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A B S T R A C T

This research presents strong photocatalytic activity for amorphous TiO1.7 prepared by atomic layer deposition
to decompose the LBR (Levafix Brilliant Red) dye. LBR is an example of the pollutant dyes in the textile industrial
wastewater. This activity has been enhanced significantly through decreasing the thickness from 40 to 8 nm.
This behavior is explained by correlating the photocatalytic, optical, structural and photoluminescence prop-
erties. The thinner film has higher Urbach's energy (wider tail of localized states) and higher life time of the
photo-generated charge carriers. This is attributed to increasing the non-lattice oxygen content which enhances
the photocatalytic behavior of thinner films. Moreover, these ultra-thin films have ability to be recycled by the
same efficiency indicating its promising application in the water purification from the organic dyes and pollu-
tants.

1. Introduction

Recently, photocatalysis has attracted much attention as a potential
method for water treatment by decomposition of the wastes and toxic
organic dyes [1–4]. This could be achieved by the facile formation of
radicals through the UV irradiation of the photocatalyst (wide band gap
semiconductor with strong oxidative ability) [4,5]. The photo-gener-
ated electrons and holes react with the oxygen molecules and hydroxyl
groups on the catalyst's surface, producing super-oxide radical ions and
hydroxyl radicals, respectively [2,4].

Titanium dioxide (TiO2) is one of the promising photocatalysts due
to its high activity for degradation of organic compounds and dyes, high
chemical stability, low cost, nontoxicity, strong oxidizing power, low
quantum efficiency of photocatalytic reactions, wide availability, high
refractive index and chemical inertness [1,6–10]. Disadvantages of the
heterogeneous photocatalysis such as the stirring during the reaction to
avoid agglomeration of TiO2 particles could be reduced using TiO2 thin
films [4,10].

Oxygen vacancies as point defects play an important role in pho-
tocatalytic reaction by formation of defect states below the conduction
band [11]. In this research, these vacancies could be developed by
preparing non-stoichiometric (TiO1.7) thin films using plasma enhanced
atomic layer deposition. These films show strong photocatalysis for the

LBR dye. Further vacancies and more photocatalytic activity could be
achieved through decreasing the film thickness. This increased content
of the oxygen vacancies has been detected through the non-lattice
oxygen on the XPS spectra. Enhancement of the photocatalytic activity
has been explained by correlating the structural, optical and photo-
luminescence properties. Enhancement of the photocatalysis by means
of decreasing the film thickness agrees with that of Al-rich:Al2O3 at-
tributed to increasing the Al content which decreases the energy gap
[12]. Furthermore, TiO1.7 has more photocatalytic activity than Al-ri-
ch:Al2O3 with the same film thickness.

2. Methods and structure identification

Different thicknesses of TiO1.7 (8, 15, 25 and 40 nm) have been
grown on different substrates by atomic layer deposition ALD (Beneq
TFS 200) in plasma-enhanced mode with RF power 50 W at 50 °C.
During the deposition, the pressure inside the reactor and chamber was
1.2 and 7.4 mbar, respectively. The ALD cycle was as following: 200 ms
TiCl4 followed by 3s purge, then 3s of oxygen plasma and another 3s
purge. The thickness of the films has been measured using an AMBIOS
XP-1 profilometer. In order to confirm the film thickness, TEM-lamella
of the films has also been prepared by focused ion beam (FIB) and the
thickness was checked by the electron microscope (Thermo Scientific
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Scios 2 Dual Beam FIB + SEM).
X-ray diffraction (XRD) of the films (8 and 40 nm) was measured by

Philips X-ray diffractometer (PAN analytical X'Pert PRO) utilizing Cu Kα
monochromatic radiation (40 kV, 40 mA). Fig. 1(a) shows the absence
of peaks in the XRD indicating the amorphous structure of the prepared
films. Also, the amorphous structure has been confirmed using high
resolution scanning electron microscope (HR-SEM, QUANTA FEG 250,
USA) as shown in Fig. 1(b and c).

For further structure identification and elemental analysis, X-ray
Photoelectron spectroscopy (XPS) spectra were obtained by X-ray ir-
radiation using an Al Kα source (10 mA, 10 kV). The photoelectrons
were detected by the hemispherical energy analyzer (type PHOIBOS-
100, SPECS GmbH, Berlin). The ultimate vacuum was 5x10−10 mbar.
The used reference peak is C 1s with binding energy of 284.5 eV. The
peaks were identified using NIST XPS Database [13]. Fig. 2(a and b)
shows the XPS spectra of 40 and 8 nm films as examples. For char-
acterization of chemical state, the O 1s, C 1s and Ti 2p peaks were
measured with 10 eV pass energy. CasaXPS software was applied in the
deconvolution and fitting procedure to determine the elemental com-
position and lattice/nonlattice oxygen content. The composition of Ti
and O are 37% and 63%, respectively, for all samples with different
thicknesses. These show that our films are TiO1.7, i.e. not stoichiometric
TiO2 but Ti-rich.

For the photocatalysis investigations, UV lamp of wavelength
(254 nm) is used in an in-situ photo-reactor (see its schematic in [12]).
All thin film samples have area 3.125 cm2. They were submerged flatly
at the bottom of the dye container at distance 5 cm below the lamp.
Different concentrations of the LBR dye were checked and the 10−4 M
concentration has been chosen for the detailed investigations.

Adsorption of the dye over the TiO1.7 films with different thick-
nesses has been determined before the photocatalysis reaching to the
equilibrium before 30 min. The adsorption has a Langmuir-type balance
according the equation [14]:

= =
+

θ Q
Q

k C
k C1

e
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ads e
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Where θ is coverage, Qe is the quantity of adsorbed molecules at the
adsorption equilibrium, Qmax is maximum adsorbed quantity, kads is
Langmuir adsorption constant of LBR and Ce is the concentration of LBR
at the adsorption equilibrium. Eq. (1) can be expressed as:
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Fig. 3 confirms the linear relation between
Q
1
e
and

C
1
e
. Values of kads

for each thickness have been determined ( =k intersept slope/ads ) and
listed in Table 1. The value of kads (0.06 ± 0.01 L/mmol) is considered
significantly smaller than that reported in literature for materials used
to remove the same dye from water by adsorption such as H-type ac-
tivated carbon (kads = 23 L/mmol ) [14].

Transmittance of the films deposited on Quartz substrates was
measured by unpolarized light in the wavelength range
190–2500 nm at normal incidence and room temperature using JASCO
double beam spectrophotometer (V-670, JAPAN). The baseline has
been sited using similar quartz substrates. The photoluminescence life
time data were determined using a ‘PerkinElmer LS55 USA’
Luminescence Spectrometer with excitation wavelength 325 nm.

3. Results and discussion

The photocatalytic degradation of the LBR dye ( C
Co

versus time)
using different thicknesses of TiO1.7 thin film (40, 25, 15 and 8 nm) is
shown in Fig. 4(a). Co and C are the initial and current concentrations of
the dye (mg/L), respectively. Clearly, these thin films have strong and
fast photocatalytic degradation obeying the first order reaction equa-
tion [12,15,16] as shown in Fig. 4(b):

= −C
C

ktln
o (3)

where t is the illumination time, and k is the apparent reaction rate
constant. The values of k were determined from the best fitting and
presented in Table 2.

Fig. 1. (a) XRD of TiO1.7 (40 and 8 nm); (b) HR-SEM of TiO1.7 (40 nm); (c) HR-SEM of TiO1.7 (8 nm).

Fig. 2. XPS spectra of TiO1.7 films with a thickness of: (a) 40 nm; (b) 8 nm.
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Clearly, the rate of degradation increases with decreasing the film
thickness. The amorphous TiO1.7 (8 nm) ultra-thin film could achieve
completion of degradation (about 100%) after 30 min. This degradation
is faster than that achieved by the pure rutile TiO2 (degradation rate
20% of Methyl orange after 30 min with sample's area 1 cm2 as shown
in Fig. 8 in ref. [1]) and the anatase TiO2 (degradation rate 30% of
Methylene blue after 30 min as shown in Fig. 9 in ref. [10] with
k = 0.015 min−1). Also, it is faster than Al-rich:Al2O3(8 nm) which has
k = 0.115 for LBR [12]. For further investigations, TiO1.7 (8 nm) was
recycled to degrade the dye with the same initial concentration as
shown in Fig. 4(c). It is clear that this ultra-thin film works with the
same strong rate for the five times. This means that fast water treatment
could be achieved with lower cost, effort and time using ultra-thin
amorphous TiO1.7 film.

This strong photocatalytic degradation of dyes using TiO1.7 could be
explained as following: if TiO1.7 is exposed to photon radiation hυ (≥
the energy gap, Eg ), electron of the valence band will be transited into
the conduction band leaving hole in the valence band leading to for-
mation of electron-hole pair [15]. These photo-generated electrons and
holes could diffuse to the TiO1.7 surface to react with H2O, O2 and OH-
on the surface and produce hydroxyl radicals (OH•), superoxide radicals

(O2•) and H2O2. These radicals are able to decompose the organic
materials [15]. Vacancies of the non-stoichiometric TiO1.7 work as
defect states in the energy gap to enhance the photocatalysis activity.

To understand this enhanced behavior of the thinner films, the
optical properties have been investigated. The transmittance T of the
films is presented in Fig. 5(a) showing high transparency over a wide
range of wavelengths which decreases suddenly in the UV region. The
absorption coefficient α was calculated using Beer-Lambert's law
[12,17]:

=α
d T
1 ln 1

(4)

where d is the film thickness. The wavelength dependence of α is shown
in Fig. 5(b). Clearly, the absorption coefficient peak shifts to higher
wavelength (less photon energy) with decreasing the thickness.

The region of high absorption coefficient was analyzed by the fol-
lowing relation [18–20]:

= −αhυ constant hυ E( )g
m (5)

The exponent m determines the type of the optical transition since it
has values 0.5 and 2 in case of direct and indirect allowed transitions,
respectively. Fig. 6(a) shows that the films have indirect allowed
transition with energy gap about 3.2 and 3.1 eV for the 40 and 8 nm
films, respectively. The values of the energy gaps are less than that
reported for thicker amorphous TiO2 films by Hanini et al. [21] and
Guang-lei et al. [22] (Eg = 3.42 eV for 170 nm prepared by sol-gel
technique [22] and Eg = 3.38 eV for 500 nm prepared by conventional
electron beam evaporation deposition [22]). Also, the obtained values
of Eg are less than the used UV radiation. This enables the films to work
as strong photocatalysts.

The region of low absorption coefficient was found to obey Urbach's
rule [18]:

⎜ ⎟= ⎛
⎝

⎞
⎠

α constant hυ
E

exp
e (6)

where Ee is Urbach's energy measuring the tail width of localized states
in the band gap of the amorphous semiconductors representing the
degree of disorder [18]. Values of Ee were estimated from the linear
relation between αln and hυ (see Fig. 6(b)) and presented in Table 2.
Clearly, Urbach's energy increases with decreasing the thickness (i.e.
the degree of disorder in the film's structure increases).

Borrego Pérez et al. [23]. and Divya et al. [24]. could enhance the
photocatalysis with increasing the Urbach energy in TiO2 and ZnO,
respectively. This increase in Ee was achieved by doping and illustrated
as extensions of localized states, generating defects or impurity energy
levels in the energy bands [23,25,26]. The high Ee is associated with
existence of large number of oxygen vacancies. This leads to higher
separation of photo-generated carriers improving the photocatalysis
behavior [23,27]. Here, increasing of the Urbach's energy could be
achieved simply by decreasing the thickness of the amorphous TiO1.7

film instead of doping.
With further consideration of the XPS, the peak (O 1s) could be

fitted into 2 peaks corresponding to lattice oxygen (LO) and non-lattice

Fig. 3. Adsorption curves of LBR over TiO1.7 with different thicknesses.

Table 1
Adsorption constant for LBR dye over TiO1.7 with different
thicknesses.

Thickness, [nm] kads, [L/mmol]

40 0.050
25 0.059
15 0.061
8 0.069

Fig. 4. (a) Photocatalytic degradation of LBR dye using different thicknesses of TiO1.7; (b) ln C
Co

versus time; (c) Recycling test of TiO1.7(8 nm).
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oxygen (NLO). LO corresponds to the stoichiometric TiO2 while NLO
corresponds to the non-stoichiometric TiO2-x and proportional to the
number of oxygen vacancies [28]. Fig. 7(a and b) shows that the
thinner film (8 nm) has more NLO than the thicker film (40 nm) in the
most upper layer detected by the XPS. Although, both thicknesses have
similar composition representing similar percentage of O compared to
Ti, the thinner film has more oxygen vacancies developed as oxygen left
from their regular lattice position. This excess of oxygen vacancies il-
lustrates the increase of Urbach's energy and tail's width of the localized
states of the thinnest film (8 nm). This contributes to higher separation
of charge carriers, decreases the recombination of charge carriers and
increases their life time to reach to the surface and participate in the
photocatalysis process. This enhances the photocatalysis behavior
[23,24,26].

For further interpretation, the photolumenscence PL life time (τ)
and recombination rate =r τ( 1/ ) were determined for the TiO1.7 films
from the normalized PL decay curves (see Fig. 8). The normalized in-
tensity I I/ o could be fitted by an exponential function: = −( )I I/ expo

t
τ

where Io is the initial intensity [29]. The life time increased from
0.104 ms to 0.144 ms while the recombination rate decreased from
9.6 ms−1 to 6.9 ms−1 with decreasing the film thickness from 40 to
8 nm. This results from the wider tail of the thinner film. Thus, the
photo-generated charge carriers in the thinner film have higher chance
to reach to the film surface and participate in the photocatalysis pro-
cess.

4. Conclusion

We have successfully enhanced the photocatalytic behavior of
TiO1.7 thin films for water purification from Levafix Brilliant Red dye as
example of organic pollutants. This enhancement could be achieved
with decreasing the film thickness. These ultra-thin films have been

prepared using ALD with plasma mode. The higher photocatalytic ac-
tivity of the thinner film is attributed to: wider tail of localized states
(0.66 eV) resulting from its higher disorder and more non-lattice
oxygen content (30%); higher life time and lower recombination rate of
the photo-generated charge carriers. These ultra-thin films could be
recycled as photocatalyst for many times with the same efficiency.
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