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This work reports the preparation of polycrystalline titanium dioxide (TiO2) thin films using spray pyrolysis

TiOy technique at various temperatures to access their photoelectrocatalytic (PEC) performance. The films were
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characterized by photocurrent response measurements, X-ray diffraction, Scanning electron microscopy,
Elemental analysis, Fourier-transform Raman spectroscopy and UV-vis spectroscopy. The TiO; showed hetero-
geneous photocatalytic potential against the oxidative degradation of Phthalic acid (PA) and Benzoic acid (BA)

which were used as model pollutants. The PEC behavior of the typical TiO; film was excellent for oxidative
degradation of both pollutants under UV irradiation.

1. Introduction

The surface and underground water resource management is neces-
sary to ensure continued supply of water for daily use and other activ-
ities in the industrial and agricultural sectors. The preservation of water
quality is necessary for safe healthy life and sustainable development
[1]. The organic pollutants found in waste water such as phenolic
compounds [2], polycyclic aromatic hydrocarbons (PAHs) [3] and
agricultural chemicals (pesticides and herbicides) are considered as
highly toxic and they may lead to the depletion of aquatic system [4].
The organic chemicals discharged into the water bodies are based on
hydrocarbons, oxygen and hydroxyl compounds, organometallic com-
pounds etc. Among various waste water purification treatments, the
advanced oxidation processes (AOPs) are employed effectively to
remove by degradation the organic pollutants from water resources
[5-7]. The present study describes the potential use of immobilized ti-
tanium dioxide (TiO3) as photocatalyst for degradation of organic pol-
lutants ubiquitously found in water bodies [8]. TiOy powder is
extensively investigated for catalytic applications where it is mobile
[9,10]. There are limitations to mobile catalysis. Most importantly, it is
very tedious to separate catalyst from degraded water after its use. An
alternate strategy is to use immobile catalyst which does not remain
dissolved in purified water. TiOy is mostly used in the environmental
protection applications such as air purification and water treatment
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[11]. Out of three phases of TiO,, anatase is most preferred due to its
higher adsorption capability and lower recombination rates [12-15].
There are various factors viz. specific surface area, crystallite size, phase
of the crystal which affect the photocatalytic performance of TiO,
[16,17]. Organic pollutants can harm ecosystem stability. Among the
different organic pollutants, phthalic acid (PA) and benzoic acid (BA)
are used as model organic pollutants in this study. BA [18,19] and PA
[20] were selected as organic pollutants as their chemical structures are
almost similar and also they are the most common organic pollutants
hence making a good choice as model pollutants. Mostly BA comes in
wastewater from the pharmaceutical industry whereas PA is mostly
released in water bodies from paint industries. Both compounds are
toxic and exhibit low biodegradability [21,22]. Therefore, there is need
for removal of such harmful organic acids from the water bodies.

This paper presents the results on the preparation of spray deposited
TiOy thin films at different deposition temperatures. The photo-
electrochemical, structural and optical properties of the thin films were
studied. The photoelectrocatalytic (PEC) performance of the optimized
TiO, film was investigated by using PA and BA as the model pollutants.
Almost quantitative degradation of the model pollutants was achieved
by using the optimized thin film as the photoelectrode. The observations
and results presented here highlight the importance of deposition tem-
peratures for obtaining optimum films of TiO2 and clearly show scien-
tific advancement in thin film based water purification technology.
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Fig. 1. (a) Variation of I, with respect to temperature on TiO, thin films (b) Current-voltage plot of PEC cell built with TiO; (1 x 1 cm?) thin films at 1 V/SCE.

2. Experimental section
2.1. Materials

Ti(OPr)y(acetylacetonate), (Sigma aldrich) was used as Ti source.
Ethanol (99.9 % purity), fluorine doped tin oxide (FTO)(15-20 Q/[]
resistivity) with model organic pollutants Phthalic acid and Benzoic acid
were purchased from s-d fine chemicals. All chemicals used were of
analytical grade and were used as such.

2.2. Methods

2.2.1. Preparation of catalyst.

The ethanolic solution (50 ml) of titanium diisopropoxide bisacetyl
acetonate (75 wt%)[TDBA] was used as a Ti precursor. The solution was
stirred for 10 min and sprayed over the preheated glass substrates
maintained at various temperatures (425 °C —500 °C) in separate sets of
experiments with spray rate of 4 cc/min. The obtained films were
annealed at 500 °C for 1 h in air atmosphere.

The reaction involved in the formation of TiO4 thin film is as follows
[23]:

Ci6Hos OsTi + CoHsOH + 90, 5 TiO, + 2(C3Hg0)1 + 2(C3Hg0)1
+5H,01 + 6CO,1

The proposed thermal decomposition pathways of TDBA by spray
technique is mentioned above. TiO5 particles are deposited on the glass
substrate by evaporation of solvent from precursor and consequently,
decomposition of salt into oxides with formation of propylene oxide and
propanic acid which gets evaporated. The process results in uniform
coating of immobilized TiO; thin films on the substrates. The TiO; is
adhered tightly to the substrate (immobilized) as it is in thin film form. It
participates in the photocatalytic reactions in this state and only stays
neutral.

2.3. Characterizations of catalyst

The photoelectrocatalytic (PEC) performance of the immobilized
TiO4 film was studied using two electrode system which consists TiOy
thin film as a photoanode and Platinum as a counter electrode. The
crystal structure and phase of the TiO5 thin films were studied using X-
ray diffractometer (Bruker X-ray diffractometer Model D2: phaser with
CuK, radiation of wavelength 1.5406 A®). Scanning electron microscopy
(SEM) images were taken on JEOL JSM-6360, Japan instrument for
surface morphological analysis. Transmission spectra and absorption
spectra of model pollutants at a particular wavelength were recorded

using UV-vis 1800 Spectrophotometer, Shimadzu. Fourier transform
Raman spectrometer (Bruker MultiRAM, Germany) with a He-Ne laser
source (excitation wavelength of 532 nm) was used to record Raman

spectrum within wavenumber range of 100-800 cm ",

2.4. Testing of phototelectrocatalytic activity

The photo-electrochemical tests were used to investigate the charge
separation abilities of samples. The photocurrent response measure-
ments of TiO, samples were performed using a Linear sweep voltametry
(LSV) with a power intensity of 20 mW c¢m 2 UV irradition. The scan rate
during the measurements was set to be 20 mV s~* and the electrode area
under light irradiation was 1 cm?.

Photoelectrocatalytic activity of as synthesized immobilized TiO,
thin film was investigated for oxidative degradation of PA and BA as
model pollutants using single cell reactor. The arrangement of the
reactor setup is as discussed in [24] where large area (64 cm?) photo-
electrodes were prepared and tested in prototype PEC reactor employing
a stainless steel as a counter-electrode and UV tube lamps with A = 365
nm.

3. Results and discussion
3.1. Phototelectrocatalytic performance of catalyst

The photoelectrocatalytic performance of spray deposited TiO, thin
films at different temperatures ranging from 425 °C to 500 °C was
studied by plotting a graph of applied potential against photocurrent
density at 1 V/SCE. Fig. 1a shows that, as temperature increases, the
photocurrent (Ipy) starts increasing gradually but later for the films
obtained above 450 °C its performance get declined due to formation of
stoichiometric TiO, thin films with fast charge carrier transfer and the
powderish, less compact nature of the film. The photocurrent density for
TiO; films deposited at 450 °C is maximum. 450 °C deposition tem-
perature is taken to be optimized temperature for film formation as we
get more photocurrent for this film. More photocurrent is due to higher
photocatalytic efficiency at this deposition temperature. This tempera-
ture seems to be appropriate for decomposition and subsequent crys-
tallization of TiO, The linear sweep voltammetry (LSV) measurement of
TiOs films at different temperatures are displayed in Fig. 1b. Here, TiO>
films deposited at different temperatures did not show the saturation in
photocurrent due to more recombination centres where the photocur-
rent increases non-linearly with respect to applied external bias
potential.
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Fig. 2. (a) XRD patterns of spray deposited films at different deposition temperatures (I) 425 °C (II) 450 °C (III) 475 °C (IV) 500 °C. (b) Crystallite size variation

with respect to deposition temperatures.
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Fig. 3. (a) Plot of variation of absorbance with wavelength of TiO, deposited at different temperatures. Inset shows photographs of the samples (b) Transmittance
spectra of TiO, thin film deposited at various temperatures (c) Water contact angle measurement at (i) 425 °C (ii) 450 °C (iii) 475 °C and (iv) 500 °C.

3.2. Structural analysis: X-ray diffraction

The Fig. 2a shows the X-ray diffraction (XRD) patterns of spray
deposited TiOp photoelectrodes at different deposition temperatures.
The diffraction peaks assigned at different 26 values as (101), (103),

(004), (200), (105), (211), (204), (116), (220), and (215) planes
match with tetragonal anatase phase of TiOg (ICDD card no: 01-074-
1166). The sharp and intense peaks indicate that the synthesized TiO,
thin films are highly crystalline. No additional peaks are observed which
confirms the pure phase of anatase TiO, structure [25]. The anatase
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Element Weight%  Atomic%
OK 47.12 72.74
TiK 52.88 27.26
Totals 100.00

(b)

Fig. 4. (a) SEM images of TiO, prepared at various temperatures 425 °C, 450 °C, 475 °C, and 500 °C denoted as P;, Py, P3 and P4 respectively. (b) EDS spectrum of

typical sample of TiO, film deposited at 450 °C.

phase was further confirmed by Raman spectroscopy. The crystallite size
was calculated using Scherer’s formula [26]. The variation of crystallite
size with respect to temperature is as shown in Fig. 2b, which shows
crystallite size varies from 41 to 59 nm. It can be seen that the crystallite
size decreases at 450 °C but with further increase in deposition tem-
perature it starts increasing.

3.3. Optical and surface wettability study

The optical absorbance and transmittance spectra (300-1100 nm) of
immobilized TiO, deposited at different temperatures are shown in
Fig. 3. The absorbance spectra (Fig. 3a) showed redshift of band edge
with respect to deposition temperature due to powderish appearance of
film. Transmittance spectra (Fig. 3b) depict wavy nature of film due to
interference and it gets flattened with increasing temperature. The film
deposited at 450 °C shows 75% transmittance, further with increase in
temperature results in decremented value of transmittance [27]. The
photoelectrocatalysis, electromagnetic radiations are illuminated from
back contact side. So the catalyst has to be deposited on transparent
substrates and it should be more transparent to achieve higher incident
photon conversion efficiency (ICPE). Therefore, film deposited at 450 °C
is most suitable for achieving higher ICPE and thereby efficient for
degradation of organic pollutants undertaking in the present study.
Fig. 3c shows water contact angle (CA) images of TiO2 thin films pre-
pared at various temperatures (425 °C —500 °C). The observed values of
CA vary in the range of 35-59° exhibiting hydrophilic nature of the
films. The lower CA was noticed at temperature 450 °C which clearly
manifests that pollutant solution stays intact with deposited film for a
deferral. This wettability of the film plays a significant role in the pho-
tocatalytic degradation of organic pollutants.

3.4. Morphological analysis

The scanning electron microscopy (SEM) images provide informa-
tion about surface morphology and shape of the particles. Fig. 4a shows
SEM micrographs of TiO, thin films prepared at various substrate tem-
peratures Tg (425 °C — 500 °C) denoted as Py, Py, P3, P4 respectively. The
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Fig. 5. Raman spectrum of spray deposited TiO, prepared at 450 °C.

deposition temperature plays a significant role in the surface
morphology of the prepared TiO, thin films. It is observed that, with
increasing temperature there is increase in the particle size as well as
film thickness. The films prepared at Ts = 425-450 °C (Fig. 4a-b) shows
smooth grain surfaces where the grains are densely packed due to uni-
formity and compactness of the particle. The anatase phase formation is
kinetically favored at lower temperature [28]. Thus deposition of the
films at relatively lower temperatures can give higher surface area, and a
higher surface density of active sites for adsorption and catalysis per-
formance [29]. However, when T; is > 450 °C the grain surfaces become
rough and the grains are more loosely packed (Fig. 4a). The increase in
the film thickness contributes to the formation of agglomerated clusters
in the thin film. The elemental analysis (EDS) result confirmed the purity
of the chemically synthesized samples and the data is shown in Fig. 4b.
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Fig. 6. (a) Degradation of Phthalic acid (PA) using TiO, photocatalyst (b) Kinetics of degradation reaction of PA under UV irradiation (c) Degradation of Benzoic acid
(BA) using TiO, photocatalyst (d) Kinetics of degradation reaction of PA under UV irradiation.

3.5. Raman study

Raman spectroscopy deals with the study of inelastic scattering
produced by a molecule. Fig. 5 shows representative Raman spectra of
TiO; thin film obtained at 450 °C. The Raman active mode of anatase
phase was shown by six peaks (A1g + 2B2g + 3Eg) in Fig. 5 [30,31] with
five most intense bands observed for symmetric anatase phase of TiO; at
143.8,195.9, 395.4, 517.1, 639.7 em™! respectively. The peak centered
at 143.8 cm ™! deferes that the spray deposited TiO film has an anatase
phase which is the main characteristics peak of Raman spectrum [32].
The observed data supports the XRD results [33].

3.6. Photoelectrochemical (PEC) measurement

The PEC degradation measurement was performed using a single cell
photoreactor with PA and BA being used as model pollutants in separate
sets. The minimum concentration of pollutants used was 20 ppm. During
the experimentation, TiO5 was used as anode, and a platinum electrode
was used as cathode, 0.5 cm away from anode. The PEC measurements
were conducted under 1.5 V bias potential provided by a DC voltage
source [34].The model pollutant solution was circulated through the
reactor and the concentration of the pollutant in the solution was
monitored by registering the UV visible spectrum at fixed time interval.
For the purpose of generation of the main reactive radicals to oxidize

BA/PA in the PEC experiments, PEC degradations of acids with TiO5 as
anode were performed under UV irradiation. The UV light intensity on
the surface of samples was measured by luxmeter as 16 mW/cm?. Fig. 6a
shows the extinction spectrum of PA recorded under UV spectropho-
tometer shows maximum absorption at 231 nm. The degradation effi-
ciency of the pollutants was examined according to the ratio of C; and
Cop, where C; and Cy are the absorbance of compound in aqueous solution
at time t and 0. The degradation efficiency and rate constant are
calculated by formula reported earlier [35,36]. The Fig. 6b represents
the rate constant k = 2.9 x 10 °min~! due to optimal free radical
generation rate. Similarly, the extinction spectrum of BA was recorded
using UV spectrophotometer shown in Fig. 6¢, which shows peak at 226
nm. Fig. 6d shows logarithmic plot of C/Cy against time of BA. The slope
of this plot gives the rate constant (k), to be 3.3 x 1073 min~!. The
degradation rate in both cases follows first order kinetics with respect to
the radiation absorption rate.

Comparing our data with the previous reports [35] there is a possi-
bility of improving or further accelerating the degradation by addition of
various oxidants or scavengers as well as increasing the number of PEC
cells. It is worth pointing out that here the PEC degradation of organic
acids using spray deposited TiO5 thin films may proceed without pro-
ducing any harmful byproducts as there is no evolution of absorption
maxima observed in the UV visible spectrum registered at each time
intervals.
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4. Conclusion

In summary, spray deposited immobilized TiOs thin films at different
temperature were prepared by optimizing the conditions. It is revealed
that the deposition temperature significantly affects the crystallinity,
morphology of the obtained TiO5 thin films. The TiO» film prepared at
450 °C was found to be more compact in nature, uniform, and with high
photocurrent density. The film prepared at 450 °C shows high rate
constants for both PA and BA to bek = 2.9 x 10 °min ! and 3.3 x 103
min~ 1. Therefore the optimized thin film showed effective PEC degra-
dation performance due to its superiority and an effective separation of
photogenerated charge carriers in photoelectrocatalytic degradation
process that leads to generation of OH radicals which favored the
elimination of PA and BA used as model pollutants in the study.
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