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Photoelectrochemical properties of sol-gel derived
TiO, thin filmsin aqueous sodium oxalate solution
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Photoelectrooxidation of agueous sodium oxalate on TiO, thin films has been investigated. The
films, prepared by sol-gel dip-coating, were characterised using Scanning Electron Microscopy and X-ray
Diffractometry. Photosensitivity of samples was studied using Linear Sweep Voltammetry and Chrono-
amperometry techniques. The photoelectrochemical performance of thin film electrodes was evaluated in
function of heat treatment, number of dip-coatings and applied potential. The percentage of oxalate deg-
redation was determined by calculating the total charge from the photocurrent. The films heat-treated at
773 K were better fitted to indirect optical transition with E; = 3.21 eV.
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1. Introduction

Sodium oxalate is a mgjor toxic impurity in liquid alumina processing. It must be
continuously removed, because it induces problems that lead to low-quality metallur-
gical alumina due to particle attrition [1]. Additionally, low solubility of sodium ox-
alate in liquid makes it easy to crystallize during alumina precipitation. This interfer-
ence with agglomeration leads to an increased generation of unwanted fine alumina
trihydrate [2].

Several techniques for the causticization of sodium oxalate have been reported, in-
cluding physical separation, microbiological processes and other conventional thermal
pathways using ambient temperature and pressure [3-5]. Among them, photocatalytic
destruction of organic pollutants has emerged as the most attractive method during
water purification, since it can lead to a complete mineralization of toxic compounds
into unharmful products such as H,O, CO,, and other inorganic substances [6]. Many
semiconductors, such as TiO,, WOs;, SrO,, ZrO,, ZnO, Fe,0;, CeO,, CdS and ZnS
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[6,7], have been investigated in terms of their catalytic properties in photocatalytic
degradation of a wide variety of environmental contaminants. Among these semicon-
ductors, TiO, has been proven to be an excellent photocatalyst in this particular field
[6,7].

Nevertheless, most of the studies on photocatalytic oxidation of sodium oxalate
use TiO, slurry [1-2, 5, 8], while very few studies on thin film photocatalysts exist
[9]. In this work, we studied TiO, thin films prepared by the sol-gel dip-coating
method. This immobilization method is more preferable than the slurry or suspen-
sion systems, due to easy and convenient catalyst handling — the need of post-
treating to separate the catalyst from the reaction mixture has been eliminated [10].
In addition, TiO, can be induced electrochemically when supported on electrically
conducting substrates [11-13]. Thus, characteristics of the films under applied ex-
ternal bias potential could be investigated. The effects of various operational pa-
rameters such as heat-treatment temperature, number of dip-coating layers and ap-
plied potential were studied.

2. Experimental

2.1. Materials

All chemicals, namely sodium oxalate (Fisher, 99.5%), tetraisopropyl orthotitanate
(>98% Ti, Merck-Schuchardt), ethanol (Analytical reagent grade, GmbH Chemical)
and nitric acid (BDH, 69 %) were used without further purification. All solutions in
this experiment were prepared using deionized water (Milipore Alpha Q system,
18.2 MQ-cm).

2.2. Sample preparation

The sol-gel samples were prepared by adding 1 ml of concentrated nitric acid to
200 ml of water, followed by 28.1 g of tetraisopropyl orthotitanate in 10 ml of etha-
nol. The mixture was stirred with a magnetic stirrer for 56 days to obtain a thick
hydrolyzate. The substrate — titanium plates (Aldrich Chemical Company, 0.25 mm
thick, 99.7%) — were cut into discs 1.00 cm in diameter and polished with silicon
carbide paper (a bioanalytical system PK-4 polishing kit). The plateswere rinsed in an
ethanol bath before use. TiO, films were obtained by manually dipping the titanium
plates in the hydrolyzate for a few seconds and leaving them to dry at room tempera-
ture. Then the coated plates were heated at 373 K for 5 min in an oven, followed by
the dip-coating procedure. This was repeated severa times, until the desired number
of coatings was obtained. Finally, the plates were heat-treated in a Thermolyne 21100
furnace at temperatures ranging from 373 K to 773 K for two hours to obtain titanium
dioxide films.
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2.3. Analytical measurements

A potentiostat EG& G Princeton Applied Research (PAR) VersaStat, driven by
amodel 270 electrochemical Analysis System Software, was used in the electro-
chemical and photoel ectrochemical measurements. These measurements were carried
out in a standard electrochemical cell. The working electrode was made by mounting
the TiO, coated titanium plates onto a Teflon electrode holder. The exposed area was
about 0.64 cm?. The other electrodes were: Ag/AgCl (0.222V vs. NHE) as a reference
electrode, and platinum as a counter electrode. All the experiments were carried out
using 0.01 M sodium oxalate as the electrolyte. Two light sources were used to excite
the TiO, electrode: a tungsten halogen projector lamp (Osram, 300 W and 120 V) and
a UV light beam (BlackRay model 100AP, PAR38 mercury lamp 100 W). The light
source was placed 15 cm from the sample. All measurements were carried out at room
temperature, approximately 298 K.

Scanning electron microscope measurements (SEM) were performed with
a SEM JSM 6400 JEOL Scanning Microscope. The morphology and surface charac-
teristics of the coated TiO, on the substrate were analyzed. Gold coatings were ap-
plied to the samples before running the SEM experiments by using a BIO-RAS
sputter coater. X-ray diffractometry (XRD) analysis was employed to study the
structure of TiO, layers coated on titanium surfaces. These measurements were
performed using a Shimadzu XRD 6000 diffractometer or a Siemens D-5000 Dif-
fractometer for 26 ranging from 5° to 60°, with an Ni-filter and CuK, beam
(A = 1.54056 A). Optical absorption studies were carried out using a Perkin Elmer
UV/Vis Lambda 20 Spectrophotometer. The coated ITO glass plates were placed
across the radiation pathway while an uncoated 1TO glass plate was put across the
reference channel. The band gap energy E, was determined from an analysis of the
absorption spectra.

3. Results and discussion

3.1. Morphology of the TiO, electrode

Figure 1 shows scanning electron micrographs of the heat-treated films. Cracks
appeared on the surface of the film after treatment at 373 K. The occurrence of cracks
during the gel drying process was due to large differential evaporation, large stress
and variation in gel pore size [14]. Upon heating at 473 K and 573 K, the thermal
gradients result in breaking the particles further into inhomogeneous forms. This oc-
curred accompanying dehydration and decomposition of organic compounds [15].
Heat treatment at 673 K resulted in the formation of aggregates. These aggregates
were transformed into awell formed and better covered layer at 773 K.
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Fig. 1. Surface morphologies of the films prepared

a hedt-trestment temperatures. @) 373K, b) 473K,

¢) 573K, d) 673K and €) 773 K. Magnifications
for dl thefilmswere 10 000x

3.2. X-ray Diffraction measurements

XRD data for films heat-treated at various temperatures are shown in Fig. 2. Apart
from substrate (Ti) peaks, no other peaks were obtained at 573 K and below. Even
though the intensity of the sample peaks is rather weak due to the nature of the thin
films, the peaks belonging to TiO, existed when the samples were heated at 673 K
and higher temperatures. The typical peak at d = 3.52 A, which corresponds to the
(101) plane of anatase TiO,, was detected for samples heated at 673 K and 773 K.
Heat treatment at 773 K improved film crystallinity and resulted in the appearance of
another peak at d = 3.25 A, which corresponds to the (110) plane of rutile TiOs.
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Fig. 2. The XRD pattern of films heat-trested at temperature
of 373K to 773 K (e = Anatase, © = Rutile, Ti = Titanium)

3.3. Effect of heat treatment

The photocurrent behaviour of the heat-treated samples was investigated by irra-
diation with a halogen and near-UV lamp. The photocurrents are dependent on the
heat treatment temperature, as shown in Fig. 3aand b. Very strong photocurrents were
observed for the electrode heated at 773 K as compared to the samples heated at
673 K and below. This indicates that more photoactive samples were obtained by
heat-treating.

The photocurrent of thin-film electrodes is affected by several factors, including
crystallinity, film resistance and electrode area [16]. It seems that the crystalinity
contributes significantly to the photocurrent efficiency. X-ray diffraction results show
that TiO, signals were only detected after the films were heat-treated at 673 K. The
sample heated at 773 K which showed the presence of the anatase and rutile phases
was found to be more photoactive compared to the sample heated at 673 K, which
contained the anatase phase only.

Increase of the photocurrent may be due to a decrease in the film resistance. If the
bulk resistance is too high, the quantum efficiency will become lower due to a de-
crease of the eectrical gradient across the depletion and thin space charge layer
[16, 17]. When a higher temperature was applied, a strong adhesion between the film



104 Z.ZAINAL et dl.

and substrate was achieved, successfully reducing the bulk resistance. The reduction
of Ti* to Ti* in the film by decomposed organic matter or unburned free carbons
during the heating process is also believed to contribute to the decrease of film resis-
tance. The presence of Ti* ions would dominate both the photoel ectrochemical reac-
tion at the surface and bulk electrical conductivity by forming donor levels in the con-
duction band of TiO, [16, 18].
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Fig. 3. Comparison of the photocurrent values for electrodes prepared at different
heat-treatment temperatures under illumination of halogen lamp (A) and UV lamp (B):
a) 373K, b) 473K, ¢) 573 K, d) 673 K and €) 773 K, potential fixed at 0.8 V

The results presented in Fig. 3 also compare the efficiency of generating the
photocurrent with halogen and UV lamp sources. The value of photocurrent for films
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illuminated with the UV lamp is much higher than that observed for the halogen lamp.
Light from the halogen lamp is less efficient in promoting charge carrier activity in
the films compared to UV light. This is related with the number of photons with the
energy exceeding the band gap energy of TiO, (E; > 3.2 eV) for each light source.
Light from the near UV lamp contains more of these, and thus can better excite TiO,
[19]. Although UV lamps are appropriate light sources for activating TiO, films, other
light sources such as halogen lamps should also be considered to avoid the hazardous
effects of UV radiation.

3.4. Effect of potential applied

The effect of the applied bias potential on the behaviour of electrodes heat treated
at 773 K is shown in Fig. 4. Photocurrent values were obtained by measuring the dif-
ference between the current under illumination (1,) and without illumination (l4). The
results show that the photocurrent increases with the applied potential when the sam-
ples are illuminated with a UV lamp.
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Fig. 4. Comparison of the photocurrent values of the films
a potentials of 0.2-0.8 VV under UV illumination

The photoactivity of the film increased when a higher potential was applied. This
is because application of the anodic bias provides a potentia gradient within the film,
which drives the photogenerated holes and electrons in different directions [20, 21].
This can reduce the charge recombination of electrons and holes, stimulating the
photooxidation process. Here, we propose the following mechanism for the photocata-
Iytic oxidation of sodium oxalate in this electrochemical system.
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In solution:

Na,C,0, — 2Na* + C,0%" (1)
At the working electrode:
TiOA/Ti + v — TiO/Ti (€513, ) )
(st + HO — OH® + H” ©)
(et + C,0; —C,0, (4)
OH'+ C,0; — HCO; + CO, (5)
(h")sut + HCO3; — CO, + OH~ (6)
TiOA/Ti (€., ) — TiO/Ti + heat @
At the counter electrode:
2H,0O + 26" — H, + 20H (8

Equation (1) shows the homogenous dissociation process of oxalate in water. The
electron—hole recombination step (Eqg. (8)) was suppressed by electron drive from the
TiO, thin film electrode to the counter electrode (Eg. (7)). In consequence, more reac-
tive holes are made available for the photooxidation of oxalate.

3.5. Effect of the number of dip-coatings

The photocurrent behaviour of the samples under UV lamp illumination with dif-
ferent numbers of dip-coated layers is shown in Fig. 5. The maximum number of lay-
ers was 7, because the catalyst began to peel off from the substrate after heat-treating
of samples with a larger number of layers. As shown in Fig. 5, the photocurrent
increased with the number of layers and reached 20 pA for 7 layers. This result sug-
gests that the photocurrent strongly depends on the thickness of the film. An increase
of thickness provides more active sites for the oxidation of oxalate.

In addition, the film thickness greatly affected the effectiveness of the bias poten-
tial applied to the film. Thisis due to the creation of the space-charge region as are-
gion of potential variation, which makes electron movement in semiconductors easier.
When the thickness of the filmislow (e.g., only 1 layer), the density of carriersin the
film is not large enough to generate a high electrical field at the space charge region,
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Fig. 5. The photocurrent values of the electrodes prepared with different number
of dip-coating layers. Potential was fixed at 0.4 V and the illumination sourceis UV lamp

which results in a low photocurrent [17]. Contrary to this, an increase of the carrier
density with the increase in film thickness would generate a high electrical field in the
space charge layer. The photocurrent almost reaches saturation for films coated 5 and
7 times. This limitation could be overcome by applying higher light intensities and
higher bias potentials.

3.6. Per centage of oxalateions oxidised

The efficiency of oxalate oxidising during 5 min was studied under the illumina-
tion of a UV lamp using electrodes heat-treated at different temperatures. The effi-
ciency of oxalate oxidation was calculated based on the total amount of charge pro-
duced during the experiment. The oxidation of an oxalate ion C,03  producing CO,
gas is a well known two-€electron process. The photocatalytic oxidation of oxalate is
not complicated by the production of an intermediate species [9]. The oxidation proc-
essis:

“00C-COO — 2CO, +26” (9)

Table 1 shows that the amount of oxaate ions oxidized increases with the elec-
trode heat-treatment temperature.
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Table 1. The percentage of oxalate ions oxidised during 5 min
under irradiation of UV lamp on heat-treated electrodes

Light Heating Amount of Amount of oxalate Oxidised
source | temperature/K charge/C oxidised/umol percentage/%
373 1.423 7.37 0.92
473 4.420 22.90 2.86
uv 573 5.625 29.15 3.64
lamp
673 8.554 44.32 554
773 15.970 82.75 10.32

3.7. Band-gap study

The UV-Vis spectrum was obtained from TiO, deposited on ITO glass, which was
heat-treated at 737 K. Data obtained from the optical absorbance vs. wavelength were
introduced into the following relationship for near-edge absorption:

A k (hv— Eg)“’2
hv

where v is frequency, h is the Planck constant, k is a constant, while n has the value of
either 1 or 4. The bandgap energy E; could be obtained from a straight line plot of (Ahy)?"
as afunction of hv. An extrapolation of the value of (Ahv)™" to zero gives E;. A straight
line obtained for n = 1 indicates adirect eectron transition between the states of the semi-
conductor. Thetransitionisindirect if astraight lineis obtained for n = 4.
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Fig. 6. Plot of (Ahv)?"vs. hy for the film prepared at temperature of 773K with: @y n=4,b)n=1
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Asisseen in Fig. 6, the data plotted in coordinates expected of direct and indirect
transitions yielded bandgap values of 3.45 and 3.21 eV, respectively. The linear rela-
tionship is better fitted for the indirect than direct transition. Therefore, it could be
concluded that the indirect transition model is more appropriate. Similar results were
also reported elsewhere [17, 22].

4. Conclusions

The results showed that the photoelectrochemical properties of TiO, thin film
electrodes prepared by sol-gel dip-coating depend on heat-treatment temperature, on
the number of dip-coated layers and on the potential applied. The largest photocurrent
was achieved for films heat-treated at a temperature of 773 K. Higher percentages of
oxalate oxidation were achieved when using such films with UV lamp illumination.
These results indicate the significance of electrode preparation and the light source
for the generation of the photocurrent. The film heat-treated at 773 K was found to be
better fitted by an indirect optical transition, with bandgap energy of 3.21 eV.
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