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Ba-doped TiO2 thin films were deposited onto glass substrates by sol–gel spin-coating method and
annealed at 550◦C for 2 h. The effect of barium doping on the structural, morphological, optical, and
photocatalytic properties of TiO2 thin films was investigated. X-ray diffraction analysis revealed that
all films crystallize in the anatase phase with the plane (101) as preferential orientation. As a result of
the Ba doping, the crystallite size decreased from 19 to 9 nm. The surface morphology and roughness
of TiO2 were shown to be affected by Ba doping content using atomic force microscopy. As Ba content
increased, the optical transmittance of the films increased to over 85% in the visible region and the gap
energy increased from 3.42 to 3.77 eV. Doping by barium enhances the photocatalytic activity of TiO2

film for degradation of rhodamine B under UV light irradiation, and the best performance was found
for 3% of Ba:TiO2 film.
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1. Introduction

Because of advances in semiconductor material
research, the degradation of organic pollutants in
water via heterogeneous photocatalysis has im-
proved. Titanium dioxide (TiO2) is the most likely
candidate to enhance photocatalytic activity due to
its special properties such as high activity, chemical
stability and environmental friendliness [1]. TiO2

is composed of three crystalline phases: anatase,
brookite, and rutile phase, among which the anatase
phase demonstrates high photocatalytic activity.
Controlling the physical properties of TiO2, such
as grain size to achieve a high surface area, can im-
prove its photocatalytic properties and increase its
efficiency in the degradation of a wide range of or-
ganic pollutants [3, 4]. Furthermore, the addition
of metallic or non-metallic elements would act as
traps for photoinduced electrons and holes, delay-
ing electron–hole recombination.

Titanium dioxide TiO2 powder catalyst develop-
ment has piqued the interest of researchers [5, 6].
However, there are some drawbacks to its subse-
quent use, such as catalyst separation after each
run and stirring during the reaction, as well as
limited light distribution. Thus, the preparation of
a thin film catalyst will overcome these drawbacks,
and also broaden the applications of catalyst to an-
tibacterial ceramic tiles and self-cleaning glasses [7].
Among thin film deposition methods, the sol–gel

spin-coating is the simplest, most cost-effective, and
has numerous advantages, e.g. TiO2 adheres easily
to substrates. The deposition of TiO2 thin film by
the sol–gel method has been reported by few au-
thors [7–10].

To the best of our knowledge, the photocatalytic
properties of Ba-doped TiO2 as a thin film have not
been reported. In this paper, we present a compar-
ative study on the photocatalytic efficiency of un-
doped and Ba-doped TiO2 thin films prepared by
the sol–gel spin-coating method, as well as the op-
tical and morphological structure. Under the ultra-
violet light irradiation, the photocatalytic behavior
of Ba-doped TiO2 thin films in the removal of RhB
pollutants in wastewater was investigated.

2. Experimental

2.1. Films preparation

We used 1 mol of butanol (C4H9OH) as a sol-
vent, 4 mol of acetic acid (CH3COOH) as a catalyst,
1 mol of distilled water, and 1 mol of tetrabutyl–
orthotitanate Ti(C4H9O)4 was added to the mix-
ture as an organic source of titanium [11, 12]. To
precipitate undoped and Ba-doped, TiO2 thin films
were deposited by sol–gel spin-coating method on
glass substrates. We then have melted different ra-
tios of acetate barium (C4H6BaO4) in TiO2 solu-
tion. Finally, these solutions were stirred for 6 h
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at room temperature to obtain homogeneous solu-
tions of TiO2 doped with 1%, 3%, 5% and 7% of Ba.
These solutions were spin-coated on the substrates
with a speed of 3000 rpm for 30 s. After each coat-
ing, the samples were dried at temperature ' 100◦C
for 10 min. This process of coating and heating was
repeated 6 times. At last, the samples were annealed
at 550◦C for 2 h.

2.2. Photocatalytic procedure

To evaluate the photocatalytic activity of Ba-
doping TiO2 thin films, we followed the degradation
of rhodamine B (RhB) solution (10−5 mol/l) under
the ultraviolet light source (VL-215. LC, 15 W and
λ = 365 nm), with emission light of 365 nm. Sam-
ples of TiO2 doped with 0%, 1%, 3%, 5%, and 7 %
of barium were placed in a flask containing 25 ml
of an aqueous solution. After that, the distance be-
tween the film and the lamp was fixed to 11 cm.
Every 30 min, 4 ml of the was withdrawn, and the
RhB concentration was determined using UV Spec-
troscopy (JASCO) by observing the peak absorp-
tion at about 554 nm for 180 min.

2.3. Films characterization

The structural properties were characterized us-
ing a Panalytical-Empyrean X-ray diffractometer
(XRD) in grazing incidence mode with Cu Kα radi-
ation (λCu = 1.54056 Å). Optical transmission was
performed by a JASCO UV-Vis spectrophotometer.
In addition, film surface morphology was observed
using an Asylum research (BRUKER ICON SCAN
ASYST) and atomic force microscopy (AFM).

3. Results and discussion

3.1. Structural properties

The XRD patterns of undoped and doped TiO2

thin films with various Ba contents annealed
at 550◦C for 2 h are shown in Fig. 1. We notice the
presence of peaks corresponding to the planes (101),
(004), (200), (105) and (211) of the anatase phase
(JCPDS 21-1272). It can be seen that the intensity
of all the diffraction peaks decreases as a function
of Ba doping, indicating that the film crystallinity
decreases. Furthermore, no peak related to barium
oxide was found in all spectra, which is more likely
due to the low content of Ba doping.

Moreover, the crystallite size (L) of undoped and
Ba-doped TiO2 thin films can be deduced from
XRD broadening peak of (1 0 1) using the Scherrer
equation [13]

L =
0.94λ

β cos(θ)
, (1)

where L is the crystallite size [nm], λ is the wave-
length of X-ray (λCu Kα

= 1.54056 Å), β [rad] is the
full width at half maximum (FWHM) of the (1 0 1)
diffraction peak, and θ is the Bragg angle.

Fig. 1. XRD patterns of undoped and various Ba-
doped TiO2 thin films annealed at 550◦C.

TABLE I

Structural parameters obtained from XRD patterns
of Ba2+-doped TiO2 thin films.

Samples
L

[nm]
δ × 10−4

[lines/m2]
ε× 10−2

undoped TiO2 19 29.20 11.46
1% Ba 17 34.60 16.01
3% Ba 16 39.06 16.87
5% Ba 12 69.44 18.54
7% Ba 9 123.45 21.27

As shown in Table I, the crystallite size decreases
with increasing Ba content, indicating the deterio-
ration of the film crystallinity. This can be explained
by the large difference between the ionic radius of
Ti4+ (0.68 Å) and Ba+2 (1.61 Å). The incorporation
of barium into the TiO2 matrix induces pressure in-
side the TiO2 unit cell and thus increases the num-
ber of defects and inhibits crystals growth, which
in turn decreases both the crystalline and crystal-
lite size of Ba-doped TiO2 films [14].

In addition, the dislocation density (δ) and
the strain (ε) in the films have been determined
using [15]

δ =
1

L2
, (2)

and

ε =
β cos(θ)

4
, (3)
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Fig. 2. 2D and 3D AFM micrographs of TiO2 thin films as a function of Ba content: (a) undoped TiO2, (b)
1% Ba, (c) 3% Ba, (d) 5% Ba, (e) 7%Ba.

respectively. According to Table I, we observe that
both the dislocation density δ and strain ε in the
films were increased by increasing the concentration
of Ba. This may be another cause of the deteriora-
tion of the crystalline structure.

3.2. Surface morphology

The AFM images of the undoped and Ba-doped
TiO2 thin films annealed at 550◦C for 2 h are shown
in Fig. 2. A granular and porous surface can be
observed. Further, with increasing Ba content, we
observe a decrease in the average grain size and
a change in topography. According to AFM micro-
graphs, 3% Ba-doped TiO2 films have the highest
porous surface, resulting in a large specific surface
area.

The roughness mean square (RMS) of the films
decreased between 16.3 nm and 5.27 nm (Table II)
as a function of the Ba doping. This may be due
to the decrease of crystallite size and variation sur-
face morphology. The decrease of roughness and the
existence of pores in the surface of the films would
influence the photocatalytic degradation properties
of TiO2 thin films.

3.3. Optical properties

The transmittance properties of undoped and Ba-
doped TiO2 thin films deposited on glass substrates
and annealed at 550◦C were examined using UV-
vis in a spectral range between 300 and 800 nm
wavelength range. The transmittance results are re-
ported in Fig. 3, where the average transmittance
higher than 75% occur for all the thin films in the
visible region. The spectra reveal very pronounced

TABLE II

Gap energy (Eg), surface roughness (RMS) of Ba-
doped TiO2 thin films.

Samples Eg [eV] RMS [nm]
Thickness

[nm]
undoped TiO2 3.42 16.3 175

1% Ba 3.45 12.7 174

3% Ba 3.68 9.82 176

5% Ba 3.72 8.05 173

7% Ba 3.77 5.27 174

interference effects. The appearance of interferences
indicates that our films are sufficiently thick. We
also note that the deposited thin films begin to ab-
sorb between 300 and 350 nm, i.e., in the near ul-
traviolet. The absorption threshold shifts towards
shorter wavelengths as the Ba concentrations in-
crease. This indicates an increase in the gap of the
TiO2 films, and we calculated it using the Tauc for-
mula [16, 17]

(αhν)2 = A
(
hν − Eg

)
, (4)

where α is the absorption coefficient, A is the
constant, hν is the photon energy, h is Planck’s
constant, and Eg is the optical band-gap. When
(αhν)2 = 0, Eg = hν, an extrapolation of the lin-
ear region of the plot of (αhν)2 versus photon en-
ergy (hν) on the x-axis gives the value of the optical
band gap. Figure 4 shows the extrapolations of the
curves (αhν)2 as a function of hν. The obtained
values are listed in Table II.
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Fig. 3. Transmittance spectra of undoped and
Ba-doped TiO2 thin films.

Fig. 4. The extrapolation of the curves (αhν)2

as a function of photon energy hν of undoped and
Ba-doped TiO2 thin films.

It can be noted that the band gap of TiO2 thin
film gradually increases from 3.42 to 3.77 eV as
a function of the Ba dopant. Vijayalakshmi and
Sivaraj [18] and Gülen [19] also reported that the
TiO2 band gap increased with Ba dopant. The
donor Ba atoms provide additional carriers, caus-
ing the Fermi level to shift towards the conduction
band and, therefore, the band gap widens.

These spectra were also used to estimate the
films’ thicknesses using the envelope method [20].
The corresponding values are listed in Table II.
As a result, the thicknesses were discovered to be
unaffected by the barium content.

3.4. Photocatalytic properties

Figure 5 shows the absorption spectra of RhB
after exposure to a UV light source during 180 min
using undoped and 1%, 3%, 5%, 7% Ba-doped TiO2

films. It can be seen that the RhB peak at 554 nm
(wavelength) gradually decreases as a function of
Ba content, with the 3% of Ba2+ doping showing
a significant decrease compared to the rest.

Fig. 5. Absorption spectra of RhB solution after
180 min of illumination in the presence of undoped
and Ba-doped TiO2 thin films and the absorption
spectrum of RhB taken initially.

Fig. 6. Degradation rate of RhB in the presence of
undoped and Ba-doped TiO2 thin films at different
irradiation time intervals.

In addition, the photodegradation rate D [%] was
calculated according to [21]

D =
C0 − Ct
C0

× 100, (5)

where C0 is the initial concentration and Ct is the
concentration at different time.

Figure 6 shows the degradation rate D [%] of
RhB solution in the presence of undoped and Ba-
doped TiO2 samples under UV light irradiation
for 180 min. The degradation of RhB without TiO2

or Ba-doped TiO2 under UV light shows that the
RhB molecule is not affected by UV light. On the
other hand, the degradation rates were 77%, 93%,
98%, 89% and 84% in the presence of 0%, 1%, 3%,
5% and 7% of Ba-doped TiO2 films, respectively.
These results indicate an improvement in the photo-
catalytic activity with an increase in the Ba content.
It also shows that the 3% Ba TiO2 films display
the most enhanced performance in the elimination
of RhB.
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Fig. 7. The ln(C0/C) results of RhB versus time.

The photocatalytic degradation is a pseudo first
order reaction and its rate constant (k) can be cal-
culated using [22]

ln

(
C0

C

)
= kt, (6)

where k is the apparent rate constant [min−1] and
t is the irradiation time [min].

Figure 7 shows the relation (C0/C) versus t, and
the values of the rate constants were obtained from
the slope of each curve. We note that the rate con-
stant k increases with the increase of the Ba doping
and the 3% of Ba-doped TiO2 has the highest value.
This result indicates that more Ba reduces the pho-
tocatalytic activity.

When a semiconductor oxide TiO2 is exposed to
UV light with an energy greater than the band
gap, TiO2 produces electrons (e) in the conduc-
tion band (BC) and holes (h+) in the valence band
(VB). These electrons can be captured by oxygen
molecules adsorbed on the surface, forming a super-
oxide ion (•O−

2 ) or H2O2, meanwhile holes can oxi-
dize H2O to hydroxyl radicals (•OH) or O2. These
powerful reactive radicals contribute to the decom-
position of organic dye molecules adsorbed on the
TiO2 surface into CO2 and H2O [23, 24]. In this
work, the increase of photocatalytic activity of Ba-
doped TiO2 films may be related to:

1. The decrease of crystal size of TiO2 particles
resulting in an increase of surface area and
thus more active sites for reactant molecules.

2. The ability of Ba dopant to act as elec-
tron traps reducing the hole–electron pair re-
combination and leaving the photogenerated
holes available for reaction with hydroxyl ions
present in water to form OH− radicals.

3. From AFM analysis, the 3% of Ba-doped
TiO2 samples showed a higher number of
pores. RhB pollutant molecules can find more
photoactive TiO2 sites and suffer from pho-
toinduced degradation [25, 26].

4. Conclusion

According to XRD analysis, all samples (undoped
and Ba-doped TiO2 thin films) show pure anatase
phase. With increased barium content, the crys-
tallinity and grain sizes of as-prepared samples de-
creased. The AFM observation shows clearly that
the Ba doping affects the shape of TiO2. According
to UV-vis analysis, the optical band gap increases
with increasing barium content and photocatalytic
activity of TiO2 thin film. And, the 3% of Ba-doped
TiO2 was the best photocatalyst of RhB solution.
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