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In this paper, the liquid phase deposition (LPD) technique was developed to prepare TiO; thin films
on ITO conducting glass applied to the photogenerated cathodic protection of SUS304 stainless steel
(304SS). The results showed that a dense and crack-free anatase TiO; film with a thickness of 800 nm
was prepared from the LPD process at 80°C for 3 h. Moreover, the TiO, films exhibited a decrease in
crystal preferential orientation and an increase in optical band gap energy when heat treated at 300°C
and 500°C. In addition, the results of the photoelectrochemical measurements showed that the pho-

ﬁ?ﬂggjﬁ;se deposition topotential of the as-deposited TiO, film was stabilized at about —200 mV, whereas those of the films
TiO, thin film subjected to heat treatment at 300°C and 500°C were stabilized at —400mV and —460 mV, respec-
Photoanode tively. It was indicated that both the as-deposited and the heat treated LPD-derived TiO; films exhibited

Cathodic protection sufficiently negative electrode potential under illumination, which could serve as the photoanodes for

effective cathodic protection of 304SS.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The corrosion prevention of metals or steels has been widely
investigated by many researchers all over the world. The traditional
methods applied to the anticorrosion of metals are the sacrificial
anode [1] and impressed current [2] cathodic protection, as well as
the barrier layer protection using the organic or ceramic coatings to
separate the metals from the around environment [3-5]. However,
the above methods cannot provide a long-standing protection for
the metals due to the limited life-time of the applied materials and
energy.

Recently, the application of TiO, semiconductor films to the
photogenerated cathodic protection of metals is recognized as a
sustainable anticorrosion method and is well developed by many
researchers. In 1995, Yuan and Tsujikawa [6] have firstly proposed
the concept of photogenerated cathodic protection. They discov-
ered that the potential of TiO,-coated copper substrate showed a
negative shift under illumination. Accordingly, Fujishima and co-
workers [7] have also reported that the TiO,-coated stainless steel
could also show a significant anticorrosion effect under the UV
illumination. Inspired by these studies, Park et al. [8,9] have devel-
oped a novel photoelectrochemical approach for metal corrosion
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prevention using the TiO, semiconductor photoanode coupled with
the stainless steel substrate. Since then, the preparation of TiO,
photoanodes applied to the cathodic protection of stainless steels
has attracted many researchers. Subasri et al. [10] have demon-
strated that the effective cathodic protection of copper could be
achieved by the sol-gel-derived TiO,-based photoanodes. Using the
titanium foils as substrates, both the anodization and hydrothermal
technique were developed to prepare the TiO, nanotubes [11-13]
as well as the net-like [14] and flower-like [15] TiO, films served
as photoanodes for the cathodic protection of stainless steel. How-
ever, arelatively higher temperature (above 450 °C) heat treatment
process is usually necessary for the above methods to prepare the
anatase TiO, films, which would lead to some unfavorable changes
on the microstructure and composition of the underlying sub-
strates. Therefore, the development of low-temperature deposition
of anatase TiO; films served as photoanodes is urgently required.
Liquid phase deposition (LPD) is a method that can obtain crys-
talline metal oxide films directly from aqueous solutions at low
temperatures (25-100°C) [16-18]. It is based on the slowly hydrol-
ysis of metal fluoride complex [MF;]™" with the boric acid as
the common fluorine scavenger [16]. The synthesis of TiO, films
for photocatalysis application by means of LPD method was firstly
reported by Deki and co-workers [19,20]. Since then, the LPD
method has got attractive attentions due to its great advantages
that require neither special equipment nor high energy supply
[21-24]. However, to our best knowledge, few studies have car-
ried out the researches on photogenerated cathodic protection of


dx.doi.org/10.1016/j.jallcom.2011.11.005
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zdfeng@xmu.edu.cn
mailto:rgdu@xmu.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.11.005

CX. Lei et al. / Journal of Alloys and Compounds 513 (2012) 552-558 553

WE CE RE
@ [ N
o
—_—
i 7 e
AR & =

> E

i, BB

| & Pt

82 SCE

TiO:film -
Photoanode cell Corrosioncell

Fig. 1. Schematic illustration of the experimental device for photoelectrochemical
measurements.

metals provided by the liquid phase deposited TiO, films. In this
study, the LPD method was developed to prepare TiO, thin films on
ITO conducting glass applied to the photogenerated cathodic pro-
tection of 304SS. The results showed that the dense and crack-free
TiO, films with an effective photogenerated cathodic protection
of 304SS were obtained. The photogenerated cathodic protection
properties were further improved when the as-deposited films
were heat treated at 300°C and 500°C. Moreover, under the illu-
mination by the white light, the LPD-derived TiO, film without
heat treatment could also provide a sufficiently negative electrode
potential (—200mV) for the cathodic protection of 304SS, which
would exhibit a better promising application to the corrosion pre-
vention.

2. Experimental details
2.1. Liquid phase deposition of TiO films

The substrates used for liquid phase deposition in this study were ITO (In,O3:Sn)
conducting glass (10 mm x 30 mm x 1 mm). Before the LPD experiments, the ITO
glasses were ultrasonically cleaned in the acetone, ethanol and de-ionized water for
15 min, respectively. The precursor bath solutions were prepared by mixing 0.02 M
(NH4),TiFs and 0.06 M H3BOs3 at the same volume (75 ml). The pH of the above
mixed solution was kept at a natural value (pH 3.73) without further adjustment.
During the LPD experiment, the cleaned ITO substrates were placed vertically into
the precursor solutions, and the whole system was kept at 80°C for 3 h. After the
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Fig. 2. The thermogravimetry (TG) curve of the as-deposited TiO, powders obtained
from the LPD process.
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Fig. 3. XRD patterns of the LPD-derived films with heat treatment at different tem-
peratures: (a) ITO substrate; (b) as-deposited film; (¢) 300 °C-HT film; (d) 500 °C-HT
film.

film deposition, the specimens were gently washed and naturally dried in the air.
For comparison, some specimens were chosen to be annealed at 300°C and 500°C
in the air for 3 h, with a heating rate of 5°C/min.

2.2. Characterizations of the TiO; films

The phase structure of LPD-derived films on ITO substrates was identified by
X'pert X-ray diffractometer (XRD, X'pert PRO, Panalytical, Netherlands) using CuKoay
radiation (A=1.54056A) at 40kV and 30mA, with 2-theta ranged from 20° to
80°. The surface and cross section morphologies of the films were observed using
scanning electron microscopy (FE-SEM, LEO1530). The Ultraviolet-visible (UV-vis)
spectra of the films on ITO substrates were collected using an UV-vis spectropho-
tometer (Cary 50 Bio, Varian) by a transmittance mode. The thermogravimetry
(TG) measurement of the LPD-derived TiO, powder was performed using a TG-
DTA instrument (Thermische Analyse, NETZSCH), under an air atmosphere with a
heating rate of 10°C/min from room temperature to 600 °C. The surface chemical
composition analysis of LPD-derived films was performed using X-ray photoelec-
tron spectroscopy (XPS, PHI Quantum 2000) with an Al-Ka radiation source. All of
the specimens were subjected to Ar etching of 30 nm from the top-surface before
the data collection during the XPS measurements. The binding energies were nor-
malized to the signal for adventitious carbon at 284.8 eV.

2.3. Photoelectrochemical measurements

The schematic illustration of the experimental device for photoelectrochemical
measurements was shown in Fig. 1. The measurements were performed using Model
263A potentiostat/galvanostat (EG&G Instruments, Inc., USA, Princeton Applied
Research) connected to a SBP300 grating spectrometer with a LPX 150 W Xe lamp
as the illumination source [11-15]. During the photoelectrochemical measure-
ments, a polytetrafluoroethene (PTFE) container with a quartz window to transmit
the light was used as the photoelectrochemical cell. The SUS304 stainless steel
(10mm x 30 mm x 1 mm) foils used in this study were mechanically polished to
a mirror finish with Al,03 suspension solution, and then ultrasonically cleaned in
acetone, ethanol and de-ionized water, respectively. Both the TiO,/ITO electrode
and the polished 304SS electrode were prepared with an active area of 1cm?. The
back and edges of the electrodes were all covered with 704 silicone rubber to expose
only the front active surface to the electrolyte solution. The TiO,/ITO electrode was
served as a photoanode in the photoelectrochemical cell while the coupled 304SS
electrode as the working electrode in the corrosion cell. Moreover, the saturated
calomel electrode (SCE) was served as the reference electrode while platinum foils
as the counter electrode. The electrolyte used in the photoelectrochemical cell was
0.05 M sodium formate solution [9], while in the corrosion cell was 0.5 M NaCl solu-
tion. The open circuit potentials (OCP) of the coupled electrodes were measured
under illumination by intermittent white light (with the wavelength ranging from
250 nm to 700 nm). During the measurements of photocurrent spectra, an M5210
lock-in amplifier/chopper setup (with a chopper frequency of 34 Hz) were used and
connected to the above electrochemical working station. All of the photocurrent
curves of the LPD-derived TiO, photoanodes were collected under the illumination
without the application of bias voltages.
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Fig. 4. Surface morphologies of the TiO, thin films with heat treatment at different temperatures: (a and b) as-deposited film; (c and d) 300 °C-HT film; (e and f) 500 °C-HT

film.

3. Results and discussion
3.1. Thermal analysis

The thermogravimetry (TG) curve of the as-deposited TiO, pow-
der obtained from the LPD process is shown in Fig. 2. This curve
could be divided into three stages. The first stage was observed
with the temperature ranging from the room temperature to 260 °C,
with the mass loss of about 10.3%, which was mainly attributed
to the evaporation of physically absorbed water. The temperature
ranging from 260°C to 380°C was assigned as the second stage,
and the largest mass loss of about 53.9% was found. This stage

was associated with the thermal decomposition of some imme-
diate compounds containing NH4* and F~ in the LPD-derived TiO,
powders [16]. In general, the process of liquid phase deposition
of anatase TiO, was performed through the following reactions
[25,26]:

TiFe2 "2 TiFg_n(OH), 2~ + nF~* 25"
BO33~ +4F + 6HT — BF4~ +3H,0

Ti(OH)s>~ 229Ti0,

Ti(OH)g?~ + 6F~

It was indicated that the intermediate phases such as
(NH4),TiFs_,(OH), cannot be completely ruled out in the
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Fig. 5. The cross section morphology of the as-deposited TiO, film on ITO substrate
by LPD method.

as-prepared TiO, powders or films. In addition, the previous
study also reported that the LPD-derived TiO, always contained
nitrogen and fluorine elements, and these impurities could be sig-
nificantly decomposed upon calcination above 300°C [20]. In the
present study, the significant mass loss was observed in the second
stage between 260°C and 380 °C, which would be mainly caused
by the decomposition of the nitrogen and fluorine impurities. The
temperature of the third stage was ranging from 380°C to 600°C,
where the mass loss was only about 0.3%. This could be due to the
dehydration and evaporation of the chemisorbed water.

3.2. XRD, SEM and XPS analysis

The XRD patterns of LPD-derived films on ITO substrates sub-
jected to heat treatment (HT) at different temperatures are shown
in Fig. 3. The small peak located at 20 of 25.2° was observed for
each coated sample (Fig. 3(b-d)), which was assigned as the anatase
(PDF No. 21-1272) plane (01 0). It should be pointed out that the
peak corresponding to anatase plane (004) with 26 of 37.8° was
difficult to resolve from the ITO substrate signal (peak with 26 of
37.4°). However, compared to the blank ITO substrate, the inten-
sity of the peak at 37.8° was strengthened for the TiO, coated ITO
substrates, which was due to the contribution of the anatase TiO,
thin film. This was also agreed well with the previous results about
the LPD-derived TiO, films [27]. However, for the 500 °C-HT film,
the intensity of (004) peak was relatively weaker. This implied
that the higher temperature heat treatment process might inhibit
the growth of anatase crystals along [00 1] direction. The previ-
ous study demonstrated that the anions such as F~, BO33~, BF4~,
and TiFg2~ included in the LPD precursor solution would adsorb to
the surfaces parallel to the c axis of the TiO; crystals and inhibit the
growth in the direction perpendicular to the c axis [28]. In that case,
the anatase crystals would grow along the c-axis direction [28].
Therefore, the similar case would occur in this study. The impuri-
ties in the as-prepared TiO, films could result in a relatively strong
(004) peak at 37.8°. Therefore, compared to the TiO, film with-
out heat treatment, the intensity of (0 04) plane at 37.8° decreased
for the 300°C-HT sample and almost vanished for the 500 °C-HT
sample, as the impurities were decomposed upon calcination.

The surface and cross section morphologies of the LPD-derived
TiO,, films on ITO substrates are shown in Figs. 4 and 5, respectively.
The deposition of TiO, films on ITO conducting glass from aque-
ous solutions are favored due to the structural similarities between
both semiconductor materials (the ITO layer and TiO, films) [27].
Consequently, the coherent and dense TiO, films could be readily

formed on ITO substrates. In this study, the uniform and crack-free
TiO, films with a thickness of 800 nm were obtained (Figs. 4 and 5).
The as-deposited TiO, film exhibited a similar morphology to that
of the 300 °C-HT sample. However, the 500 °C-HT TiO, film showed
rather a different morphology, and large amounts of shuttle-like
crystals were observed. Most of the TiO, crystals in the No-HT and
300°C-HT films were perpendicular to the substrate, which indi-
cated that certain preferential orientation was maintained in these
films. Nevertheless, the crystals in the 500 °C-HT film were not ori-
entated. This was also agreed well with the results obtained from
the XRD analysis. It is known that the intermediate compounds
which contained nitrogen and fluorine elements would signifi-
cantly decomposed upon calcination at 500 °C [20]. Therefore, the
crystals in 500 °C-HT films showed rather a random orientation as
the impurities of the anions that resulted in the preferential orien-
tation of TiO, crystals were significantly decomposed.

Fig. 6 shows the high-resolution XPS spectra of the Ti2p and
O1s regions for the as-deposited and the heat-treated TiO, films
obtained by the LPD process. It was observed that the Ti2p peaks
of the 500°C-HT film were shifted to a lower binding energy
than those of the as-deposited and the 300 °C-HT films. This sug-
gested that the 500°C-HT film showed significant differences in
the nanocrystalline structure of TiO, [29]. It was also confirmed
by the XRD and SEM analysis, as significant differences in orienta-
tion and morphology were observed for TiO, nanocrystals in the
500°C-HT film. The O1s bands of the LPD-TiO, films were decon-
voluted using the symmetric Gaussian curves. The O1s peak was
decomposed into two contributions for all the samples. The peak
located at about 530.2 eV was attributed to the Ti-O in anatase TiO5,
whereas the peak at about 532.3 eV was assigned as the OH group
in Ti-OH [25,30]. It was found that the peak area of anatase TiO,
was greater than that of the Ti—OH after the sample was subjected
to heat treatment at 300°C and 500°C. As the LPD samples were
heat treated, the Ti—-OH group in the as-deposited films would be
completely converted into anatase TiO, according to the following
reaction [25]:

Ti-OH + OH-Ti — Ti-O-Ti + H,0

Therefore, the heat treatment process would result in the more
completely conversion of Ti-OH into anatase TiO,.

3.3. UV-vis analysis

The UV-vis transmittance spectra of the as-deposited and heat-
treated TiO, films on ITO substrates are shown in Fig. 7(a). The
transmittance below 400 nm significantly decreased for all sam-
ples, which was attributed to the absorption of UV light caused
by the jump of excited electrons from valance band to conduction
band of TiO, films. The transmittance of the 500°C-HT TiO, film
was about 90% in the visible light and was significantly higher than
that of the as-deposited and the 300°C-HT TiO, films. This could
be due to the smaller crystalline particles with only 30-40 nm in
diameter on the surface of the 500 °C-HT TiO,, film. With increasing
heat treatment temperature, the absorption edge was shifted to a
lower wavelength, which indicated that the band gap of TiO,, films
increased upon heat treatment. In order to obtain the quantitative
estimate of the absorption edge of TiO, films, band gap energies of
TiO, films in the present study could be calculated according to the
following relation [31]:

(ahv)'/? = A(hv — Eg)

where « is the absorption coefficient of TiO, thin film, hv is the
photo energy, E; is the optical band gap of thin film, and A is a
constant that does not depend on photo energy. The intercepts
of the tangents to the «!/2 versus photo energy (hv) would give
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Fig. 6. The high-resolution XPS spectra of the Ti2p and O1s regions for the as-deposited and heat-treated TiO films by LPD process.

an estimate of the optical band gap energies of TiO, thin films.
Fig. 7(b) shows the plots of o!/2 versus photo energy (hv) for the as-
deposited, 300°C-HT and 500°C-HT TiO, thin films, respectively.
The band gap energies for the as-deposited, 300 °C-HT and 500 °C-
HT TiO, films were estimated to be 2.98 eV, 3.08 eV, and 3.18¢eV,
respectively. These results also indicated that the band gap energies
of LPD-TiO, films increased with increasing of the heat treatment
temperature.

3.4. Photoelectrochemical performances

Fig. 8 shows the open circuit potential (OCP) changes for the
coupled electrodes between TiO, films and 304SS under illumi-
nation by intermittent white light (with the wavelength ranging
from 250 nm to 700 nm). [t was observed that both the as-deposited
and heat-treated samples exhibited a typical instantaneous n-type
photoeffect under illumination. The open circuit potential (OCP)
of each coupled electrode was rapidly shifted to a more negative
value when the light was on. The stable value of the OCP under
illumination was recorded as photopotential. It was found that
the photopotential of the coupled electrode corresponding to the
as-deposited TiO, film was stabilized at about —200 mV, whereas
those of the 300°C-HT and 500°C-HT films were stabilized at
—400mV and —460 mV, respectively. Fig. 9 presents the photocur-
rent spectra for the as-deposited and 500 °C-HT TiO, films under
illumination. A photocurrent peak located at about 325 nm was
observed for the as-deposited TiO, films. The 500 °C-HT TiO, film
exhibited a more broaden and intensive photocurrent peak, with
the maximum photocurrent value of 492.7 nA located at 325 nm.

In this study, the white light with a wavelength ranging from
250nm to 700 nm was used as the simulated sunlight. When the
LPD-derived TiO, films were illuminated by the white light, the
electron-hole pairs are generated in the TiO; layer. Driving by the
electric field of the space-charge layer in TiO, semiconductor, the
photogenerated holes would migrated to the electrolyte solution
reacting with water and sodium formate according to the following
equations [9,32]:

H,0+2h" — %02+2H+ 1)

(2)
(3)

The electrons would transfer to the coupled 304SS electrode to
lower its potential or react with the protons or water as following
[32]:

2H* +e— H»

h* + HCOO~ — HCOO*
HCOO* — CO, +H* e~

(4)
(5)

Therefore, the photopotential of the coupled electrodes under
aerated conditions was determined both by the anodic photocur-
rent, as well as the cathodic current caused by the H* and O,
reduction. The heat treatment process of LPD-derived TiO, films in
the present study would resultin a better crystallinity of the anatase
TiO,, which would allow the photogenerated electrons move faster
in the TiO; layer. In that case, the possibility of the H* and O, reduc-
tion was largely inhibited, which gave rise to the more negative
OCP and stronger intensity of anodic photocurrent. Nevertheless,

%02+2e'+H20 — 20H"
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the as-deposited TiO, films also exhibited the sufficiently negative
electrode potential (—200 mV), which was more negative than the
corrosion potential of the bare 304SS (55 mV). This suggested that
the photogenerated cathodic protection of 304SS was also achieved
through the LPD-derived TiO, films even without the further heat
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cathodic protection of the substrates that could not be resistant
to high temperature.

3.5. Analysis of photogenerated cathodic protection properties

When the LPD-derived anatase TiO, coated ITO electrode was
contacted with the electrolyte solution (0.05 M sodium formate in
this study), the thermodynamic equilibrium would take place at
the interface between TiO, semiconductor and the electrolyte solu-
tion. Subsequently, a space-charged layer was formed at the surface
layer of TiO, films. The potential difference in the space-charged
layer would cause the band energy in the surface layer of TiO, films
bend upwards. Therefore, when under illumination, the photogen-
erated electrons and holes would be separated in the space-charged
layer, with the electrons moving toward the bulk TiO, films and the
holes moving toward the interface of solid/solution. In that case,
the degree of bending in the TiO, surface band energy decreased,
and the photopotential was generated. It was reported that the
thickness of space-charged layer in the surface of TiO, films would
significantly influence the photoelectrochemical properties [33].
For the LPD-derived TiO, films in this study, the as-deposited TiO,
films had a relatively thicker space-charged layer when immersed
into the electrolyte solution, which would inhibit the movements
of photogenerated electrons and holes. Therefore, the as-deposited
TiO, films showed a less negative OCP and a lower photocurrent
under illumination. By contrast, for the heat treated LPD-derived
TiO, samples, the thickness of the TiO, films would decrease due
to the decomposition of some intermediate compounds during the
heat treatment process, and a thinner space-charged layer would
be generated in the surface of heat-treated TiO, films. In that case,
the photogenerated electrons could move fast in the thinner space-
charged layer. Moreover, the higher crystallinity and less surface
defects of the heat-treated TiO, films would also facilitate the
movement of photogenerated electrons. Consequently, the more
negative OCP and higher photocurrent were observed in the heat
treated LPD-derived films, and the better photogenerated cathodic
protection of 304SS was achieved.

4. Conclusions

The dense and crack-free TiO, thin films with a thickness
of 800 nm on ITO substrates were successfully prepared by LPD
method in this study. The heat treatment temperature had a signif-
icant effect on the structure and morphology of the TiO, films. The
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TiO, films exhibited a decrease in crystal preferential orientation
and an increase in optical band gap energy after heat treatment
at 300°C and 500°C. The heat treated samples showed a more
effective photogenerated cathodic protection of 304SS due to the
more completely conversion of intermediate compounds into the
better crystalline anatase TiO, phase. However, the as-deposited
TiO, films without further heating treatment would also provide an
effective cathodic protection for the 304SS, with the photopoten-
tial of about —200 mV, which was more negative than the corrosion
potential of 304SS. In summary, the LPD-derived TiO, thin films
both with and without heat treatment could provide an effective
photogenerated cathodic protection of 304SS under the white light
illumination.
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