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The present study reports the titanium dioxide (TiO,) films synthesized from TiCl; precursor on ITO glass substrates
using two electrochemical techniques, namely direct electro-deposition (DE) and pulse electro-deposition (PE). The
synthesis potential during the time-on (7,,) period was fixed at —1.5 V. However, the open-circuit potential was ap-
plied during the time-off (7,¢) period. The effect of the technique of electro-deposition and 7, duration on the prop-
erties of TiO, films and their photoelectron-catalytic activity were investigated. The obtained films were investigated
by X-ray diffraction (XRD), scanning electron microscopy (SEM), UV-VIS spectrometer, and photocurrent meas-
urement respectively. It is found that the use of the PE technique at different 7,¢ improves the properties of TiO, films
compared to the DE technique. The XRD patterns show the anatase phase with a marked preferential orientation along
the (101) direction for all samples. From the SEM analysis, it is seen a significant change from big multigrain ag-
glomerates at DE to a dense film structure and small multigrain agglomerates at different 7. As the 7,¢ decreases
from 3 s to 1 s, the photocurrent response rises and reaches a high value of about 12 mA/cm?®. Compared with DE, and
under UV light the photocatalytic property of TiO, film synthesis via PE has been improved in the degradation of
methyl orange (MO). Finally, the films deposited at low Ts (Tor =1 s) show a faster degradation of MO.
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Titanium dioxide (TiO,) belongs to IV-VI semiconductor
material with a wide band gap of 3.2 eV at room tem-
perature!'). Tt is well known that the TiO, naturally has
existed in three crystalline phases such as brookite, rutile,
and anatase. However, rutile and anatase crystalline
phases are usually interesting in the research community
due to abundant raw materials, non-toxic features, and
its diverse technology applications, ie., solar cell'®, light
emitting diodes™, flat panel displays*, gas sensors!”),
temperature  sensor'”. It is obvious that mnon-
biodegradable organic dyes endanger aquatic life and
disturb the water ecosystem. Thus, the challenge to find
out adequate techniques and materials to destroy unde-
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sirable organic compounds in the aqueous phase and to
remove traces of organic species that are stable and diffi-
cult to oxidize by means of conventional water treatment
methods!”™. Firstly, the most well known techniques to
solve the mentioned problem are catalytic wet oxidation
biodegradation and adsorption. Among these, photocata-
Iytic degradation is preferable, which has the advantages
of being a low cost and groundbreaking method to com-
pletely remove dangerous organic wastes''”. Secondly,
TiO, is an excellent photocatalytic material that can find
applications in various fields including water splitting,
environmental purification, self-cleaning, and super hy-
drophilic surfaces!'"'?. Owing to its simple chemical
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composition, its nontoxicity, chemical and biological
stability, low cost and good optical transparency and its
outstanding photocatalytic performance'*'*!. TiO, films
have been deposited by various techniques, such as DC-
sputtering!'® chemical spray pyrolysis!'"'?, sol-gel
method® and pulsed laser deposition®”. Especially the
electrochemical methods (direct electro-deposition (DE)
and pulse electro-deposition (PE)) are interesting for
some reasons, which are good reproducibility, large and
non-uniform substrates can be easily coated, controllabil-
ity, reliability and versatile method for the preparation of
high quality films with high deposition rates see the
respective handbooks for a description of electro-
deposition®"*?). Therefore, it was used in the present
study.

We aimed at developing TiO, films on indium tin ox-
ide (ITO) substrate using the both above mentioned
methods and indicate the influence of the electro-
deposition 7o up on the structural, morphological, opti-
cal, and photoelectron-chemical proprieties. Additionally,
the obtained films were tested for the photoelectron-
catalytic degradation of methyl orange (MO), where MO
is a representative organic dye used extensively in the
textile, printing, and photographic industries.

Based on our knowledge, it should be mentioned that
no previous study was done on the synthesis of TiO,
from TiCl; precursor using a similar synthesis process
for photoelectron-catalytic degradation of MO.

The materials used were de-ionized water, ethanol
(C,Hs0H), acetone (C;HgO) (Analytical grade, VWR
Prolabor), titanium (III) chloride TiCl; (Merck), potas-
sium nitrate (KNO3;>98%, Aldrich), pH meter, the elec-
tro-deposition system and ITO substrates (1 cm® area).

The electrochemical methods with DE and PE were
used to synthesis TiO, films. The substrates used in this
work have ITO with 1 cm? area. Prior to each deposition,
experimental substrates were cleaned carefully for a few
minutes with ethanol, acetone, and de-ionized water,
respectively'”’). The preparation relies on the DE and PE
electro-deposition process. The methods are based on the
use of conventional three electrodes cell, the set-up
which is described in detail elsewhere™*! ITO sub-
strates, platinum mesh and saturated calomel electrode
(SCE) which were used as the working the counter and
the reference electrode, respectively.

In the present case, the electrodeposition bath was a
0.25 M (TiCl3)-0.5 M (KNO;) at pH of 2.5. The deposi-
tion was carried out under potentio-static conditions with
the potential range between —0.4V and —1.8 V. The
TiOy/ITO films were prepared by applying a constant
cathodic potential of —1.5V versus SCE during 900 s,
inside the bath. Subsequently, the electrodeposited films
were rinsed with deionized water, and annealed at
450 °C for 4 h, with 5 °C/min heating rate. A Voltalab
PGZ 301 made up of a potentiostat-galvanostat was used
to perform the electrodeposition.
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Various techniques were used to characterize the TiO,
films. The phase structure of the films was investigated
by X-ray diffraction (XRD) (model- Bruker D8 advance)
using Cu radiation (1=1.540 6 A). For all measurements,
the angle of incidence was kept at 2°, in order to be sen-
sitive to the near surface regions. The film morphology
was analyzed using a high resolution scanning electron
microscope under 10.00 kV operating voltage. The films
morphology of the obtained films was characterized
using a scanning electron microscope (SEM, JSM-7600F,
JEOL) under 10.00 kV operating voltage. Furthermore,
the transmittance spectra were obtained using an ultra-
violet-visible spectrophotometer (UV-VIS, Shimadzu
10S) measured at room temperature in the wavelength
range of 200—850 nm with a scan step of 500 nm/min.

Photoactivity was studied by forming a photoelectro-
chemical cell with TiO, as a photoelectrode and platinum
spiral wire as a counter electrode. The electrolytes used
were 0.1 M (K,SOy4) using a monochromatic UV-lamp
source at A=365 nm. The MO electrochemical degrada-
tion was studied with the 1 cm” area TiO,/ITO sample as
a working electrode. A platinum wire and SCE were
used as counter electrode and a reference electrode, re-
spectively. A single compartment electrochemical quartz
cell was employed in a typical three-electrode arrange-
ment. Electrochemical oxidation (EC) was performed
using a Voltalab PGZ 301 made up of a potentiostat-
galvanostat under +1.5 V-potential. MO decomposition
was determined by measuring the an UV-visible absorb-
ance at regular time intervals®. Initial MO concentra-
tion was 0.001 5 g/L (100 mL) in 0.1 M NaOH. UV-
lamp (4=365 nm) was positioned in front of the quartz
electrochemical cells. After photoelectrocatalysis, MO
concentration was determined immediately by measuring
the absorbance of 2.0 mL of the MO solution using a
Cary le UV-visible spectrophotometer. MO concentra-
tion was tested at predetermined time intervals of 10 min,
20 min, 30 min, 60 min, 120 min, 180 min, 240 min, 300
min, and 360 min.

The chronoamperometry curves obtained during TiO,
electrodeposition and pulsed electrodeposition on ITO-
coated glass substrates are shown in Fig.1.
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Fig.1 Curves of the TiO; films in 0.5 M (KNO3) solutions
at 450 °C: (a) DE (chronoamperometry) for 900 s and
PE of TiO, thin-films for the first ten cycles with T,,=4
s: (b1) Tog=3 s; (b2) Tor =2 s; (b3) Tor=1's

In the conventional DE plating, there is only one vari-
able parameter, namely current density ())*”). The i-
curve of DE shows that the initial current increases rap-
idly at a very short time, at the beginning of the deposi-
tion process and eventually levels off results from the
depletion of TiOH," intermediate in the pores due to the
continuous growth of TiO, deposits. During the continu-
ous deposition, the polymeric titanium hydroxide parti-
cles deposited at the entrance to the pore channels may
continue to form large particles that may block the pene-
tration of electrolyte into the pores of the TiO, thick
film™®®. In PE, there are three independent variables: T,
Toir and peak current (Ip). Ty, is the time period when the
pulses are imposed”’??, during where —1.5V versus
SCE deposition potential is applied, and T is the re-
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laxation time, during which open-circuit potential
(OCP=+0.96 V versus SCE) is applied. The pulse pause
Tor was varied values of 3s, 2s and 1 s, and the pulse
Ton Was kept constant at 4 s, respectively at room tem-
perature, for all experiments as shown in Fig.1. In PE
mode, the duty cycle (y) corresponds to the percentage of
total time of a cycle and is given by'*”
T

T, W

Based on the results above, a possible mechanism for
the electrochemical deposition is proposed. As is ration-
alized above, the reduction of NO;™ ion is essential at the
initiation step of the electrodeposition:

NO; +H,0 +2e — NO, +20H, (2)

Ti*" + H,O —»TiOH," + H". (3)

Similarly, TiOH," ions in the hydrolyzed TiCl; solu-
tion react with OH ™ yield polymeric Ti (III) hydroxide
gel

TiOH* +20H — Ti(OH); . 4)

The hydroxide gels are finally converted to TiO, upon
annealing in the air®**'!. In direct deposition conditions,
the rate of OH ion formation remains constant during the
process. Consequently, the DE mode allows a better
control of the precipitation process. However, the PE
mode is superior to fixed current deposition in terms of
minimizing OH™ ion accumulation at the ITO surface,
which could suffer a chemical attack at higher pH. OH"
ions formed on the cathode surface during time-on are
consumed in the chemical reaction during time-off peri-
ods.

The XRD measurement of 6-26 scan was performed
on TiO, films on ITO substrate as shown in Fig.2 as a
function of the mode of DE and PE with different time-
off pulses of 3 s, 2 s and 1 s at fixed time-on of 4 s. It can
be seen that all films are polycrystalline in behaviour. As
indexed in Fig.2, eight diffraction patterns were observed
with a different intensity peak at 26=25.04°, 36.99°,
37.32°, 48.70°, 53.87°, 61.67°, 68.26° and 73.74° corre-
sponding to (101), (103), (004), (200), (105), (213), (116)
and (107) planes, respectively. These last values are in
good agreement with the standard diffraction data of
anatase phase (JCPDS card, N° 21-1272). Besides, the
preferred orientation was (101) for all films. The diffrac-
tion peaks marked by the sign of (*) correspond to ITO
substrate. It is obviously seen in that case, no relative
peaks of brookite or rutile phases are observed. Further-
more, the diffraction patterns of the film prepared with
PE method indicate a strong intensity peak at 26=25.04°
for the plane (101) compared to the film obtained by DE.
The average crystallite size D has been estimated from
XRD data using FWHM of the preferential peak (101) of
the films prepared via both methods (DE and PE) accord-
ing to Scherrer’s formulal*

Dscherrer=0.941/(fcosh) , ®)

where 4 is the wavelength of X-ray radiation, 6 is the
Bragg diffraction angle and g is the FWHM of the
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preferential peak of diffraction. The Scherrer method
assumes that the line broadening is merely due to the
contribution of small crystallite size. After calculation,
the crystallites size increases from 8.48 nm for Toz=3 s to
9.86 nm for T.;=2s until reach the max value about
10.71 nm for T, =1 s. It can be seen that for T, duration
of 3s,2s and 1 s, D may change significantly. The in-
crease of the crystallite size with decreasing of 7 dura-
tion is likely due to the increase of the nucleating centres
which could be caused by the drag forces exerted on the
boundary motion and crystallite™***. On the other hand,
we found that the crystallite size of the TiO, films pre-
pared by DE is bigger (11.58 nm) than the crystallite size
of thin films deposited by PE. The observed increase in
crystallite size could be attributed to the increasing of
imperfections which enhances grain boundary mobility
and growth rate!*".
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Fig.2 XRD patterns of the TiO; films in 0.5 M (KNO3)
solutions at 450 °C for DE and PE at different Tos

In order to show the influence of the synthesis meth-
ods (DE and PE) and time-off on the surface morphology,
a set of samples was analyzed by the SEM technique.
Fig.3 shows the typical top-view SEM images of TiO,
films synthesized by both above-cited methods and at
three time-off periods. First of all, it's clear from Fig.3
that all obtained films are relatively homogeneous and
distributed almost uniform on the ITO substrate surface.
However, a remarkable topography change between the
two methods was observed. As seen in Fig.3 (A-A’),
well defined multigrain agglomerates with an irregular
big shape and large pores with a grain size of around
800 nm, which is in agreement with the XRD data.
Whereas, multigrain agglomerates with regular, small
shape and small pores with grain size between (110—
280 nm) were obtained by the PE method. Furthermore,
TiO, film synthesis at 3s 7,y consists of small
nanosheets of grain size around 0.017 pm and big pores
spread uniformly on the substrate surface, as shown in
Fig.3(B). As To decreased to 2 s, the bigger nanosheets
of 0.022 um and small pores were observed (see
Fig.3(B,)). At lower T, duration (1 s), the formation of
dense films can be observed (see Fig.3(B;)).
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Fig.3 SEM images of patterns of the TiO; films in 0.5
M (KNO3) solutions at 450 °C for DE(A-A’) and PE at
different Tox: 3 s (B1-B1’); 2 s (B2-B2’); 1 s (B3-B3’) at
low magnification (A, Bi, Bz, Bs) and high
magnification (A’, B1’, B2’, B3’)

The optical transmittance spectra of TiO, film for both
electrodeposition methods synthesized by DE and PE at
different time-off recorded in the wavelength region of
300—900 nm are illustrated in Fig.4. Noticeably, all de-
posited films present a medium transparency ranging from
40% to 67%. However, the films transmittance seems to
be affected by the synthesis methods (DE and PE) and
time-off duration. As seen in Fig.4, the optical transmis-
sions of the films obtained by DE method show low value
of transmittance about 42% compared to the films ob-
tained by PE, which it reaches high value around 76%.
Besides, it can be clearly seen that the average transmit-
tance increases up to 76% with decreasing time-off dura-
tion. The increase in film transparency may be due to the
improvement of crystal quality, which leads to lowering
the light diffusion by the large grains size forming the film.
These results are supported by XRD and MEB data. As
mentioned above, the optical transmittance increases in the
visible range, and the transmission edge is blue shifted
also termed as Burstein-Moss shift?>%,

This result depicts that the optical band gap (E,) of the
films was influenced by the synthesis mode and time-off
duration. The band gap energy (E,) with direct allowed
transition can be determined using the Tauc relationship
given by the following expression in Eq.(6)""!

a=-(hv=FE) ©)
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where 4 is a proportionality constant, 4v is the photon
energy, a is the absorption coefficient, and E, is the band
gap and n=1/2 for direct or »n=2 for indirect optical tran-
sitions™**). The photon energy at the point where a’=0 is
E, and is obtained by the extrapolation method. Based on
Fig.5, it was noted that the optical band gap of TiO,
films developed using DE and PE mode lies between
3.01 eV and 3.28 eV depending on two parameters, such
as mode of the synthesis and time off duration. The low-
est value of the E, is around 3.01 eV obtained by DE
mode, may be due to large grain size of this film. In
addition, the £, value increases from 3.06 eV to 3.28 eV
in accordance with the decrease of T duration from 3 s
to 1s. TiO, prepared by PE mode could improve the
specific surface area, improving the film morphology
and optical properties. So, PE mode is beneficial for
electro-optical materials.
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Fig.4 Optical transmittance spectra of the TiO, films
in 0.5 M (KNO3) solutions at 450 °C for DE and PE at
different Tos
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Fig.5 The band-gap estimation of the TiO; films in 0.5
M (KNO3) solutions at 450 °C for DE and PE at
different Tos

The photoelectrochemical cell is a photocurrent-
generated device composed of an electrolyte, a photo-
active semiconductor electrode”. In the present case,
TiO, films were used as a working electrode in a photo-
electrochemical cell containing potassium sulfate (K,SO,)
0.1 M as electrolyte solution. Fig.6 displays the photo-
current response of TiO, films synthesis via two modes
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of DE and PE at three T,y durations of 3's, 2's, and 1 s.
As seen in Fig.6, a rapid generation of photocurrent
response is observed when the TiO, film is illuminated
under UV light. In both modes, TiO, films show anodic
(positive) current under UV light. It is well known that n-
type semiconductors produce an anodic photocurrent in
which holes are transferred toward the electrolyte, while
p-type semiconductors generate a cathodic photocurrent
by transmitting electrons toward the electrolyte. Conse-
quently, TiO, films have n-type conductivity?®**">%,
Typical photocurrent-time curves are given upon switch-
ing the light on and off, with an applied potential of
+0.8 V versus SCE. In the dark, there is negligible an-
odic photocurrent; however, under illumination of the
TiO, surface, we observe an important anodic photocur-
rent. This suggests that the excited minority carriers
diffuse to the surface to participate into the electro-
chemical reaction at the electrode interface*”. The
photocurrent detected in PE films is i=4.24 pA/cm™,
i=9.11 pA/cm’z, i=12.59 uA/cm'2 at 3s, 2s, and 1s,
respectively. It is clear that the photocurrent increased
dramatically with decreasing the time-off value. This
behavior can be explained by more efficient electron-
hole pair separation. However, the photocurrent for DE
films is about /=1.12 pA/cm™, which is less than PE
films. This finding may be due the morphologies of the
TiO, (see Fig.3) suggest a greater surface |electrolyte
interface area which is where minority (hole) carrier
collection occurs. It is therefore feasible that a greater
fraction of electron-hole pair generation occurs in re-
gions whose distance is smaller than the minority carrier
diffusion length resulting in higher internal quantum
efficiencies and hence greater photocurrent densities'*'’.
That will also be confirmed by the morphological devel-
opment of TiO, in the PE mode.
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Fig.6 Photocurrent responses of the TiO; films in 0.5
M (KNOs) solutions at 450 °C for DE and PE at
different Tos

As is known, the photocatalytic process involves the
activation of a TiO, film by natural or artificial light. As
reported in the introduction section TiO, is semiconduc-
tor, which is characterized by valence bands
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(VB) and conduction bands (CB), the region between the
valence band and the conduction band is called band gap
(Eg)[42]. When a TiO, film is illuminated with energy
greater than the energy of band gap, leads to the forma-
tion of a positive hole h" in the VB and an electron ¢ in
the CB. The photogenerated e can react with MO dye
and acceptor electrons, as oxygen molecules adsorbed on
the surface of the TiO, or dissolved in the water, generat-
ing superoxide anions (0,")*). The positive hole (h")
oxidizes either pollutant directly or water to produce
hydroxyl radical HO™!. Whereas the electron in the
conduction band reduces the oxygen adsorbed on the
photocatalyst (TiO,). The photocatalytic properties of
TiO, films for the degradation of MO process under UV
irradiation (A=365 nm) and +1.5 V applied potential are
illustrated in Fig.7. As can be seen from Fig.7, at =0 min,
the absorption peaks of MO reaches the maximal value at
465 nm then after 10 min decreases rapidly and com-
pletely decolorizes of MO within different times in the
presence TiO, film. Moreover, MO degradation was
faster for films synthesize via PE mode than synthesize
via DE. This could be attributed to the size of TiO, films.
is apparent form Fig.7 that after 360 min, the MO degra-
dation was faster on the TiO, film synthesis at Top=1 s
compared than synthesis at T, =2 s and 3 s. This is due
to the increase of production rate of oxygen species such
as, *0 and *OH, which affected the degradation of MO.
We were also interested in influence of chosen process
parameters to MO photodegradation rate. One of these
parameters was the mode of synthesis DE and PE.
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Fig.7 The series of absorption spectra of MO under UV
irradiation (A=365 nm) and fixed potential of +1.5 V, in
presence of TiO, synthesized by (a) DE and PE at
different Tos: (b) To=3 s, (€) Tor =2 s, and (d) Tor =1's

In Fig.8(a), we have presented the photoelectrocata-
lytic degradation of MO for TiO, thin films, obtained by
DE and PE at different time-off, under UV irradiation.
As first remark, the degradation rate of MO for the film
obtained by DE mode was very low compared to the
other mode. In addition, it seen clear that the degradation
rate of MO is reduced with decreasing time-off duration
of TiO, catalyst, which showing that the photonic effi-
ciency was higher for TiO, synthesized at low time-Off
duration'. For further investigation on the features of
photoelectrocatalytic degradation rate was achieved from
the plot of the concentration of MO versus illumination
time up to 360 min, witnessed in Fig.8(b). The initial
concentrations of MO (Cp) the photocatalytic degrada-
tion rate of organic compounds can be explained by a
pseudo-first order reaction, with the following Eq.(7)
demonstrating the relationship of C and #*%)

< =K, @)
K

where K is the rate constant of the photoelectrocatalytic
degradation, ¢ is the irradiation time, C, is the initial
concentration of MO and C is the concentration of MO at
time ¢. After calculation, It is found that the rate constant
of the photoelectron-catalytic degradation as follow:
0.000 2 (DE), 0.000 6, 0.000 8, and 0.001 min™ for 3 s,
2 s, and 1s Ty duration, respectively. The similar obser-
vation was found by Lakhdari et al'**! in the case of ZnO
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films synthesised via PE mode. The increasing of rate

constant can be explained by type of defect and oxygen

defect concentration!™”".

1.0

0.9

0.8

c/c,

0.7

0.6

0.5 . ) . . . . .
0 50 100 150 200 250 300 350 400
Time (min)

(a)

0 100 200 300
Time (min)
(b)
Fig.8 (a) Photoelectrodegradation of MO for 360 min
in presence of TiO; deposited by DE and PE at
different To¢ under UV irradiation (A=365 nm) and
fixed potential of +1.5 V; (b) The photoelectrocatalytic
degradation rate of MO by TiO; films deposited by DE
and PE at different To

Fig.9 reveals the degradation percentage of MO for
TiO, films, deposited at DE end PE in different T,
under UV irradiation. The efficiency of the degradation
D(%) reaction was determined using Eq.(8)!**"

D(%)=(Cy—C/Cy)*100, ®)
where Cj is the initial MO concentration at 0 min and C
is the concentration at a time ¢. According to the Lam-
bert-Beer law, after 360 min of degradation, a rate of
17.27% (DE), 28.65%, 31.19%, and 44.79% was ob-
tained for Ty of 3's, 2s and 1 s, respectively. As seen,
the TiO, films synthesized by PE mode indicate a photo-
electrocatalytic efficiency higher to that of the TiO, films
obtained by DE mode. The origin of this result can be
explained by structure, morphology and photocurrent
response of TiO, film.

To sum up, herein we report a comparative study of a
DE and PE methods at three time-off duration (3 s, 2 s,
and 1 s) of TiO, films and its effect on photoelectrocata-
lysis degradation of MO. The main results can be sum-
marized as follows. The XRD data shows anatase phase

Optoelectron. Lett. Vol.17 No.6
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Fig.9 Degradation percentage versus irradiation time
plot of MO degradation for TiO, deposited by DE and
PE at different To«

for all films with a strong intensity peak for (101) orien-
tation for the film obtained by PE. The crystallite size
increases with decreasing of T, duration. However, the
films synthesis by DE gives bigger crystallite size. All
obtained films are relatively homogeneous and distrib-
uted almost uniform on the ITO substrate surface. The
photocurrent response reveal n-type conductivity of TiO,
thin films and show us the big difference between DE
and PE mode (1.12 pA/em™ and 12.59 pA/cm™) respec-
tively with a larger response at low 7. Physicochemical
analyses show that the properties and photo-activity of
the obtained TiO, films are significantly affected by the
DE, PE mode and time-off duration. The obtained results
show that TiO, synthesis by PE mode improved photo-
electrocatalysis properties that lead to faster MO degra-
dation. Finally, this work assesses the feasibility of using
TiO; thin films synthesis via PE mode at low Ty as
photocatalytic degradation of MO.
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