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In the preparation of CdO + CdTiO3 polycrystalline thin films by the sol-gel method, the optical, structural
and crystalline properties, as well as the photocatalytic activity (PA) depends strongly on the sinter-
ing temperature (Ts) of the films and of the Ti/Cd ratio used in the precursor solution. In this work,
CdO +CdTiOs; thin films were prepared using a Ti/Cd constant ratio in the precursor solution. The films
were sintered at six different Ts in the 450-550 °C range, in an open atmosphere. The structure of the films
Keywords: was c.haracterized by X—.ray diffraction aqd the PA was evaluated I?y the phqtobleaching of methylene
PhO[OCﬂtE;lySiS blue in an aqueous solution using a UV-vis spectrometer. The relative intensity of the diffraction peaks
cdo associated with CdO and CdTiOs, change with the Ts. The better photocatalytic activities were obtained

CdTiO; for the films sintered at 490 °C and 550 °C. When the CdO was removed from the films by chemical etching
Coupled oxides the PA decreased, showing the importance of coupling both oxides.
Thin films © 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, a very promising treatment based on the oxi-
dation of hazardous organic compounds is the heterogeneous
photocatalysis [1]. One of the main materials used for this applica-
tion is titanium dioxide (TiO, ), however, other oxides exist which
have been tested as photocatalysts. For example, some studies have
confirmed that zinc oxide (ZnO) exhibits a better efficiency than
TiO, in the photocatalytic degradation of dyes in aqueous solutions
[2]and in the oxidation of protocatechuic acid [3]. Beside, cadmium
oxide (CdO) is useful for oxidation of aniline [4]. Even when the Cd
is toxic and poisonous to humans and the environment, CdO mate-
rial requires high temperature for the Cd evaporation [5]. CdO thin
films have been synthesized by various techniques with several
applications. In this way, it is important to study different com-
pounds as catalysts, due to the fact that some of ones can be good
for degrading an organic compound, but not good for others ones.

The efficiency in a photocatalytic reaction depends on different
factors. One of them, the most critical, is the high recombination
probability of the electron-hole pair (e~-h*) in the bulk and on
the surface of the semiconductor oxide [6]. In order to decrease
this recombination rate, the coupled oxide systems (COS) can
be an important alternative [6]. COS are obtained starting from
multicomponent oxide thin films. When two crystalline grains of
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different oxides are in contact, the photo-generated e~-h* pair in
one grain is spatially separated by a build electric field in the shared
interface and because carriers from one of the phase find lower
energy levels in the other phase in contact, avoiding the recombi-
nation. The electric field is due to the difference of the band gaps
and electronic affinities between neighboring grains. In Fig. 1, as
a general example, the small circle represents a crystalline grain
of cadmium sulfide (CdS), while the big circle is a crystalline grain
of a metal oxide of bigger band gap (MO) than CdS semiconductor
[7]. When the material is illuminated with enough energy, the pho-
tons are absorbed and produce the generation of e~ -h* pairs. Due
to that, the conduction band (CB) of the CdS, which is energetically
located above the CB of the MO, the photo-generated electrons from
the CdS are carried onto the MO, while the holes from the valence
band (VB) are carried onto the CdS. Through this mechanism, the
photo-generated e~ -h* pairs are spatially separated leading to an
increase of the efficiency of the photocatalytic process.

In this work, multicomponent oxide thin films formed by CdO
and cadmium titanate (CdTiO3) were prepared by sol-gel. The
Ti/Cd ratio and the Ts range were selected considering previous
works reported by the authors [8,9], in order to optimize the pho-
tocatalytic activity of CdO+CdTiO3 films, and also to show the
importance of the COS. The crystalline quality and the relative
intensity of the peaks associated with CdO and CdTiO3; change with
the Ts, finding the better photocatalytic activities for the films with
Ts 0f 490 and 550 °C. When the CdO was removed from the films by
chemical etching (CE), the PA decreased, showing the importance
of the band gap coupling of both oxides.
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Fig. 1. Diagram illustrating the principle of charge separation in the CdS-MO cou-
pled semiconductor system. MO is a metal oxide with bigger band gap than CdS.

2. Experimental details
2.1. The solution

The TiO, precursor solution was prepared starting from the fol-
lowing reagents: for 1 mol of titanium isopropoxide (TIP), 36.46 mol
of ethanol, 0.4692 mol of nitric acid, and 5 mol of deionized water
were used. Ethanol was divided into two equal parts: one used for
the TIP dissolution, and the other one mixed with both water and
acid. Both solutions were prepared around 0°C using an ice water
bath; afterwards, they were mixed under magnetic stirring at 0°C.
The mixture was maintained at this temperature. The CdO precur-
sor solution was obtained by means of the following procedure:
1 mol of cadmium acetate dehydrate (Cd(CH3COO),-2H,0) was dis-
solved in 23 mol of methanol, afterwards, 0.2 mol of glycerol was
added. A separate solution consisting of 23 mol of methanol and
0.5 mol of triethylamine was incorporated in the first solution at
room temperature. Finally, both precursor solutions (CdO and TiO;)
were mixed at 0 °C under magnetic stirring, at a Ti/Cd ratio of 0.67.
The final solution was transparent and free of particles.

2.2. The films

The films were deposited at room temperature by the dipping
method 24 h after the preparation of the final solution, on glass
substrates. The withdrawal speed was 3.0 cm/min. The samples
were thermally pre-heated at 100°C for 60 min and then sintered
in the Ts interval of 450-550°C in steps of 20°C for 60 min. Ts
was maintained with an accuracy of +2°C during the sintering.
The samples were kept inside the oven until room temperature
was reached. The preheated and sintered treatments were done
in an open atmosphere. All the films studied were obtained by
a five-dipping procedure. The X-ray diffraction (XRD) patterns
were registered using a Rigaku D/max-2100 diffractometer (Cu
Ko radiation, 1.5406 A), using a thin film attachment. The UV-vis
transmission spectra were obtained on a Perkin-Elmer Lambda-
2 spectrophotometer with a blank piece of glass substrate in the
reference beam.

2.3. The PA characterization

The PA was quantified by means of the photobleaching of
methylene blue (MB) in aqueous solution. 3 ML of a MB solution
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Fig. 2. XRD patterns of CdO +CdTiOs3 films deposited at different sintering temper-
atures.

at initial concentration of 2.5 x 10> mol/L was put in a quartz cell
ofdimension 1 cm x 1 cm x 4 cm. A sample of rectangular geometry
(area=1.75 cm?) was immersed into the cell and this arrangement
(cell + solution + sample) was exposed to UV light. A G15T8 germi-
cidal lamp with power of 15W was used as the UV source. The
distance between cell and lamp was 4 cm and the exposure times
were from 1 to 5 h. During the exposure time the temperature was
constant (at room temperature). The MB residual concentration
([MB]) was determined starting from absorbance measurements
using an Agilent UV-vis spectrometer, model 8453.

3. Results and discussion

XRD patterns (Fig. 2) show that the films are polycrystalline. In
all temperatures of the range studied the films are constituted of
two oxides: the CdO in its cubic phase and the CdTiOs in its ilmenite
phase. As can be seen from the figure, the relative intensities of both
phases change with the Ts. At 450 °C, the XRD pattern shows mainly
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Fig. 3. Normalized integrated area (IA) for each phase, as a function of the sintering
temperature.

the peaks associated with the CdO, but, when the Ts increases, the
intensity of the peaks corresponding to the CdTiO3 increases with
respect to the ones of the CdO. In Fig. 3, the normalized integrated
area (IA) for each compound, as a function of the Ts is shown. As IA is
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Fig. 4. CdO and CdTiOs grain sizes as a function of the sintering temperature.

proportional to the amount of diffracted material, we can say that
when Ts is increased the amount of CdTiO3 increases at expense
of the crystallization of both CdO and TiO,, in amorphous phase.
For the highest Ts’s (530°C and 550°C), the amount of CdO starts
to increase. The grain size (GS) was calculated from the Scherrer’s
formula (Fig. 4). As can be seen, the GS is nearly constant for both
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Fig. 5. (a) Optical transmission spectra of CdO + CdTiOs3 films for each of Ts studied. (b) Band gap energy values calculated for the films constituted of the compound of CdTiO3

(3.8eV) and CdO (2.5eV) (inset). Films sintered at 450°C () and 550°C (m).
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Fig. 6. MB absorption spectra of films with Ts=490°C at different times of irradia-
tion.

phases for all temperatures of the range studied, around 24 nm and
29 nm for CdO and CdTiOs, respectively. However, at Ts = 490 °C and
550°C, the GS values of both phases are very similar.

In Fig. 5(a), the optical transmission spectra are shown for each
of Ts studied. In general, the films are opaque indicating that the
surface of all the films is rough and consequently the transmission
is relatively low. As can be seen from the figure, the absorption
edge (AE) seems to have contributions from the two component
oxides CdO and CdTiO3. Direct energy band gap (BG) for the ilmenite
phase CdTiO3 of 3.9 eV was previously reported by us [9] and for
perovskite-CdTiOs single crystals made by Yakubovskii et al. a value
of 3.35eV[10]. On the other hand, it is known that the CdO has one
BG at 2.5eV (direct) and another at 2.0 eV (indirect) [11]. Fig. 5(b)
shows the band gap energy (Eg) calculated for shorter A’s (higher
hv values), which correspond to the compound of higher band gap
(CdTiO3). The inset of the same figure shows the Eg for larger A’s
(lower hv’s), which correspond to the compound of lower band gap
(CdO). We think that this factis due to aggregates of CdO and CdTiO3
crystalline grains are formed separately, similar to islands of each
material.

In Fig. 6 are shown the MB absorption spectra, in the
500-750 nm range, obtained after 1, 2, 3, 4 and 5h of UV irradi-
ation for the sample sintered at Ts=490°C. The spectrum of the
[MB] initial (t=0) is also included. It is observed that the intensity
of the absorption bands (which is equivalent to [MB]), decreases as
the irradiation time increases. Starting from these absorption spec-
tra, the [MB] normalized as a function of the time (h) and for three
different Ts (450,490 and 550°C), is shown in Fig. 7. As can be seen,
the [MB] vs. time has an exponential decay, characteristic of a first
order reaction:

[MB] = [MB]ge ¥

where k is the rate constant, [MB]g is the initial MB concentration
(=1),and tis the time. By means of a fitting to exponential decay, the
rate constant was evaluated for all the samples. In Fig. 8 is shown
the k (h—1) values as a function of Ts. As can be seen from the figure,
the best photocatalytic activities were for the samples sintered at
490°C and 550°C with k values of 0.7 and 0.72h~! respectively.
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Fig. 9. XRD patterns of the films sintered at three different sintering temperatures,
after a chemical etching.

These values are inside of the highest k values reported using TiO,
nanostructured films [12].

Three samples of the former series (sintered at Ts =450, 490 and
550°C) were chemically etched (CE) by immersion during 25s in
diluted hydrochloric acid. Fig. 9 shows the diffraction patterns of
these films. One can see that the three films are only constituted
of CdTiO3. The [MB] normalized as a function of Ts for the samples
without CE and with CE and an exposure time of 5h, is plotted in
Fig. 10. In all cases, the PA is lower in the samples with CE than
without CE. This last result indicates to us that it is important to
have both oxides in order to reach the best photocatalytic activ-
ity. A mechanism of coupling between the crystalline grains of CdO
and CdTiO3 can be responsible for the PA enhancement. Accord-
ing to X-ray measurements, not a lot of CdO is present in the film
after etching, therefore, it is plausible to assume that CdTiO3 grains
predominates in the film and, for this reason, the photocatalytic
activity decreases. This result confirms that coupling of energy band
gaps of CdO and CdTiO3 enhanced the photocatalytic effect of the
films.

A possible simplified process of coupling between CdO and
CdTiOs for charge separation is proposed, if doping effect is not
considered to occur in both oxides during the growth [13-16].
Relatively recent several values have been published on electron
affinity (x) of CdO: 4.51eV [17], 5.0eV [18] and 5.94 eV [19]. The
average Xcqo =5.2 will be taken by us as an acceptable value. For
CdTiOs, as far as we know, no value of x has been reported. How-
ever, according to Campet et al. [20] titanates have similar values
and if published values in the literature for these oxides are taken
into account: xg,rio, = 3.9€V [21,22]; XsTio, = 3.4€V [20], 3.2eV
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Fig. 10. [MB] normalized as a function of Ts for the samples without chemical
etching (CE) and with CE.
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Fig. 11. Diagram illustrating the principle of charge separation in the CdO-CdTiO3;
coupled semiconductor system.

[21]and 4.1 eV [18]; XznTio; = 4-0€V [23]; Xpbrio, = 3-5€V [21,24].
These results suggest to take xcqrio, = 3.8 €V asanacceptable aver-
age from these oxides for y of CdTiOs3. With this value a probable
process for separation of charges is shown in Fig. 11.

4. Conclusions

The films are polycrystalline and they are constituted of two
oxides, CdO and CdTiOs. The quantity of each of them depends on
the sintering temperature. The films are opaque indicating that the
surface of all the films is rough and consequently the transmission
is relatively low. The films sintered at Ts =490 °C and 550 °C show
the best photocatalytic activities and their grain size values are very
similar. When the CdO is removed from each of the films (by chem-
ical etching) the photocatalytic activity decreases with respect to
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films without chemical etching. A mechanism of coupling between
the crystalline grains of CdO and CdTiO3 can be the reason for such
a decrease.
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