22]. The polarization curves of the coated pure
Ti substrates in the 3.5 wt.% NaCl solution are shown in
Figure 4. Corrosion potential and corrosion current den-
sity obtained from Figure 5 by Tafel analysis are shown
in Table 3. Based on these electrochemical parameters, it
was known that the corrosion current density and corro-
sion potential of the MAO coated samples after heat treat-
ment all slightly decreased comparedwith theMAOcoated
samples before heat treatment, which indicated that the
corrosion resistance of the MAO coated samples after heat
treatment got better and the corrosion tendency had been
intensified [23]. It was known that the metastable anatase
phase could be transformed into thermodynamically sta-
ble rutile phase of the MAO coating on Ti substrate after
heat treatment, which resulted in the enhanced corrosion
resistance. However, adding 5 g/L NaVO3 into 20 g/L so-
lution, the obtained TiO2 coating showed the worst corro-
sion resistance due to the increasing micro “defects” and

Figure 4: Polarization curves of three MAO coatings before and after
heat treatment

the potential difference between Ti and V elements, which
might result in the galvanic corrosion. Besides, the MAO
coating doped with V element resulted in the decreased
content of O and Ti elements in the coating, which was
not also helpful for the improvement of its corrosion resis-
tance. In general, theweakened corrosion resistance of the
MAO coating doped with V was due to surface morpholo-
gieswith some “defects” (pore size), galvanic corrosion be-
tween Ti and V elements, and change of Ti and O (Compo-
sition of titanium oxide) element content.

3.3 Photocatalytic activity

The photocatalytic activity of the TiO2 coatings on pure Ti
before and after heat treatment versus illumination time
is shown in Figure 5 (a) and (b). It was found that the pho-
todegradation rate of methylene blue gradually increased
along with the illumination time for all the TiO2 coatings
before and after heat treatment, and the photodegrada-
tion rate increased fast first and then the increasing speed
tended tobe slow. Thephotodegradation rate ofmethylene
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Figure 5: Photocatalytic activity of three MAO coatings (a) before heat treament, (b) after heat treatment, (c) catalytic effect of MAO coatings
for 5 h

blue for the TiO2 coatings prepared in 20 g/L Na2SiO3 so-
lution with or without V doping was higher than the TiO2
coating prepared in 10 g/L Na2SiO3 solution before heat
treatment, which could be mainly attributed to the mixed
phaseand the transfer of photo-generated electron from ru-
tile to anatase. In addition, metal oxides with more struc-
ture defects on surface are able to substantially ionosorb
oxygen to improve the photocatalytic activity [24]. How-
ever, the photocatalytic activity of the TiO2 coating doped
with V was lower than the TiO2 coating prepared in 20
g/L Na2SiO3 solution, which might attribute to the pro-
portion of anatase phase and rutile phase. The TiO2 coat-
ing doped with V presented the highest photodegradation
rate among the three TiO2 coatings after heat treatment
due to comprehensive function of the proportion of the
mixed phase and the formation of structural defects. The
photodegradation efficiencies of the TiO2 coatings before
and after heat treatment were shown in Figure 5 (c). Com-
pared with the TiO2 coating doped with V, the photodegra-
dation efficiency of this TiO2 coating after heat treatment
had been enhanced. It was believed that the “defects” mi-

crostructure, doping V into the coating and the decreasing
proportion of anatase and rutile phase resulted in the in-
creasing adsorption of organic matter on the coating sur-
face and enhancing the photocatalytic activity. However,
the photodegradation efficiency of the TiO2 coating pre-
pared in 20 g/L Na2SiO3 solution had been deteriorated
after heat treatment. In short, the TiO2 coating prepared
in 20 g/L Na2SiO3 solution before heat treatment had the
best photodegradation efficiency among the all TiO2 coat-
ings, which was determined by a appropriate proportion
of anatase and rutile phase to accelerate photo-generated
electron transfering from rutile to anatase.

4 Conclution
1. The TiO2 coatings prepared in the base elec-

trolyte were smooth and compact, and their surface
morphologies changed little after heat treatment.
Adding NaVO3 into the base electrolyte, some “cellu-
lar” bulges were found on the coating and heat treat-
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ment resulted in an increase ofmicro “defects”and a
poor corrosion resistance for this coating.

2. The coating prepared in 10g/L Na2SiO3 electrolyte
was only composed of anatase phase, which was
not changed before and after heat treatment. The
anatase phase and rutile phase were all found in
the two coatings prepared in the 20g/LNa2SiO3 elec-
trolyte or 20g/L Na2SiO3 + 5g/L NaVO3 electrolytes.
The ratios of anatase phase and rutile phasewere all
decreased after heat treatment.

3. The TiO2 coating prepared in 20 g/L Na2SiO3 solu-
tion showed the best photodegradation efficiency
before heat treatment for a appropriate proportion
of anatase and rutile phase, but it could be deterio-
rated after heat treatment. The TiO2 coating doped
with V presented the best photodegradation effi-
ciency among the three coatings after heat treat-
ment.
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