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Photocatalytic degradation of methyl orange by nano-TiO,
thin films prepared by RF magnetron sputtering
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Nano-TiO2 thin films are deposited by radio frequency (RF) magnetron sputtering using TiO2 ceramic
target and characterized by X-ray diffractometer, atomic force microscope, and ultraviolet-visible spec-
trophotometer. The photocatalytic activity is evaluated by light-induced degradation of methyl orange
solutions (5, 10, and 20 ppm) using a high pressure mercury lamp as the light source. The film is amor-
phous, and its energy gap is 3.02 eV. The photocatalytic degradation of methyl orange solution is the
first-order reaction and the apparent reaction rate constants are 0.00369, 0.0024, and 0.00151 for the
methyl orange solution concentrations of 5, 10, and 20 ppm, respectively.
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In 1972, Fujishima et al. discovered the photocat-
alytic splitting of water on TiOs electrodes!!l. This event
marked the beginning of a new era in heterogeneous
photocatalysis. Recently, heterogeneous photocataly-
sis has attracted growing attention in which TiOy thin
films is used as an advanced water treatment and wa-
ter purification process. TiOs thin films can be pre-
pared by numerous techniques such as chemical vapor
deposition[?, electron beam evaporation®!, ion assisted
deposition*9], sol-gel processes!®”, and sputtering!®.
Among these techniques, radio frequency (RF) mag-
netron sputtering!® provides more advantages in control-
ling the microstructure and compositions of the films. In
this letter, TiO2 thin films are deposited on silicon and
glass substrates by RF magnetron sputtering. The char-
acteristics including phase structure, surface topography,
energy gap, and photocatalytic activity of the films are
studied.

TiO4 thin films were deposited by a high vacuum mul-
tifunctional magnetron sputtering equipment (JGP560I)
using TiOy ceramic targets ($=60 mm) on silicon (10x
10 mm?) and glass (43 x26 mm?) substrates at room tem-
perature. Prior to deposition, the substrates were ultra-
sonically cleaned with acetone, absolute ethyl alcohol,
and de-ionized water for 10 min, respectively. When
the sputtering chamber was evacuated to 8x10~* Pa,
argon gas was introduced. Before the films were de-
posited, TiO4 ceramic target was pre-sputtered by argon
ions for 3 min to weed out the surface adsorption. Dur-
ing sputtering, the argon gas flow rate was kept at 30
scem, the chamber pressure was maintained at 0.8 Pa,
sputtering power was 60 W, the distance between the
substrate and the target was 60 mm, and the sputter-
ing time was 30 min. The film thickness, measured by a
surface profiler meter (Ambios XP-1), was 150 nm. The
crystallization behavior of the film was analyzed by an
X-ray diffractometer (XRD, MAC M18XHF) using Cu
Ka radiation. Surface morphological features were ob-
served by an atomic force microscope (AFM, AJ-IIIa).
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Transmission spectra were obtained by an ultraviolet-
visible (UV-Vis) spectrophotometer (SHIMADZU UV-
2550(PC) Series). The photocatalytic activity of the
film was characterized by degradation of methyl orange
(C14H14N3NaO3S) solutions with concentrations of 5, 10,
and 20 ppm, respectively. Firstly, to find the relation
between concentration and absorbance of methyl orange
solution, methyl orange solutions of 0, 0.5, 1, 2.5, 5, 10,
and 20 ppm were prepared, respectively. The transmit-
tances of the methyl orange solutions were measured by
an UV-Vis spectrophotometer (SHIMADZU UV-2550),
and then transformed into absorbance, further, the wave-
length corresponding to the maximum absorbance could
be obtained. The relation between concentration and
absorbance of methyl orange solution could be obtained
from the wavelength of the maximum absorbance. Sec-
ondly, the experiment was performed in a 30-ml glass
container. The light source was a 36-W high pressure
mercury lamp, which emitted visible light of 404.7, 435.8,
546.1, 577.0-579.0 nm, and ultraviolet (UV) light of 365
nm. One sample of glass substrate was horizontally
placed at the bottom of the testing cell containing 10-ml
methyl orange solution. The distance between the sam-
ple and the high pressure mercury lamp was 3.1 cm. The
transmittance of the methyl orange solution was mea-
sured at intervals of 20 min and the total irradiation time
was 3 h. The degradation rate of methyl orange could be
obtained by!'"]

n = (Co— Cy)/Co x 100%, (1)

where 7) is the degradation rate of methyl orange after
t-min reaction, CYy is the concentration of methyl orange
after £-min reaction, and Cj is the initial concentration.

Figure 1 shows the XRD patterns of as-deposited TiO2
thin film and silicon substrate. It can be seen that
there is not any characteristic peak of anatase, rutile,
and brookite in the XRD pattern of TiOs thin film. It is
suggested that the film is amorphous. It must be pointed
out that the diffraction angles of 22.37° and 25.36° in the
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film, which correspond to the silicon substrate because
of the pervasion between substrate and the films. Fig-
ure 2 presents the AFM image of the film. It can be seen
that the film has compact structure, smooth surface, and
no crystal grain. Figure 3 shows the transmission spec-
tra of TiOg thin film as-deposited on glass substrate.
TiO9 thin film is transparent in the visible range, and
the transparency shows a sharp decrease in the UV re-
gion owing to the absorption of light!'12_ Optical trans-
mittance spectrum can be used to derive the energy gap
(Eg) of the TiO; film. The absorption coefficient, c, can

be derived from/?]

(1 - R)?exp(—ad)
= 1 — R2exp(—2ad)’ @

where T is the optical transmittance, R is the reflectance,
and d is the film thickness. At shorter wavelengths,
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Fig. 1. XRD patterns of (a) as-deposited TiOz thin film and
(b) silicon substrate.
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Fig. 2. AFM image of as-deposited TiO2 thin film.
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Fig. 3. Transmission spectra of as-deposited TiO2 thin films.

close to the energy gap, the scattering losses are domi-
nated by the fundamental absorption, and the absorption
coefficient is given byl

InT

Over the optical absorption edge, the indirect-allowed
transitions dominatel!?l; and above the threshold of fun-
damental absorption, the following expression can be
written[!3:14] ;

(ahv)Y? = ag(hv — E,), (4)

where hv is the photon energy, F, is the energy gap,
and «q is a constant which does not depend on the pho-
ton energy. From the linear part of (ahv)'/? = f(hv)
dependence, the extrapolated energy gap, Eg, can be ob-
tained for a=0. The energy gap is determined by plot-
ting (ahu)l/ 2 versus equivalent energy at the wavelength
A, as shown in Fig. 4. This is called “Tauc plot”[!5],
As a result, the energy gap of the TiOs thin film is
3.02 eV. We can calculate that the threshold absorption
wavelength is 411.6 nm for the TiO, thin film. Since
the high pressure mercury lamp emits visible light of
404.7, 435.8, 546.1, 577.0-579.0 nm, and UV light of
365 nm, we can conclude that the film can absorb the
UV light of 365 nm and the visible light of 404.7 nm
from irradiation of high pressure mercury lamp.

Figure 5 plots the absorption spectra of de-ionized wa-
ter and 0.5, 1, 2.5, 5, 10, and 20 ppm methyl orange
solutions. From Fig. 5, we can see that absorption spec-
tra of methyl orange solutions with various concentra-
tions show two characteristic peaks at 270 and 464 nm,
respectively. In our study, the absorbance of peak at
464 nm is used to evaluate the absorption of methyl or-
ange solutions with various concentrations, as shown in
Fig. 6. Further, linear fitting can be done between ab-
sorbance and concentration of methyl orange solution.
The equation of fitting straight-line can be expressed as

Y = 0.06948X + 0.02063, (5)

where Y is the absorbance of methyl orange solution at
464 nm, and X is the concentration of methyl orange
solution. From Fig. 6, we can see that the absorbance
of methyl orange solution is directly proportional to the
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Fig. 4. Determination of energy gap of as-deposited TiO2 thin
films.
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concentration. Therefore, after the absorbance of methyl
orange solution at 464 nm is obtained, the concentra-
tion of methyl orange solution can be calculated from
Eq. (5). Figure 7 illustrates the first-order kinetics of
photocatalytic degradation of methyl orange solutions of
5, 10, and 20 ppm, as a function of irradiation time over
as-deposited TiO2 thin films. In this figure, A; is the
absorbance of methyl orange after ¢-min reaction and Ag
is the initial absorbance at 464 nm. From Fig. 7, we can
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Fig. 5. Absorption spectra of (a) de-ionized water and (b)
0.5, (¢) 1, (d) 2.5, (e) 5, (f) 10, and (g) 20 ppm methyl orange
solutions.
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Fig. 6. Dependence of absorbance for 464-nm light on con-
centration of methyl orange solution.
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Fig. 7. First-order kinetics of photocatalytic degradation for
methyl orange solutions of (a) 5, (b) 10, and (c¢) 20 ppm con-
centrations as a function of irradiation time over TiOs thin
films.

Table 1. Parameters of Photocatalytic Degradation
of Methyl Orange Solutions with Different
Concentrations by TiO2 Thin Films

Co (ppm) 5 10 20
k (minfl) 0.00369 0.0024 0.00151
n (%) 51.246 36.331 25.276

see that In(Ag/A;) is directly proportional to irradia-
tion time.

From the above analysis, the absorbance of methyl
orange solution is directly proportional to concentration.
So we can conclude that the photocatalytic degrada-
tion is the first-order reaction and its kinetics can be
expressed as

In(Co/Cy) = kt, (6)

where k is the apparent reaction rate constant. The pho-
tocatalytic activity can be compared by k value. The k
values, which are obtained by linear fitting from Fig. 7,
are 0.00369, 0.0024, and 0.00151 for the methyl orange so-
lution concentrations of 5, 10, and 20 ppm, respectively,
as shown in Table 1. Based on the absorbance of methyl
orange solution at 464 nm, the concentration of methyl
orange solution with different initial concentration after
3-h reaction can be calculated from Eq. (5). Further-
more, the degradation rate of methyl orange can be ob-
tained from Eq. (1), as also shown in Table 1. The degra-
dation rate decreases with increasing initial concentration
of methyl orange. With the increase of concentration of
methyl orange solution, the optical transmission power
decreases. So the sum of photon that participating in
photocatalysis decreases. Furthermore, as the concen-
tration of methyl orange solution increases, more solute
will be adsorbed on the surface of the film, which results
in the decrease of active sites, so the degradation rate
decreases with the increase of initial concentration.

In conclusion, nano-TiO4 thin films are deposited on
silicon and glass substrates by RF magnetron sputter-
ing using TiOy ceramic target. As-deposited TiO2 thin
film is amorphous, and its surface is smooth. The wave-
length of the maximum absorbance of methyl orange so-
lution is 464 nm and the absorbance of the solution is
directly proportional to its concentration. The photo-
catalytic degradation of methyl orange solution by the
film is the first-order reaction, and the apparent re-
action rate constants are 0.00369, 0.0024, and 0.00151
for methyl orange solution concentrations of 5, 10, and
20 ppm, respectively. The degradation rate decreases
with the increasing initial concentration of methyl or-
ange.
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