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Abstract

Co-TiO, nanoparticle thin films were synthesized by sol-gel method. The structural properties of the synthesized sample were
studied using FTIR, XRD, and TEM. XRD confirmed the presence of double-phase anatase/rutile for the TiO, nanoparticles.
Effect of annealing temperature and exposure to microwave energy on the optical properties were studied for transparent
conductive oxide (TCO) application. The optical energy gap and refractive index were determined. It was found that microwave
treatment is an effective method for reinforcing optical properties of films. The photocatalytic properties were studied by
determining the absorbance of methylene blue (MB) using UV source as a function of illumination time.

Keywords Sol-gel method - Optical materials - Thin films - Nanostructures - Photocatalytic measurements

Introduction

Titanium dioxide (TiO,) has remarkable optical and electronic
properties as a transparent conductive oxide (TCO) due to its
high transparency and wide band gap energy (3.2 eV) [1], and
it is considered one of the most promising photo-catalysts for
decomposing atmospheric pollution, self-cleaning surfaces,
and self-sterilization and antibacterial owing to its UV absor-
bance, relatively high efficiency, nontoxicity, inexpensive and
abundant material, highly oxidizing power, and long-term
chemical stability [2, 3]. These interesting combinations of
useful properties make it also a competitive candidate for nu-
merous applications, such as water splitting [4], gas sensors
[5], protective sunscreens [6], and solar cell [7]. Otherwise,
the electronic and optical characteristics of TCO films are
highly sensitive to processing indices, such as type of dopants,
heat treatment, and other deposition conditions [8].
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Despite TiO, is widely used as a photocatalyst, there are
still many efforts being made to improve its photocatalytic
activity [2, 9]. Since TiO, is characterized by large optical
energy gap, it needs higher energy for activation process,
which can be achieved by ultraviolet illumination. The photo-
catalytic activity depends on the nature and extent of defects in
the crystal [10], which may be achieved by doping techniques
using either metallic dopants like Ag, Cu, Zn, and Co [11-13]
or non-metallic dopants like nitrogen [14]. Doping lessens
TiO, band gap which reduces the recombination rate of
photogenerated electron—hole pairs [15]. Improvement of
photocatalytic activity can be achieved under different condi-
tions of preparation and irradiation and affected greatly by
several parameters, including phase structure and crystalline
size [16].

TiO, exists in three crystalline polymorphs: rutile (which
crystallizes in the tetragonal form, the band gap is about 3 eV),
anatase (crystallizes in the tetragonal, the band gap is about
3.2 eV), and brookite (crystallizes in the orthorhombic system,
the band gap is about 3 eV) [17-19]. The anatase TiO, is
preferable if used as photocatalytic cell and also suitable for
use as gas sensors, solar cells, and multilayer optical coatings
due to its high refractive index [20]. Rutile is the most ther-
modynamically stable and the densest; subsequently, it is an
especially desirable oxide phase for optical functional
implementations [21].

In this work, cobalt-doped titanium dioxide thin films were
prepared by sol-gel procedure. Effect of annealing tempera-
ture and exposure to microwave energy were studied for
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optical and solar cell applications. To the extent of our knowl-
edge, there are no studies about the effect of microwave ener-
gy on the optical features of thin films. On other side, the
photocatalytic properties were studied by determining the ab-
sorbance of methylene blue (MB) using UV source as a func-
tion of illumination time.

Experimental Section
Sol-Gel Preparation

The preparation of Co-TiO, nanopatrticles by sol-gel method
has been carried out in several steps presented in Fig. | as
follows; a 67.5 ml of isopropanol (iPr-OH) (99%, Aldrich),
was mixed with deionized water and allowed to stir for
20 min. Then, 7.4 ml of titanium isopropoxide (TTIP) as a
Ti precursor (97%, Aldrich) was added by pipette to the bea-
ker containing iPr-OH. The mixture was continually stirred
using a magnetic stirrer after mixing and for a further 5 min
after addition of the precursor. The pH of the solution was
adjusted to 2 with HNO; (0.5 N). Cobalt nitrate as cobalt
source was mixed together with titania sol followed by addi-
tion of 2 ml of acetyl acetone as capping agent under vigorous
stirring for 2 h. The prepared cobalt-titanium hydroxide was
aged overnight, dried for several hours at 100 °C, and
annealed at various temperatures (200 + 1300+ 1400+ 1 and
500+ 1 °C) for 60 min.

Thin Film Preparation

Microscopic glass substrates were cleaned ultrasonically
through Branson 1210 ultrasonic cleaner using both distilled
water and acetone. The glass substrates were heated by hot
plate at 100 °C for 5 min before deposition. The prepared Co-
TiO, thin films were synthesized by dipping them in the so-
lution for fixed intervals of dipping time. Then, films were
dried at 60 °C in a muffled furnace for approximately 30 min.

Powder Characterization

Structural analysis of the prepared Co-TiO, powder was per-
formed using an X-ray diffractometer (Phillips PW-1710) Cu-
ko radiation (A = 1.54056 A) by changing the diffraction an-
gle 2 from 4 to 80° by step width of 0.06. The FTIR spectra
were measured for dried powder at different temperatures
(200, 300, 400 and 500 °C) using FTIR spectrometer
(BRUKER) in the domain 4004000 cm™'. Surface morphol-
ogy of the films was analyzed by transmission electron mi-
croscopy (TEM) (model Jeol TEM-1230) at 100,000 magni-
fications and an acceleration voltage of 120 kV.
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Fig. 1 Schematic process for preparation of Co-TiO,

Optical Measurements

A Jasco V-570 UV—visible-NIR double beam spectrophotom-
eter was utilized to record the reflection spectra and transmis-
sion over the wavelength range 200-2500 nm at normal inci-
dence with a scan speed of 1000 nm min~'. A further attach-
ment model ISN-470 is provided for measuring the reflectivity
of the films.

Film Annealing and Microwave Exposure

The prepared films were annealed at 100, 200, 300, 400, and
500 °C for 30 min in a fully controlled furnace. Another group
of the prepared films was treated in microwave oven model
No. MS-424EZ/01, with RF output microwave power of
900 W for =3, 6,9, 12, and 15 min.

Photo-Catalytic Activity

The photo-catalytic properties of the prepared Co-TiO, film
have been tested at room temperature by measuring the meth-
ylene blue (MB) decomposition (C;cH;gsCIN3S - xH,0). The
film has been dipped into an aqueous solution of MB with a
concentration of 1.0 mmol 1! for 60 min then dried in air for
60 min in a dark venue. The film was illuminated by UV
source (model Camag) for different times of #;y =5, 10, 15,
30, 60, and 90 min.
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Result and Discussion

Figure 2 shows XRD patterns of Co-TiO, powders calcinated
at 200, 300, and 500 °C. It is evident that the samples calcined
at temperatures of 200 and 300 °C have amorphous structure.
The amorphous nature of the samples can be attributed to large
number of defect sites [22]. The sample calcined at 500 °C
exhibits crystalline nature, and the obtained diffraction pat-
terns were compared with database standards (JCPDS data
card No. 46-1238). The prominent diffraction peaks (101),
(103), (004), (200), (211), (204), (116), and (215) were at
25.27, 36.93, 37.89, 48.1, 54.58, 62.72, 68.9, and 75.09°,
respectively, indicating the formation of anatase TiO, compar-
ing with Card No. 35-0793 for Anatase TiO,. Other diffrac-
tion peaks indicate the formation of TiO, in rutile structure
(card No. 21-1276). The presence of anatase and rutile phase
TiO, nanostructure is an interesting behavior due to the alter-
ation in the crystal structure of the same material, which per-
mits the electron transfer excited by ultraviolet light from an-
atase to rutile TiO, [23]. As the annealing temperature was
increased to 500 °C, the peaks became more prominent, and
this reveals that thermal treatment of the samples at higher
temperature facilitates the development of rutile TiO, crystals.

The crystallite size (D) of Co-TiO, was calculated from the
XRD spectra using Scherrer’s equation [24],

~ e 0
B

where \=1.54056 A and is the measured full width at half

maximum (FWHM) at an angle of 2 in radian. Values of

FWHM and the crystallite size are illustrated in Table 1. The

average value of calculated crystallite size is in the range of

26.1 nm.

Figure 3 presents the FTIR spectra measured from 400 to
4000 cm™' for Co-TiO, powders, calcined at different temper-
atures of 100, 200, 300, and 500 °C. A broad band at 2500—
3600 cm ! due to free H,O molecules can be noticed [25, 26].
Observed bands were indicated around 3430 cm ™', and those
at 1530 cm ™" in the spectra are due to stretching and bending
vibration of the hydrogen bonded -OH group of the adsorbed
water molecules.

After calcinations, the intensity of these bands is decreased
gradually and disappeared at 500 °C, indicating the removal of
a large portion of the adsorbed water. Accordingly, the broad
shoulders which extend from 900 to 400 cm ™" detect the ex-
istence of Ti-O-Ti vibrations. In samples at lower annealing
temperatures, the shoulders are broader because of the pres-
ence of metal hydroxide Ti-OH [27]. The higher annealing
temperatures lead to losing of water of hydroxyl surface
groups to form metal-oxygen—metal links [28]. There is no
peak at 2900 cm™ ! for Co-TiO, calcined at 500 °C correspond-
ing to -CH; and -CH, organic groups as a result of using

T, =300°C

Intensity, a.u

T, =200°C

10 20 30 40 50 60 70 80
20, degree

Fig. 2 The X-ray diffraction (XRD) patterns of Co-TiO, powders
calcined at 200, 300, and 500 °C

isopropanol and acetyl acetone, which means all organic com-
pounds are removed from the samples after calcinations.

Figure 4 shows TEM microphotographs obtained from Co-
TiO, annealed at 500 °C. It could be found that a large number
of crystalline grains appear in a structured matrix exhibited as
spherical aggregates and the grains have a diameter in the
range of 18-32 nm. As estimated from the TEM images, the
crystalline grains are compatible with that obtained from XRD
results which found to be in the range of 21-32 nm as indexed
in Table 1.

The transmittance (7%) and reflection (R%) spectra of as
deposited Co-TiO, and annealed films at different tempera-
tures of T, = 100, 200, 300, 400, and 500 °C for 30 min in the
wavelength range from 200 to 2500 nm are presented in
Fig. 5a,b. It is evident that the 7% increased gradually as
increment of the annealing temperature. The value of 7% ~
88% in the visible and near infrared regions of the spectrum
was obtained for film annealed at 500 °C. The increase in
transmittance can be attributed to the decrease of the number
of water molecules and undesirable light impurity atoms in the
sample. No considerable change in reflection was observed,

Table 1 The calculated FWHM and crystallite size D (nm) from the
XRD patterns of Co-TiO, powder calcined at 500 °C

Peak FWHM (n) Crystallite size
D (nm)
(101) A-TiO, 0.67 21.2
(110) R-TiO, 0.57 25.0
(230) TiO, 0.51 28.3
(103) A-TiO, 0.45 325
(004) A-TiO, 0.51 28.8
(200) A-TiO, 0.62 24.5
(204) A-TiO, 0.69 23.5

@ Springer
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T, =500 C

T, =400 °C
T, =100°C

a

Transmittance, % a.u

L) hd L] v L) v L v L] v L] v L] v
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Fig. 3 The FTIR spectra of Co-TiO, powders calcined at different
temperatures

indicating that the decrease in absorption is responsible for
increasing the film transparency.

Another trial to improve the optical features of the prepared
samples was performed by exposing the film to microwaves for
different times #,; =3, 6, 9, 12, and 15 min. A microwave oven
with RF output power 900 W was used. The transmittance and
reflectance spectra of Co-TiO, exposed to microwaves for dif-
ferent times are shown in Fig. 6a,b. The transmittance increased
with an increase in time of exposure at the same time decreasing
the reflectivity. The transmittance values were in the range of
81.0% and 84.0% in the visible and NIR regions for film ex-
posed to microwaves for 15 min. No significant increase was
found in transparency above 12 min.

The transmittance values obtained by exposing the Co-
TiO, film to microwave power for 15 min are near than those
obtained by annealing temperature at 400 °C for 30 min,
confirming treatment by microwaves saves power and time.

The optical energy gap of Co-TiO, was determined using
Tauc’s equation by extrapolating the linear portion of the plots

Fig. 4 TEM micrographs of
powdered Co-TiO, annealed at
500 °C at magnifications 25,000
and 50,000x

100 om
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Fig. 5 The transmittance (a) and reflection (b) spectra of as-deposited

Co-TiO, and annealed films at different temperatures for 30 min

of (h)* vs. h at (h)* = 0 [29]. The corresponding optical energy
gap of as-deposited and annealed Co-TiO, is presented in
Fig. 7a, whereas the optical energy gap of Co-TiO, exposed
to microwave power for different times is shown in Fig. 7b.
The figure shows that the as-deposited film has the lowest
optical energy gap at ~2.93 eV, confirming that doping by

120 kV X25000

~ 120kV X50000
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Fig. 6 Transmittance (a) and reflectance (b) spectra of Co-TiO, film
exposed to microwave power for different times

Co lessens the band gap of TiO,. It is also observed that the
optical gap energy increment increases with either the time of
exposure to microwave power or the temperature of anneal-
ing. The maximum values of optical energy gap obtained are
3.2 and 3.37 eV for film annealed at 500 °C and film exposed

3.3

(a)

3.2 1 al
3.1

3.0 -

~"

2.9

Optical energy gap, eV

2.8

0 100 200 300 400 500
Temperature of annealing, °C

to microwave for 15 min, respectively. The increase of optical
energy gap may be due to the decrease in density of localized
states. The impurities are gradually decreased either by an-
nealing temperature or by exposing the film to microwave
power.

The refractive index of a material is the key factor for
device design [30]. The refractive index in visible region of
Co-TiO, films annealed at different temperatures and exposed
to microwave power for different times is presented in
Fig. 8a,b. The figure shows that the refractive index decreases
with increase of temperature of annealing or time of exposure
to microwave power. The average value of as-deposited Co-
TiO, thin film is about 2.41 that decreases to 2.07 for film
annealed at 500 °C and about 1.94 for film exposed to micro-
wave power for 15 min.

The obtained data of average refractive index were listed in
Table 2. The data are in good agreement with those obtained by
Assim [31] for TiO; ; deposited by electron beam gun. The
same trend was obtained by Xue et al. [32] for ZnO films. It
was discussed that the decrease in refractive index with an
increase in the annealing temperature is due to the decrease of
optical absorption. The small value of refractive index can be
attributed to the improvement of transparency of the films [33].

Figure 9a,b presents the variation of absorption spectra and
MB degradation of as deposited Co-TiO, thin film after dip-
ping in MB as a function of wavelength before and after illu-
mination by UV source. It can be observed that the absorption
decreases as illumination time increases from 5 to 90 min. The
dye degradation percentage of 60 was obtained after 90 min
from the initial 1 mmol/L dye concentration used under UV
spectrum for photocatalytic activity. This can be interpreted as
the amount of dye uptake increases with the increase of illumi-
nation time. It can be observed that Co-TiO, is of higher reac-
tivity for the photocatalytic degradation of MB. The higher
reactivity appears to be mainly linked to the presence of anatase
phase of the sample. This higher photocatalytic performance

344 (b)

a0

./l

et
[\
1

S
(=}
P

Optical energy gap, eV
w

2.8 T ] L] ] T L)
0 3 6 9 12 15

Microwave time exposure, min

Fig. 7 Optical energy gap of Co-TiO, films (a) annealed at different temperatures and (b) exposed to microwave power for different times
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Fig. 8 Wavelength dependence of refractive index of Co-TiO, films (a) annealed at different temperatures and (b) exposed to microwave power for

different times

under UV irradiation is in good agreement with the optical data,
which has the lowest optical energy gap at ~2.93 eV giving rise
to reduce the band gap of TiO,. Therefore, the presence of Co
as dopant improves the photochemical properties of the sample
by reducing the recombination of photogenerated electrons and
holes is questionable [34, 35].

Conclusions

Co-TiO; thin films were prepared by sol-gel method. The
structural properties of the prepared sample were studied
using FTIR, XRD, and TEM. The XRD confirmed the pres-
ence of double-phase anatase/rutile for the TiO, and average
value of calculated crystallite size is in the range of 26.1 nm.
Effect of annealing temperature and exposure to microwave
energy on the optical properties were studied for transparent
conductive oxide (TCO) application.

Transmittance values of ~88% for annealed film at 500 °C
and about 81% and 84% in the visible and near infrared re-
gions, respectively, for exposed film to microwave power for
15 min were obtained. The obtained transmittance value at
~81% in the visible region obtained by exposing the Co-
TiO, film to microwave power for 15 min was also obtained

Table 2 The average

values of refractive index Tonn (°C) n tyv (min) n

in the visible region for

Co-TiO, annealed at 0 242 0 242

different temperatures 100 2.36 3 2.26

and exposed to 200 235 6 222

microwave power for

different times 300 2.29 9 2.17
400 2.15 12 2.00
500 2.07 15 1.94
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by annealing temperature at 400 °C for 30 min, confirming
that treatment by microwaves is an effective method for en-
hancing the optical properties and saves power and time.
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Fig. 9 MB absorption spectra of as-deposited Co-TiO, thin film (a) and
the variation of the absorption degradation at 600 nm by MB as a function
of illumination time (b)
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The optical energy gap of Co-TiO, film was determined

using Tauc’s equation. It was found that the as-deposited film
has the lowest energy gap at ~2.93 eV, confirming that doping
by Co lessens the band gap of TiO,. The maximum values of
~3.2 and 3.37 eV were obtained for film annealed at 500 °C
and film exposed to microwave for 15 min, respectively.

The refractive index of annealed and exposed film to mi-

crowave was determined. It was found that the refractive in-
dex decreases as the temperature of annealing or time of ex-
posure to microwave power increases. The as-deposited Co-
TiO, has a photocatalytic activity for color-fading of MB. The
dye degradation percentage of 60 was obtained after 90 min
from the initial 1 mmol/l dye concentration used under UV
spectrum for photocatalytic activity.
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