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Abstract

A high-frequency induction heater was used to sinter titanium
dioxide thin film on stainless steel plates with the aim of being
used as photo-electrodes in wastewaters treatment. To validate
the use of this sintering technique, the electrodes were pre-
pared using sol-gel and dip-coating, followed by two different
annealing processes for comparison: a conventional furnace
and a high-frequency induction heating. To characterize the
electrodes, X-ray diffraction (XRD), scanning electron micros-
copy (SEM) and electrochemical and photocatalysis tests were
performed. Anatase and rutile phases were obtained for both
annealing techniques. A more regular surface morphology was
achieved via the induction heating (IH) treatment at 300 °C.
The impedance study showed a lower resistance of I[H samples,
representing an improvement in the charge carrier separation
and its fast transfer to the surface of the electrode. The photo-
oxidation of methylene blue exhibited a higher degradation
compared with the conventional furnace samples prepared in
this study.
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1 Introduction

The remission of toxic contaminants and the use of clean
energy, such as the energy of the sun, for this purpose have
become popular topics for many research teams. The develop-
ment of any nation in the world demands a better and major use
of energy that must be efficient and have a low environmental
impact. Wastewater treatment via an advanced oxidation pro-
cess, which uses toxic elements from organic sources, is one of
the aims of photocatalysis. The process has a high efficiency
for neutralizing these toxic compounds and presents the oppor-
tunity to produce electrodes that are compatible with the envi-
ronment [1]. The capability of the electrodes, chemistry pro-
cess, associated cost effects and the product lifetime are related
to the type of material used, and to its structure, stability, and
porosity, the substrate material and shape, and the successful
adhesion of the coating. These factors must be improved to
reach a massive industrial application of this process. Many
other factors can affect the stability of the electrode, such as
substrate preparation (in particular with metallic support), the
inclusion of a dopant, the solvent involved in the synthesis of
the electrodes, the preparation methods and the parameters of
thermal decomposition (temperature, heating rate and time) [2].

Titanium oxide is one of the most studied materials for pho-
tocatalysis applications because it exhibits highly photocata-
lytic properties and is stable, non-toxic and relatively cheap to
produce. The most efficient form of use is via the commercial
nanopowders called Degussa P-25 TiO, [3]. However, the use
of these nanopowders generates secondary costs, associate with
the need for a high cost filter system to separate the particles
from the treated water. To avoid this problem, studies have been
conducted to obtain a material supported by a substrate that
can be reused, but it must also withstand the reactor conditions
during treatment. Simultaneously, these studies have tried to
improve the photocatalytic activity of the material by improv-
ing the anatase phase stability, porosity distribution, superfi-
cial contact area and other variables [4, 5, 6, 7, 8]. Numerous
substrates have been studied and used to fabricated these
types of electrodes, including stainless steel, paper, conductive
glass, titanium, ceramic foam, TiO, nanoneedle/nanoribbon
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spheres [9] and a rubber sheet strewn with titanium dioxide
particles [10] that can be recovered from the treatment pro-
cess and reused. Nevertheless, all of these solutions address
the difficulty of improving the photocatalytic activity results
obtained compared with titanium dioxide nanopowders.

Several technique have been used to coat stainless steel
substrate for use as an electrode support, including Chemical
Vapour Deposition (CVD), sol-gel, spray pyrolysis, plasma
spraying and sputtering [11-14]. In this case, we employed the
sol-gel dip coating method because it is a simple technique for
obtaining a homogeneous coating, with an effective control of
the composition and a mesoporous thin film.

The sintering process is another experimental condition
that has a strong effect on the electrochemical properties of
these oxides. Decomposition can occur directly via sputtering,
plasma spray, spray pyrolysis [12-14] or the standard method,
which utilizes a furnace after coating the substrate. In this case,
we proposed the use of an electromagnetic induction heater to
promote a rapid consolidation of the coating to the substrate.
Until now, new studies have used electromagnetic induction
heating to sinter thermal oxide for photocatalysis. The first one
was Mousty et al. (1999) [2] that fabricate DSA type electrodes
using induction heating. They observed an activation process
during cycling voltammetry, which was caused by metallic par-
ticles that were left within the coating during rapid decomposi-
tion. The advantage of this technique was the reduction of the
decomposition time, from several hours in a standard oven to
1 s. For other part, Yang et al. (2012) studied the production of
thin iron alloy films in a low carbon steel substrate using high
frequency induction heating at a temperature below 600 °C [15].
Induction heating is a phenomenon where a generated electric
current is induced by a magnetic field produced by a current
fluctuation on a conducted coil [16]. The magnetic field oscilla-
tions produced by the AC current induce an eddy current to the
Joule effect. These currents cause a loss of Ohmic heat inside
the sample. Most of the dissipated heat is produced within a
thin film under the surface. The deepness of the effect depends
of the frequency of the current, electric conductivity and mag-
netic permeability [16]. At high frequencies, more current is
induced on the surface. During large-scale material production,
it is important to balance cost effectiveness, high efficiency and
environmental friendliness when developing fabrication tech-
niques. Electromagnetic induction heating incorporates surface
heating instead of conventional volume heating. This is advan-
tageous because it provides a rapid heating time and a reduced
cooling time, is environmentally friendly and saves energy.

In this study, we use stainless steel (SS) plates coated
with titanium dioxide, which was accomplished using a sol-
gel dip-coating, and by sintering with an induction heater. To
our knowledge, it is the first time that pressureless induction
heating has been used to sinter TiO, to SS plates. The aim of
this sintering technique is to improve the consolidation of the

system substrate-coating. The very fine microstructure that
this process could give to the composites, based on the results
where FAST processes were used, can enhance the photocata-
lytic properties of the supported oxide, thus making the method
ideal for large-scale applications. The aim of this study is to
observe the effect of the sintering process on titanium dioxide,
evaluate its photocatalytic performance and establish an effi-
cient, low cost, low energy consumption and scalable method
for preparing electrodes.

2 Experimental Procedure
2.1 Materials

Titanium (I'V) n-butoxide, (Ti (OBu),), (Sigma-Aldrich rea-
gent, grade 97 %), 2-propanol (Sigma-Aldrich reagent, anhy-
drous, 99.5 %), acetic acid (ACS reagent, 99.7 %) and deion-
ized water were used to synthesize titanium oxide. Stainless
steel AISI 304 plates of 40 x 40 x 0.5 mm were used as sub-
strates. Sulphuric acid (96 %, Fisher) was used to treat the
surface of the substrates. Methylene blue AR LobalChemie,
as pollutant, and Polyethylene glycol methyl ether Mn5000
(Sigma-Aldrich) were used as the template for the mesoporous
structure.

2.2 Synthesis route and sintering methods

The titanium (IV) n-butoxide was dissolved on 83 % 2-pro-
panol slowly, and heated at 50 °C while it was stirred. To com-
plete the process, the 17 % 2-propanol was mixed with water at
a ratio of 1:5. It was then added dropwise while continuously
stirring. After obtaining the sol-gel, 2 g of polyethylene gly-
col were added and stirred for 4 h at 50 °C. The precursor sol
was aged two days at room temperature. The thin film on the
stainless steel was dip-coated at a withdraw rate of 2 mm/s and
dried at room temperature for 1 h. The sintering process was
developed in two ways, for comparison. The first was using a
conventional furnace at 600 °C for 1 h. The second used home-
made high-frequency induction heater for 5 min (reaching a
temperature of 300 °C, measured by an optical pyrometer at the
center of the substrate plate).

2.3 Microstructure and phase analysis

To study the phase formation, crystal size, and surface mor-
phology of the films, XRD measurements were performed on
a D8 Advance Bruker diffractometer, (CuKa, , A = 1.5406, and
current of =30 mA, COD). The Scherrer equation was used to
determine the average diameter of the particles. The surface
morphology was analyzed using a Scanning electron micro-
scope SEM JEOL JSM 63801b.

2.4 Electrochemical Characterization

Electrochemical characterization was analyzed using linear
sweep voltammetry (LSW) test with an AUTOLAB. Mott-
Schottky measurements (The potential range was —1.2 to 0
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V,gagcr At @ constant frequency of 1 KHz) and Electrochemical
Impedance Spectroscopy (EIS) were conducted in the dark
and with UV illumination using a Zahner CIMPS-1. A photo-
chemical Teflon cell with a quartz window was used, includ-
ing a platinum counter electrode wire and an Ag/AgCl, K,SO,
(saturated) reference electrode. The electrolyte solution con-
sisted of 0.1 M potassium sulphate (K,SO,) at pH 6.74, at a
frequency range of 100 kHz to 100 mHz and a DC potential of
02 VAg/AgCl‘
substrate uncoated and coated by TiO,, sintered by induction

Corrosion tests were performed on Stainless Steel

heater and conventional furnace, by polarization measurements
on 3.5 wt% of NaCl (pH=5) with the same three electrode cells
used for EIS studies. The open circuit potential (OCP) was reg-
istered for 1 h and the corrosion parameters were estimated by
extrapolation of the Tafel plots.

2.5 Photocatalytic Degradation of Methylene Blue

The photo-degradation of an Azo dye, such as Methylene
blue (MB), was carried out in a home-made photocell with 4
UV lamps (20 W power, 365 nm maximum radiation) mounted
10 cm above the center of the double-wall Pyrex glass reac-
tor, which was surrounded by a thermostating jacket (25 °C).
The average UV light intensity inside the photoreactor box
was approximately, 606.69 uW/cm?. This was measured at the
center, toward all faces and 3.6 cm from the bottom. The elec-
trode, which had an exposed surface area of 1600 cm? was
located in the reactor with the 0.01 M methylene blue solution.
The solution had its pH adjusted to 10 using 0.1 M NaOH,
which was conducted over 2 h to account for adsorption-des-
orption equilibrium. The measurements were performed for 240
min. Every 20 min, a 5 ml of sample of solution was collected.
The degradation of the samples was analyzed using a UV-vis
spectrophotometer in a Beckman DU 650 Spectrophotometer
at a wavelength scan of 664 nm.

3 Results and Discussion
3.1 Characterization of surface morphology
3.1.1 Pretreatment of substrates for thin film
deposition

As shown in Fig. 1a, the stainless steel substrate has a sur-
face morphology that is too smooth to be effectively coated
using precursor-sol. Therefore, it is necessary to pretreat the
plates. Various processes have been used to increase the sur-
face roughness of the substrate, including mechanical, thermal,
chemical or combination treatment techniques [4, 20]. Many
researchers prefer to use a combination of thermal and chemical
treatments because they significantly increase surface rough-
ness. This study utilized a chemical-thermal treatment with a
modification. In general, chemical treatments have durations of
2 or 3 h and the combinations of the two processes have a mini-
mum duration of 24 h. However, this study attempted to pro-
vide the same effect without the thermal treatment. Therefore,

the plates were left in a sulfuric acid solution (30 wt%) for 8 h,
and then rinsed three times with deionized water in ultrasound
bath. The result is shown in Fig. 1b. The surface morphology
changed from the characteristic grains of an austenitic alloy to
a series of pores and ridges. This modified chemical treatment
demonstrated that it is possible to significantly increase the
roughness of stainless steel samples with only one treatment
and in less time.

Fig. 1 SEM images of stainless steel substrate: (a) as-received and
(b) after chemical etching with H,SO,(30%wt.)

3.1.2 Coating Morphology

The main objective of this work is to evaluate the effect of
the sintering process using induction heated for titanium diox-
ide films. Figure 2 illustrates that the sol-gel precursor success-
fully crystallized for both annealing technique, which included
conventional furnace (CF) and induction heating (IH) at atmos-
pheric pressure. In addition, the treated film remained highly
porous. The mesoporous thin film consisted of interconnected
grain particles with macro-cracks. When previous layers could
be seen due to the significant depth of the macro-cracks, the
particles were fused together in various spots point to create
higher contours differences all over the film. In the case of IH
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Fig. 2 SEM images of the TiO, photoelectrode sintered by a) and b) conventional furnace (600 °C—1 h) and c) and d) induction heater (300 °C—5 min).

samples, the differences between the reliefs are small when
compared to the CF samples. This suggests that the film is more
homogeneous with no significant aggregation in the fast sin-
tering process. Figure 2d presents a slight improvement in the
inter-particle interaction (IH samples) when compared with the
film observed in Fig. 2b (CF samples).

In general, the surface morphology of the thin films fabri-
cated using sol-gel technique displays a “cracked mud” struc-
ture, which seems to be a consequence of the shrinkage of the
film during heat treatment [17-19]. The majority of the macro-
cracks or agglomerated powder islands exhibit a cracked-mud
appearance. In addition, the pores observed in the SEM images
have a regular shape, similar to cylindrical pores, which could
have been formed during the burn out of polyethylene glycol
(PEG) from the precursor-sol [20]. This type of morphology
provides greater particle access to the liquid treated, yield-
ing more active surface area for the photocatalytic process.
A higher surface homogeneity is obtained via induction heat-
ing treatment, yielded a greater integrity and a higher stabil-
ity due to the consolidation obtained between the particles. In
addition, there are not effect of the temperature differences
observed between the center of the samples and the outer area
of the thin film, treated by the induction heater. The process
seems to have a negligible effect on its surface morphology
because no significant differences between those areas were

identified. This is likely because the very fast sintering rate,
lower temperature and short calcination time reduce the pos-
sibilities for generating different microstructures or morpholo-
gies along the thin film surface. The particle size and distribu-
tion in both film types are similar and sub-micrometric in size.
The images in Fig. 2 illustrate that the samples exhibit nearly
the same morphology after both calcination techniques. The
differences are related to the agglomeration form of the parti-
cles over the film and the densification grade between the par-
ticles, making the coating more homogeneous for IH process,
as was previously described.

To the best of our knowledge, this study represents the first
time that this annealing technique has been used for this type
of material. Others works, like the one presented by C. Mousty
et al. [2] applied induction heating for the production of
IrO,/Ti electrodes using a 1 s pulse at 300-350 °C. In our case,
the home-made induction heater reached a temperature of
300 °C in 1 min, providing good film homogeneity and with a
substrate adherence slightly better than that obtained using the
conventional furnace. Therefore, it was necessary to increase
the sintering time to 5 min to improve the stability of the film.

The adhesion of TiO, thin film on the stainless steel sub-
strate by sol-gel dip-coating is a difficult task. This is because
no chemical bonding is obtained between the surface of the
SS substrate and the titanium dioxide coating. Different

144

Period. Polytech. Chem. Eng.

D. Vasquez et al.



approaches have been used to improve the stability of the film.
The best results have been produced using a high sintering
temperature, approximately 700 to 900 °C, or a long sintering
time, i.e., 2 hours or more [8]. However, these processes typi-
cally reduce photocatalytic activity, during the transformation
of anatase phase to rutile phase [17, 21]. Another method for
enhancing the precursor-sol coating adhesion is adding poly-
ethylene glycol PEG, which has a double function. It acts as a
template particle rearrangement for a more homogeneous film
on the substrate and it contributes to the mesoporous structure
of the dioxide [8, 22]. In this case, the polyethylene glycol was
added before the precursor sol were fabricated, which resulted
in a more stable coating than the TiO, film without PEG.

The adhesion was confirmed by two methods of characteri-
zation, the scotch tape test (ASTM D3359) and the method
used for P. Rodriguez et al. [17], which consists in immersing
the samples on a beaker with distilled water at room tempera-
ture and at 80 °C for 8 h, and then measuring the weight of
the samples before and after the treatment. With the scotch
method an adhesion around 85 % (T-IH) and 70 % (T-CF)
were obtained, while with the immersion method, at both
temperatures, a weight loss of 5% (T-IH) and 10 % (T-CF)
were observed. The stability of the thin film in a liquid media
is important for the photocatalytic application. The obtained
scotch tape result showed that an improvement of the mechan-
ical resistance of the thin film is necessary, for both samples.
The lower adhesion on T-CF film in comparison with the lit-
erature is due to the low sintering time used in this work.

3.1.3 Structural characterization of TiO, films

The anatase phase was confirmed for both sample types, and
sintered for both methods. Figure 3 shows the XRD pattern
of the films. It is possible to see rutile phase in this figure. In
general, alkoxide precursor-sol with or without PEG generate
rutile phase at 500 or 600 °C [20, 21]. In this case, the rutile
phase formation is promoted by induction heating at 300 °C.
The formation of a rutile phase was not expected for the fast
sintering thin films using IH because the temperature reached
is less than 500 °C. However, the accelerated sintering mecha-
nisms likely caused the formation of this stable phase at a lower
temperature. In the other hand, it is demonstrated that a small
quantity of rutile phase could help to the mechanism of photo-
catalysis, as TiO, Degussa P25 had demonstrated.

From this diffractogram path crystal size was measured
using Scherrer equation. For TiO,-IH sample the crystallite size
was 15 nm and for TiO,-CF 22 nm for the anatase phase.

To ensure the stability of the thin film, different coting
cycles were studied. In a preliminary stage, 1 to 10 cycles were
carried-out, the results showed that the one layer film pre-
sented a slight translucent surface with slight coloration from
the iron oxide formed on the substrate surface during sintering,

for both type of samples, with a low mechanical resistance.
While for 10 cycles, the thin film showed the typical white
color of titanium oxide with an enhancement of the mechani-
cal stability. In Fig. 4a and 4b, it is shown that the thickness
of the coating was 32.6 + 1.20 pm and 47.77 + 1.18 pm, for
T-IH and T-CF respectively. From these images, it can be
seen large pores from the surface of the film to the surface of
the substrate. During the preparation of the sample for SEM
images, in the cutting process, the samples lost part of the film.
Comparing the thickness measured with the SEM images and
the ones calculated from density measurements, the reduced
thickness was about 10 %. The larger pores of T-IH sample is
confirmed with the SEM image of the cross section of the film,
these were filled with resin during metallurgy preparation.

TiO2-IH

TiO2-CF

Intensity (a.u.)

25 30

35 40 45 50
2Theta [Deg]

55 60 65 70

Fig. 3 XRD patterns of TiO, sintered by a conventional
furnace (CF) and induction heating (IH).

3.2 Electrochemical characterization
3.2.1 Linear sweep voltammetry

Linear sweep voltammetry was performed in the dark and
under illumination conditions for the electrodes in study,
as shown in Fig. 5. In the dark, the TiO, (CF) electrode did
not exhibit polarization currents at the applied potential, as
is expected for this material. The titanium oxide film sin-
tered with the induction heater exhibits a polarization current
from the beginning of the applied potential. In particular, the
induction heater provides more current than does the conven-
tional furnace treatment. This could be due to a higher contact
between the particles obtained by the sintering treatment with
induction heating, as was reported in Section 3.1.2. Conversely,
the current response under illumination was slightly higher for
IH-samples than CF-samples.
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Fig. 4 SEM images of a) TiO,-CF and b) TiO,-IH for 10 cycles of dip-coating
at 2 mm s-1 of withdraw rate and 1 min of holding time (1,85KX).

3.2.2 Electrochemical impedance spectroscopy

To study the electrical properties, of TiO, fabricated by the
conventional furnace and induction heater, Electrochemical
Impedance Spectroscopy were conducted in a frequency
range of 100 kHz to 100 mHz under a DC applied potential of

100,0

O TiO2-CF
o TiO2-TH a

80,01 —|

Current density/(Acm‘z)

E vs Ag/AgCl

+0.2 VY, ager- From the Nyquist plots (Fig. 7a), TiO,-IH exhib-
its a lower impedance than TiO,-CF, which indicates that the
electron-transfer processes are improved. This is due to low-
ering of the recombination rate by obtaining a homogeneous
surface, using a very fast sintering process, which reduces the
charge-transfer resistance when the impedance is lower. In
the inset of Fig. 7a, a small semicircle can be seen in the high
frequency region. Previous studies have suggested that this is
due to the resistance and capacitance of the coating (parallel
configuration) [22]. Figure 6 illustrates the equivalent circuit
(EC) selected to fit the data. Nir Baram and Yair Ein-Eli [22]
employed a similar model, but with additional RC circuits
parallel to the space charge capacitance and the charge trans-
fer resistance, which in our case are denoted by CPE, and R,,
respectively. They based their EC on the Robert and Crowell
models, where the equivalent circuit contains the solution
resistance, the R-C parallel circuit of the double layer and the
R-C parallel circuit of the space charge with the disposition
of R-C series circuits in parallel with the space charge transfer
resistance. These correspond to discrete donor levels that can
act as trapping levels or as recombination centers, depending on
the frequency and potential applied. In our case, just one R-C
pair was admitted in the equivalent circuit, and instead of capac-
itors, it was necessary to use constant phase elements due to the
inhomogeneity of the system (pores, surface roughness, among
other factors). The impedance of the constant phase element is

Zepp =00 " cos(nm/2)— j-sin(nr/2) ] (1)

Where o is the CPE pre-factor,  is the angular frequency
(w = 27f), n is the CPE exponent (0< 7 < 1) and j is an imagi-
nary number (j = —1). When n approaches 1, Z.,, acts as a
capacitor. If n = 0.5, it represents a Warburg impedance, and
if n=0, it represents a resistance [23].

100,0u
o TiO2-CF b
O TiO2-1H

80,00 —

— —
g
<

< 60,04 —|
£
n

= —
@
=
&

2 40,0p —
St
=

Q —

20,01 —

0,0 |
-0,2 0,0 0.2 0,4 0,6
E vs Ag/AgCl

Fig. 5 Linear sweep voltammetry curves of all photoelectrodes: (a) in the dark and (b) under illumination. (a-TiO, conventional furnace (CF); b-TiO, induction
heater (IH); Photoelectrode// Ag/AgCl// Pt/ in 0.1 M K,SO, pH=6.74.
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Fig. 6 Equivalent circuit

The almost linear form of the low-frequency portion of the
Nyquist curve in Fig. 7 suggests that a diffusive capacitance phe-
nomenon is occurring. This phenomenon is generally modeled
as a Warburg impedance element in equivalent circuits and indi-
cates that the electrodes have a high roughness and low surface
homogeneity. However, an EC with this element was difficult to
fit to the measured data. The results of the fitting model are rep-
resented by the solid line that connects the measured data, which
are presented as symbols. Using the equivalent circuit mentioned
above, the calculated EC parameters are listed in Table 1. As is
generally observed in this type of analysis, the R is the solution
resistance, with values presented in the same order. The elec-
trode parameter results indicate that TiO,-IH has a less porous
layer, as demonstrated in the SEM image because the higher R,
(Porous resistance) value indicates a more compact layer.
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Fig. 7 Nyquist (a) and Bode (b) plots of TiO, conventional furnace (CF); TiO,
induction heater (IH); Photoelectrode/ Ag/AgCl / Pt/ in 0.1 M K SO, pH=6.74.

Table 1 Data fitted from EIS analysis for the studied
electrodes in dark conditions.

Sample TiO,-CF TiO,-IH

R, [Q.cm?] 7.432 +0.063 13.91 +0.057
CPE, [uF/cm?] 22823 +3.48  430+10.8

ny 0.79 £ 0.003 0.99 £ 0.08
R, [Q.cm?] 37542 £ 1423.6 8157 +509.43
CPE,,,, [nF/cm?] 295.5+1.46 245 +28.9
Mg 0.59 +0.009 0.76 £ 0.02
R, [Q.cm’] 239 +7.03 989.8 +15.4
R, [Q.cm?] 20.99 + 0.68 3.36 +0.76

C, [nF/em?] 7433+ 15.6 153+32

The R, and CPE, values are normally associated with the
porous external layer of the electrode (high-frequency result
in Nyquist plots). In addition, the n, values approach the unit
value for all electrodes, which mean that CPE act as capacitors.

3.2.3 Mott-Schottky Analysis

Capacitance, carrier donor density and flat band potential are
essential calculations reported using a Mott-Schottky analysis for
semiconductor electrodes. The plots obtained for dark conditions
(1/Cs? vs electrode potential) are presented in Fig. 8. Figure 8a,
illustrates that the expected n-type semiconductor behaviors are
obtained, but with higher capacitance values for the electrode
sintered using the conventional furnace. The flat band, Ef, , and
donor density, N, calculated from the slope of the curve are
reported in Table 2. Flat band parameters exhibited significant
change, and the charge carrier densities of the titanium dioxide
electrodes produced values in typical range described in the lit-
erature, ranging from 10'¢ to 10?' cm™ [24]. Moon Su Kim et al.
[25] reported Ef, (vs Ag/AgCl) values for TiO, equal to the val-
ues obtained here when using the conventional furnace method.
The annealing temperature, duration of the heat treatment, dop-
ing process and the physical characteristics, such as morphology
and crystallinity, affect N, and Ef, values. Even the protocol
measurement can affect the values, as was shown by M.C.K.
Seller and E.G. Seebauer in their report [24].

Table 2 Flat Band Potential and Charge Carrier concentration of the
studied electrodes via Mott-Schottky calculations.

Sample TiO,-CF TiO,-IH
Np, [em™] 5.77x 10" 1.34x 10
E [V agnec] -0.58 ~0.72

The improvement in the photocurrent is subjected to a higher
donor density, N, . Comparing sintering methods, the charge
carrier density increases with induction heating and is correlated
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with the shift of the flat band to a more negative value. The
donor densities obtained are in agreement with the polarization
current curves. In general, a larger carrier density is obtained by
doping the titanium dioxide. Therefore, it was the fast sintering
method that provided a higher N,. The thinner film obtained
could include more superficial defects that increase the donor
density. Another possibility, which is more effective and has
been reported in the literature, is lower sintering temperature
used with the induction heater. This could create a higher oxy-
gen vacancy on the film and enhance the quantity of N, [23].

When the flat band shifted to a more negative value, the
charge carrier density increased. Ilie Hanzu et al. [26] noted
that Nernst-type law behavior is observed when the changes in
the flat band potential of a quart of a volt generated an incre-
ment of donor density of 4 orders of magnitude. As reported in
Table 2, a more negative flat band was obtained for the sam-
ple sintered by induction heating at 0.14 V, which resulted in a
charge carrier density of 2 orders of magnitude higher.

L5

Bare

T l T ‘ T i |58 | T o T
S5 4 -3 -2-101 2 3 45
log (j) log (mA/em’)

Fig. 9 Tafel curves for SS AISI304 bare and with coating, TiO, sintered by
induction heater (T-IH) and conventional furnace (T-CF).

3.2.4 Corrosion measurements

Resistance to the environmental oxidation of the Stainless
Steel substrate uncoated and coated with titanium dioxide, and
sintered by induction heating and conventional furnace, were
studied by polarization measurements with NaCl (3.5 wt%)
[21, 27-30]. Tafel polarization curves (Fig. 9), showed that cor-
rosion resistance has a dependency of the sintering technique,
due to the effect of these processes on the coating morphology.
The T-IH film presented lower corrosion potential and corrosion
current density than bare substrate and T-CF sample, improving
its corrosion resistance. As it was observed from SEM images
of the surface morphology, the T-CF film showed a crack mud
type surfaces with deeper and larger pores than T-IH film. This
higher porosity contributed to a higher penetration of the elec-
trolyte through the pores, reaching the surface of the substrate
and reducing the corrosion resistance of the Stainless Steel. For
both coating, polyethylene glycol (PEG) was added, and it is

already know [20, 21] that its decomposition during sintering
process generates porosity on the thin film. For photocatalysis,
this porosity on the thin film form is necessary to reach a behav-
ior near to the powder form, because this gives more active sur-
face area of TiO, during pollutant degradation process.

The corrosion parameters calculated by Tafel’s law are
shown in Table 3, the corrosion current density of T-CF sample
is higher than AISI304, and this could be due to chemical treat-
ment performed on the substrate before coating, in which it was
increased the roughness of the surface for a better anchoring of
the film. However, this treatment reduces the self-passivation
of the stainless steel which gives a higher corrosion problem
to the T-CF thin film than for the pure substrate. While, even
when T-IH samples have some porosity that allow the electro-
lyte reached the Stainless Steel substrate, this porosity could be
smaller and closer in the first layers of the film, improved by
the temperature obtained within the surface of the substrate to
sinter the film with the induction heater, improving at the end
the corrosion resistance of the stainless steel.

On the other hand, during and after photocatalytic degrada-
tion of MB, no corrosion, of both coated films was observed.
However, a further fully corrosion characterization it is necessary.

Table 3 Corrosion parameters of bare and TiO, coated stainless steel
in 3.5 wt% of NaCl determined by Tafel extrapolation method.

Samples SS304 TiO,IH TiO,CF
ieor [HA/CM?] 30.50 15.16 53.62
E,,. [mV vs Ag/AgCl] —664.58 —449.49 —768.72
b, [mV/dec] 709.24 228.5 690.03
—b, [mV/dec] 229.96 165.56 171.43
R, [Q*cm’] 2509.28 2749.71 1111.98
OCP [mV vs Ag/AgCl] —547.56 —406.87 =776

3.3 Photo-degradation of Methylene Blue

The electrochemical properties measured reveal that TiO,
sintered by induction heating (T-IH) has the potential to better
oxidize toxic organic components, such as the azo dye used
in this study. The photocatalytic oxidation of 0.01 M of meth-
ylene blue (MB) was performed in a reactor, as described in
Section 2.5, with UV illumination.

The change in the UV-Vis absorbance of MB is shown in
Fig. 10. The pH of the solution was set to 10, which previ-
ous studies [31-33] report to be the best condition for achiev-
ing higher methylene blue degradation due to the high TiO,
adsorption. This adsorption is promoted by a negative charge
on the catalyst surface, which is obtained in a basic medium
[31, 33, 34]. Regarding the adsorption-desorption equilibrium
of methylene blue on the photocatalysts, the first solution sam-
ple was obtained after 2 h in the dark and the UV illumination
of the systems began.
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Fig. 10 UV-Vis Absorbance spectra of the methylene blue 0.01 M solution at a pH10 during photocatalytic degradation under UV illumination using a)

TiO, sol-gel powder, b) TiO,-CF and ¢) TiO,-IH over 4 h

The degradation rate was analyzed every 20 min for the first
2 h and then two more aliquots were withdrawn at the third and
fourth hour of illumination. Figure 10c¢ illustrates that the T-IH
MB absorbance value in the dark decreased more than the
value for the T-CF electrode. This is due to the higher adsorp-
tion capability of the dye observed under the first conditions
(See the Fig.10c). This could be due to the more regular and
smaller surface morphology obtained by the induction heating
treatment, as was observed in the SEM image. This allowed
the T-TH electrode surface to act as sponge, improving the con-
tact between the channels of TiO, thin film and the organic
molecules of the MB dye. Nevertheless, no degradation was
observed in the first 20 min of UV illumination and some of
the organic molecules adsorbed by the electrode were seem-
ingly released to the solution, which resulted in an increase of
concentration. Then, degradation began to occur at a higher
rate than the T-CF oxidation.

The rate of variation of the concentration is shown in
Fig. 11. The MB solution without a catalyst exhibited a slight
UV light degradation, as reported in the literature for this type
of azo dye [31-33]. Therefore, this does not affect the per-
formance of the photocatalysts and it may be negligible. The
faster and greater degradation of MB by T-IH samples is pos-
sibly due to a higher surface area of the thin film surface mor-
phology, as was mentioned in Section 3.2.1. It may also be due
to an advanced transfer of the charge carrier formed during
UV illumination, which is due to improved particle intercon-
nections obtained via the induction heating sintering method,
as observed in SEM image (Fig. 2d). In this plot, it is pos-
sible to see that the T-IH electrode surface exhibited a higher
absorption than the TiO, powder in the dark. The color of the
MB solution changes to colorless after 180 min for the T-IH
sample, as is observed in Fig. 11b.

The T-IH sample degradation reached approximately 93 %,
after 240 min and approximately 80 % for the T-CF sample.
This suggests that an improved photocatalytic activity was

achieved with the new annealing treatment, at least for the
consolidation of this type of coating. Titanium dioxide powder
synthesized using the same precursor-sol , with 2 g of PEG, and
sintered at 600 °C for 1 h was used as a photocatalysis control
parameter. It reached 90 % of degradation after 120 min for
0,01 M MB, pH 10, with 1 g/L of catalyst. The catalyst pow-
der sintered at 300 °C yielded a large quantity of ashes due to
the amount of PEG added. This resulted in a color change of
the methylene blue solution during the 2 h of dark adsorption,
transforming the solution from blue to a dark brown (the color
of the powder catalyst). The UV-Vis spectrophotometry study
of this solution, after removing the photo-catalyst powder by
centrifugation, exhibited a degradation of 90 %. More studies
will be necessary to further understand this powder behavior.
The degradation rate of the electrode in the study followed a
first-order law, (see Fig. 12) and the values obtained are pre-
sented in Table 4.

Table 4 Degradation rate of the titanium dioxide electrode in the study.

Sample k(107 min™")
TiO, p 15.67

T-CF 6.93

T-IH 9.01

In this study, we demonstrated that the use of a faster sinter-
ing method, such as induction heating, can produce a homo-
geneous TiO, thin film structure on stainless steel substrate,
with good photocatalytic performance for the degradation of
methylene blue. Although the results suggest an improved pho-
todegradation efficiency of azo dye using UV illumination, fur-
ther study is needed involving the fabrication of TiO, doped or
in a composite materials with visible light activation.
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Fig. 11 a) Concentration variation of the methylene blue during photocatalytic
degradation in 4 h. b) Discoloration photo of MB 0.01 M, pH 10 for the T-IH
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Fig. 12 Kinetic simulation curves of MB photocatalytic degradation with TiO,
powder, T-IH and T-CF electrodes.

4 Conclusions

A photocatalytic TiO, thin film on stainless steel was
obtained using an induction heating method as a thermal treat-
ment. Based on our results, we can conclude that it is a reliable
technique for obtaining more homogeneous and stable surface
morphologies of sol-gel thin film, compared with conventional
furnaces. The method also takes less time, 5 min, and uses a
lower temperature (300 °C instead of the 600 °C and 1 h on the
CF). Therefore, it represents a scalable and low-cost method.
The induction heating samples exhibited a higher charge car-
rier density with a more negative flat band and generated more
dye absorption during the degradation analysis. This resulted in

a higher photocatalytic activity than conventional furnace elec-
trodes. A 90 % degradation and discoloration was reached for
T-IH samples, as compared to 80 % degradation for the T-CF
electrode obtained over 240 min. Therefore, more studies are
required to improve the photocatalytic activity with respect to
the TiO, powder obtained from the same sol-gel with 2 g of
PEG sintered at 600 °C for 1 h, which reached 90 % degrada-
tion and a MB discoloration in 120 min. The small temperature
differences from the center of the electrodes to the outer por-
tions, during induction heating, did not affect the photocata-
lytic activity of the samples. Also, corrosion resistance was
improved using induction heating at a sintering technique, by
reducing the porosity obtained during PEG decomposition and
by enhancing the homogeneity of the surface film morphology.
The results suggest reproducibility. Further studies with TiO,
doping or other composites with elements that provide photo-
catalytic activity in visible light will be performed.
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