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Atomic layer deposition of TiO2 thin films on glass
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Photocatalytic wastewater treatment is expected to become a sustainable way of
eliminating toxic chemicals. Due to the surface-driven mechanism of the photocatalysis, surface area of the catalyst material plays a crucial role in the efficiency of the process, which is usually achieved by nanoparticles. However,
using powder materials introduces a new problem: removing the catalyst
materials out of clean water. As an alternative, atomic layer deposition (ALD)
can form conformal thin films on high surface area substrates providing an
immobilization route with high photocatalytic activity. Textile materials are
inexpensive and accessible therefore good candidates for the substrate materials. Here, we deposit thin films on TiO2 on fiberglass fabrics and investigate the
photocatalytic activity. Since the as-deposited ALD TiO2 films are amorphous,
they have very limited photocatalytic activity. Upon thermal treatment of the
films after deposition, photocatalytic activity is achieved. After four hours of
exposure to the solar simulator and UV lamp, TiO2-coated fibers demonstrated
much higher photocatalytic activity than films on planar substrates previously
described in the literature. The photocatalytic activity and structure of the
coated fibers were investigated using XRD, XPS, UV–Vis, and PL analyses.
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1 Introduction
Freshwater is one of the important elements of life
both for humanity and other creatures on our planet.
Increasing consumption of toxic chemicals during the
industrial processes pollutes water sources more as
well [1]. In order to industrialize in a sustainable
manner, the elimination of toxic species in the
industrial effluents needs to be prioritized. There are
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physical and chemical wastewater treatment systems
to treat wastewaters; however, each has its own
drawbacks [2]. Some of them are efficient in terms of
physical separation of the toxic species but not the
elimination of them [2, 3]. Some others are capable of
chemical elimination of toxic species into safer species, but they are usually expensive or not easy to
implement [4, 5]. Significant amount of research is
dedicated to discovering more effective ways of
wastewater treatment focusing on removal of
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toxicity, ease of process implementation, and potentially using a renewable source. Photocatalytic water
treatment is expected to meet the criteria of an ideal
system by using solar power and complete obliteration of the toxic species [6–8]. Additionally, the process requires mild environmental conditions, such as
low temperature and pressure, which makes it more
affordable than other procedures [9].
During a photocatalytic process, a semiconductor
material absorbs the incident light via electronic
transitions forming e- and h? charge carriers in the
conduction and valance band, respectively. If these
charge carriers are formed at the surface and have
enough lifetime, they can interact with the surroundings and form highly reactive radicals. Reactions that are accelerated via these radical species are
called photocatalyzed. Research showed that the
photocatalytic process could oxidize the toxic species
into safer species, of which the reaction mechanism is
explained elsewhere [6–8]. A significant part of photocatalysis research is dedicated to the formation of
the charge carriers via absorption of a wider spectrum, thus enabling the solar application of the
materials [10]. However, absorption in a wider
spectrum is not the only problem of a photocatalyst
material. Many of the photocatalyst studies in the
literature has been conducted using nanoparticle
materials to ensure a high surface of the materials is
exploited for maximum performance. However,
using the materials in the particle form brings new
problems, such as the removal of the particles from
the cleaned water [11–13]. As a solution to the
problem, immobilization of the photocatalytic materials has been investigated especially using thin film
deposition techniques. During immobilization, it is
very important to maintain the high surface area of
the photocatalyst materials. Therefore, high surface
area substrates such as textiles can be utilized for
photocatalyst applications. A recent study conducted
by our group showed, using a fibrous substrate
coated with a photocatalyst, significantly higher
photocatalytic activity can be achieved compared to
the planar substrates [9]. Atomic layer deposition
(ALD) is an ideal technique to deposit thin film
photocatalyst materials conformally on high surface
area substrates with desired thickness and composition [14–19].
The photocatalytic activity of TiO2 thin films produced via atomic layer deposition on glass fibers is
investigated in this article. In this study, we used

TiO2 as a photocatalyst materials due to the catalyst
has been employed widely for photocatalytic
wastewater treatment in the literature [20]. As well
known in the literature, TiO2 films formed by ALD at
lower temperatures are amorphous and not expected
to show photocatalytic performance as deposited
[21]. A glass fiber substrate enabled the thermal
annealing of the substrate, therefore crystallization
and photocatalytic activity of the TiO2 films. Structural changes upon thermal annealing have been
investigated using FESEM, XRD, XPS, UV–Vis, and
PL techniques and related to the photocatalytic performance of the films on fibers.

2 Experimental
TiO2 ALD thin films were deposited on glass fabrics
(plain weave pattern, 200 g/m2, 0.15 mm of thickness, Hexel), silicon wafer (Nanografi), and fused
quartz slide (Technical Glass Products). For the
deposition of thin films, glass fabrics with an area of
25 cm2 were employed to enhance the photocatalytic
activity of the thin films due to higher surface area.
Silicon wafer and fused quartz slide substrates were
placed along with glass fabric at the ALD reactor to
determine the thickness and optical properties of the
TiO2 ALD thin films, respectively. Prior to the ALD,
the silicon wafer and quartz slide were immersed
under acetone for 10 min, and methanol for 5 min
later rinsed with DI water. The glass fabric was utilized in its original state, as received from the source.
On the substrates, TiO2 thin films were deposited
using the Savannah ALD system (Cambridge Nano
Tech Inc., USA). Tetrakis (Dimethylamido) Titanium
(TDMAT) (CAS # 3275-24-9, Sigma Aldrich), and
ultrapure H2O were used as the precursors of TiO2
thin films deposition at the ALD. High purity N2 was
used to carry the precursors to the ALD reactor and
remove the byproducts and excess chemicals from
the chamber. The ALD reactor temperature and
TDMAT precursor were kept at 150 °C and 70 °C,
respectively, while H2O was kept at room temperature. The operating and base pressure of ALD system
were * 800 to 900 mTorr and * 200 mTorr, respectively. 0.1 s and 0.015 s pulsing were used for
TDMAT and H2O, respectively, and 20 s of N2
purging was used after each pulsing of precursors.
250 ALD cycles were carried out to achieve approximately 10 nm and 3 lg/cm2 (theoretical calculation)
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of TiO2 thin films on the surface of glass fabrics. A
variable angle spectroscopic ellipsometer (Spectral
range 200–2000 nm, J.A. Woollam Co.) was used to
determine the thickness of the TiO2 thin films.
ALD TiO2 thin films were annealed to understand
the effect of phase transformation of the TiO2 films on
the photocatalytic activity of the films. The TiO2 thin
films were placed in a furnace at 450 °C and 600 °C
for 2 h under an ambient atmosphere. After the
annealing procedure was completed, the furnace
door was kept open until the samples cooled to room
temperature. Any specific cooling rate was not followed to cool down the samples. A 5 9 10-5 M
concentration of Methylene blue (MB) (CAS #12296543-9, ISOLAB Chemicals) dye solution was utilized as
a model contaminant for determining the photocatalytic activity of TiO2 ALD thin films using a solar
simulator (Model SF-300-B, Sciencetech 300 W Xenon
arc lamp USHIO Inc.) and UV lamp (UVP Balk-Ray
365 nm High-Intensity 100 W) as described in our
previous study [9]. The distance between the light
source and the surface of the MB solution was fixed
at 10 cm. A UV–Vis spectrophotometer (UV-3600,
SHIMADZU) was employed to measure the maximum absorption of MB at a wavelength of 664 nm.
Using absorption value at this wavelength, the photodegradation of MB was measured with the relative
concentration change according to Lambert–Beer law.
According to the law, A/A0 is taken proportional to
concentration, C/C0, where A0 and C0 were the initial
absorption and concentration of MB solution, and
A and C were the absorption and concentration of MB
at any given time. The TiO2 ALD-coated glass fabric
was placed in the 50 ml of MB solution and kept it in
the dark cabin for 30 min to reach the absorption–
desorption equilibrium prior to the photocatalytic
test. The absorption values of the MB solution samples were measured after specific time intervals at
20 min, 40 min, 60 min, 120 min, 180 min, and
240 min exposure during testing. Magnetic stirrer
was used to maintain a homogenous mixing of MB
during the photocatalytic test. The reaction rate constants (k) of the degradation of methylene blue due to
TiO2 photocatalyst were determined by the Langmuir–Hinshelwood mechanism in first-order reaction, C = C0 exp(- kt) [22]. Here, C0 is the beginning
concentration of methylene blue and C is the concentration of methylene blue at any given time (t).
From the first-order reaction, the rate constant, k, was
calculated as the slope of ln (C0/C) vs. time curve.

The TiO2 ALD thin films obtained on glass fabrics
were assessed by Field emission Scanning Electron
Microscope (FESEM) (Zeiss, Gemini 300) using a
secondary electron detector and 10 kV of column
voltage. An X-ray Diffractometer (XRD) (High-resolution Bruker/D8 Advance) with Cu K radiation (Cu
tube, 1.54) was used to obtain h–2h diffraction patterns from 5 to 65° with a step width of 0.01°. Origin
Pro-2018 software was used to adjust the baseline
correction of XRD patterns. An X-ray photoelectron
spectroscopy (XPS, K-alpha ThermoScientific) utilizing a monochromatic Al K X-ray source (1486.6 eV
photon energy and a 400 lm spot size) was used for
elemental analysis. The Gaussian–Lorentzian function was used to fit the peak of XPS spectra using the
XPSPeak41 program. UV–Vis absorption of the thin
films on quartz slides was examined by UV–Vis
spectrophotometer (UV-3600, SHIMADZU) with an
integrating sphere. The room temperature PL spectra
of the samples were obtained using ANDOR SR500iBL photoluminescence spectrometer with a Spectra
Physics Nd: YLF laser (k = 349 nm, 1.3 mJ pulse
energy).

3 Results and discussion
The aimed thickness of TiO2 ALD thin films for the
photocatalytic study was 10 nm. The desired thickness was obtained with 250 ALD cycles, according to
the ALD growth rate of TiO2 described in the literature [22]. The reference Si wafers were placed into the
ALD reactor with the fabric samples and used for the
measurement of the thickness of the ALD films using
a spectroscopic ellipsometer. The thickness of the thin
films was found at * 13 nm on the Si wafers. Since
ALD is a conformal film formation technique, we
expect similar thicknesses of films were deposited on
the fiber in the fabric samples as well.
Morphological analysis of the TiO2 thin films on
glass fiber before and after annealing was conducted
by FESEM. Figure 1a–d presents the FESEM images
of pristine, the as-deposited TiO2, 450 °C annealed
TiO2, and 600 °C annealed TiO2 ALD thin films on
fabric samples, respectively. The inset images present
the low magnification images of the samples showing
the cylindrical shape of the fibers and their integrity
and independence from other fibers before and after
the ALD process. Also, the pristine sample has a
smooth surface, whereas the coated samples have

J Mater Sci: Mater Electron

coarser surfaces, evident that the TiO2 thin films were
coated on the surface of the cylindrical fibers. The
morphological difference between pristine and TiO2coated samples was more visible in their high-magnification images. In Fig. 1b, it is seen that no significant surface texture was observed on the surface of
the as-deposited TiO2 thin films attributed to amorphous films. In the literature, TiO2 ALD thin films
grown at 190 °C or below were also reported as
amorphous [21]. In Fig. 1c and d, morphological
changes were observed on the surface of the thin
films after annealing at 450 and 600 °C, respectively.
The morphological changes of the annealed TiO2
ALD thin films may be occurred due to the phase
transformation of the thin films such as amorphous to
crystal structure like anatase and rutile phases. In the
literature, it is well reported that the amorphous TiO2
thin films are transformed to anatase and rutile
crystal structures at annealing temperature ranges of
400–500 °C and 600–900 °C, respectively [23, 24].
Although the crystal grains of TiO2 the thin films
have not been observed precisely from the SEM
images, the morphological differences between 450
and 600 °C annealed TiO2 ALD thin films have been
visible. The lower thickness of the films (13 nm) and
the cylindrical structure of the fiber might be the
reason for not observing a precise view of the crystal
grains in FESEM images.
XRD patterns of pristine and TiO2 thin film
deposited fabric samples with and without annealing
are given in Fig. 2. The crystal peak position of anatase and rutile phases of TiO2 ALD thin films have
been defined using JCPDS card numbers of 00-0211272 and 00-021-1276, respectively. XRD pattern of
glass fabric did not show any crystal peak signal as
expected since the glass fabric is amorphous in nature. The XRD data of ‘‘as-deposited’’ TiO2 thin films
also did not show any diffraction peaks attributed
that the as-deposited TiO2 ALD film are amorphous.
It is reported in the literature that the TiO2 thin films
grown at a temperature below 190 °C in ALD were
amorphous [21]. From the XRD pattern of 450 °C
annealed TiO2 thin film, it is clearly seen that the
peaks of anatase phase of TiO2 ALD thin films have
been observed at 25.28°, 48.05°, and 55.06° corresponding to (101), (200), and (211) planes of anatase
crystal structure, respectively. Similar results of
450 °C annealed TiO2 ALD thin films had been
reported in the literature [21, 24]. However, it is
interesting to observe that a small rutile crystal peak

has been observed at 28° on the XRD pattern of
450 °C annealed TiO2 ALD thin films. Furthermore, it
is also observed that small diffraction peaks have
been observed at 46° and 57.4° on the XRD pattern of
450 °C annealed TiO2 ALD thin films which are not
related to either anatase or rutile phase according to
JCPDS card. Therefore, these diffraction peaks might
be related to the substrate as the thickness of the films
was 13 nm and diffusion of substrate might be
occurred at the time of annealing. In the XRD pattern
of 600 °C annealed TiO2, we can observe both anatase
and rutile crystal peaks. Anatase characteristic crystal
planes such as (101), (200), and (211) have been
observed at 25.28°, 48.05°, and 55.06°, and characteristic rutile crystal planes such as (110) and (002) have
been observed at 27.5° and 62.72°, respectively. In
contrast, the (002) crystal plane at 62.72° of rutile has
not been observed in the XRD pattern of 450 °C
annealed TiO2 ALD thin films attributing that phase
transformation from anatase to rutile started at
600 °C. In addition, the peaks are sharper and more
intense in comparison to the 450 °C TiO2 ALD thin
films, which implies that the TiO2 thin films annealed
at 600 °C are more crystalline in nature, and phase
transformation had occurred at the time of annealing.
The literature also corroborates the result that the
rutile phase of TiO2 has been started to appear at high
annealing temperatures range such as 600 to 900 °C
[24]. Here, we also observe some small diffraction
peaks which are not related to the either of the phases, the possible reason of this has been explained
above.
Elemental and bonding state analysis of TiO2 ALD
thin films was conducted by XPS method. Survey
spectra of pristine, as-coated, and annealed TiO2
deposited fabric samples are illustrated in Fig. 3. The
elements detected due to the substrate and coating
are Si, Ca, Al, N, C, and O at binding energies of
102.3 eV, 347.9 eV, 74.2 eV, 400.8 eV, 285.1, and
531.9 eV, respectively. Si, Ca, and Al are deduced
from SiO2, CaO, and Al2O3, respectively, which are
the basic ingredients using in the production of
E-glass fabric [25]. Typically, XPS spectra of materials
show C 1s peak due to the adventitious carbon as the
samples are exposed to the air [26]. The O 1s is also a
commonly detected peak in the XPS analysis if the
samples contain oxide materials or a layer of oxidized
substance [26]. In addition, a small portion of oxidization of adventitious carbon may lead to detection
of the O 1s peak in the XPS analysis [26]. Ti 2p peak is
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Fig. 1 Surface images of pristine and ALD TiO2-coated ﬁbers. a pristine, b as-coated, c 450 °C annealed, and d 600 °C annealed samples

observed at 459 eV for the TiO2-coated samples as
evidence of successful deposition of TiO2 thin films
on the glass fibers. However, an intensity variation of
Ti 2p peak is observed for 450 °C annealed sample in
comparison to the as-deposited and 600 °C annealed
sample. The variation is attributed nonplanar surface
of the fabric substrates. It is also observed that the
peak intensity of C 1s and O 1s of TiO2-coated samples reduced in comparison to the pristine sample.
UV–Vis absorption spectra of TiO2 ALD thin films,
taken within the wavelength range between 200 and
700 nm, are depicted in Fig. 4. The black, blue, and
red spectra were used to represent the absorption
spectrum of the as-deposited, 450 °C, and 600 °C

annealed TiO2 ALD thin films, respectively. From
Fig. 4, we can see that a strong optical absorption
edge has been noticed in the wavelength range of
265–350 nm for the ‘‘as-deposited’’ and annealed TiO2
ALD thin films. From the strong absorption edge
range of TiO2 thin films, it can be deduced the films
can absorb in the UV spectrum and via electronic
transitions, thus creating electron–hole pairs that are
vital for photocatalytic reaction. In addition, a slight
red shift is observed for the 450 °C annealed TiO2
films, whereas a slight blue shift is observed for the
spectrum of 600 °C annealed TiO2 films. This is
attributed to the 450 °C annealed TiO2 thin films that
can absorb higher wavelength than 600 °C annealed
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TiO2. Furthermore, the intensity of 450 °C annealed
spectrum has the highest intensity, while 600 °C
annealed sample has the lowest absorption intensity.
Since the thicknesses of thin films are similar, the
intensity variation might be related to the phase

Fig. 2 XRD patterns of pristine and ALD TiO2-coated ﬁber
samples

transitions of the TiO2 thin films or the defect variation in the TiO2 thin films after annealing at 450 and
600 °C.
A room temperature PL analysis was conducted on
Si wafer and glass fabric to investigate the defect state
of TiO2 ALD thin films and the results are depicted in
Fig. 5a and b, respectively. The PL analysis was done
on the reference, as-deposited, 450 °C annealed, and
600 annealed °C TiO2 ALD thin films for both substrates. From Fig. 5a, we can observe that the PL
emissions of Si reference and the as-deposited TiO2
ALD thin films are exactly same (i.e., overlapping in
the Figure), and both exhibited a strong emission at
650 nm, which is known as Si wafer. This indicates
the as-deposited TiO2 ALD thin films were amorphous and did not have an emission band as the XRD
analysis (Fig. 2.), and the literature is well agreed on
it [27]. In contrast, significant PL emission peaks have
been observed for both 450 and 600 °C annealed TiO2
ALD thin films at different wavelengths. The PL
emission of the 450 °C annealed TiO2 ALD thin films
has both green band and red band emissions at
500–570 nm and 590–700 nm, respectively, and the
region of the green band and red band is well
reported in the literature [27]. It is known from the
literature that the green band emission represents the
oxygen vacancy defect and red band emissions are
due to the Ti3? interstitial or Ti3? vacancies [28].
Therefore, the 450 °C annealed TiO2 ALD thin films

Fig. 3 XPS survey spectra of pristine and ALD TiO2-coated ﬁber samples
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have contained both oxygen vacancy and under-coordinated Ti3? defects. However, in the case of
600 °C annealed TiO2 thin films, we can only observe
a broad green band emission representing the oxygen

Fig. 4 UV–Vis spectra of the as-deposited and annealed TiO2
ALD thin ﬁlms on quartz substrates

defect. Therefore, it is concluded from the result that
the blue shift in photoluminescence indicates that
when the annealing temperature increases at 600 °C,
the defects in the anatase TiO2 film transform from
under-coordinated Ti atoms to surface oxygen
vacancies. Jin et al. also demonstrated similar results
in their studies [27]. From Fig. 5b, two strong PL
emissions are observed at around 530 and 738 nm,
which represent the PL peak of pristine glass fabric.
Similar peaks are also observed for the as-deposited
TiO2, 450 °C annealed, and 600 °C annealed TiO2
attributing that the peaks are related to the glass
fabric. However, the PL intensity of TiO2-coated
samples was observed to be quite low in comparison
to pristine fabrics. The reduction of PL intensity for
coated samples might be related to the coating of
TiO2 ALD thin films on the surface glass fabric,
although no characteristic PL emissions of the thin
films were not precisely observed. These might be
related to the lower thickness (10 nm) of TiO2 ALD
thin films and the cylindrical structure of the fibers.
The concentration of MB was monitored as a
function of time for the samples such as MB-only,
pristine fabric, the as-deposited, 450 °C annealed,
and 600 °C annealed TiO2 ALD thin films for 4 h for
photocatalytic activity tests. During a dark medium
test, pristine fabric and TiO2 ALD thin films did not

Fig. 5 PL spectra of the TiO2 ALD-coated thin ﬁlms on Si wafer (a) and Glass fabric (b) for Reference (I), As-deposited TiO2 (II), 450 °C
Annealed TiO2 (III), and 600 °C Annealed (IV)

J Mater Sci: Mater Electron

Fig. 6 Photodegradation of methylene blue as a function of time under a, b solar simulator, and c, d under UV lamp when the samples are
present

show any MB degradation showing that the reaction
was not initiated without the presence of light [9].
Therefore, any degradation of MB under solar simulator and UV lamp is considered as photodegradation. Figure 6 shows the photocatalytic degradation
of MB and reaction kinetics under solar simulator
and UV lamp. Figure 6a presents the photocatalytic
activity of TiO2 ALD thin films under solar simulator

illumination. It was observed that ‘‘MB only’’ and
pristine fabric have shown a 25% MB degradation
under 4 h of solar simulator illumination, indicating
MB solution can be degraded up to 25% without the
presence of a photocatalyst material which is typically referred to the self-degradation. Dye materials
can degrade due to absorption of light that causes
decolorization, often considered as the fading of
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colored materials [29]. It is also seen the pristine
fabric and the as-deposited TiO2 thin films have
shown the same photodegradation efficiency as ‘‘MB
only’’ implying that pristine and the as-deposited
TiO2 itself does not have photocatalytic activity. The
absence of photocatalytic behavior in the as-deposited TiO2 films is attributed to the amorphous
nature of the films [21, 30]. However, 450 °C
annealed and 600 °C annealed TiO2 ALD thin films
have shown 70% and 60% of photodegradation of MB
under solar simulator within the four hours of illumination time, respectively. A first-order reaction
kinetics can be fitted for the photodegradation
behavior in the presence of fabrics under solar simulator illumination according to the Langmuir–Hinshelwood mechanism as shown in Fig. 6b with a R2
values of 0.9856 and higher. The calculated value of
reaction rate constants (k) for the as-deposited, 450 °C
annealed, and 600 °C annealed TiO2 ALD thin films
are 0.0011 min-1, 0.0052 min-1, and 0.0048 min-1,
respectively. Figure 6c illustrates the photocatalytic
activity of TiO2 ALD thin films evaluated under a UV
lamp. We notice no photodegradation of MB under
UV light for either MB-only or pristine glass fabric,
implying that the dye’s photodegradation might be
caused by the visible and NIR spectra of irradiance.
However, the as-deposited TiO2 thin films showed a
slight photodegradation, around 5% under UV illumination. Like the photodegradation of MB under
solar simulator, annealed TiO2 ALD thin films have
shown better photocatalytic activity under UV illumination. However, 450 °C annealed and 600 °C
annealed TiO2 ALD thin films both show the same
photodegradation efficiency, which is 42% and lower
than the photodegradation efficiency of solar simulator illumination. Figure 6d presents the reaction
rate constant (k) of the as-deposited TiO2, 450 °C
annealed, and 600 °C annealed TiO2 ALD thin films
under UV lamp fitted to the Langmuir–Hinshelwood
mechanism in first-order reaction. The R2 value of the
as-deposited, 450 °C annealed, and 600 °C annealed
samples was 0.8938, 0.8443, and 0.8633, respectively,
indicating a better linear fitting has been achieved
and evident of first-order reaction as like the photodegradation reaction of MB under the solar simulator. The reaction rate constants of the as-deposited,
450 °C annealed, and 600 °C annealed TiO2 were
0.0004 min-1,
0.002 min-1,
and
0.002 min-1,
respectively.

From the photocatalytic activity results under both
solar simulator and UV lamp, it is clearly seen that
the as-deposited TiO2 does not exhibit any significant
photocatalytic activity because the nature of the thin
films is amorphous as explained in XRD data (Fig. 2).
Furthermore, it is also well reported in the literature
that the amorphous TiO2 thin films have no or very
low photocatalytic activities under solar energy [31].
In contrast, the annealed TiO2 ALD films have shown
high photocatalytic activity under both solar simulator and UV lamp illumination because of the phase
transitions of TiO2 thin films that occurred during the
annealing process, evident from the XRD results.
Specifically, 450 °C annealed TiO2 ALD thin film has
shown the highest photodegradation efficiency since,
at 450 °C, the amorphous films transform into anatase form of TiO2 according to the XRD pattern and
reported in the literature [32]. Furthermore, various
reports also articulated that the anatase TiO2 phase
had been exhibited the highest photocatalytic activity
than any other phase of TiO2 [33]. Besides anatase
form of TiO2, various defects present in the 450 °C
TiO2 ALD thin films might play an important role in
showing the highest photocatalytic activity as
explained in the PL, XPS, and UV–Vis results. The
reduction of photocatalytic activity after 600 °C
annealing of TiO2 thin film compared to the 450 °C
annealed samples might be originated from the partial phase transformation of the anatase to rutile
structure as explained in the XRD, and the blue shift
of UV–Vis and PL spectra as explained in Figs. 4. and
5, respectively. We also observe photodegradation
efficiency difference between solar simulator and UV
lamp for 450 and 600 °C annealed TiO2 ALD thin
films. The solar simulator exhibits better photodegradation efficiency of annealed TiO2 ALD thin
films over UV lamp might be related to the wavelength of the light source as the thickness of TiO2 thin
films was same for both cases. The solar simulator
contained UV to NIR range of the electromagnetic
spectrum, whereas the UV lamp contains only UV
range wavelength (320–380 nm), which might be a
reason to show better photodegradation efficiency
under the solar simulator.
Table 1 provides a summary of important parameters related to the photocatalytic of the ALD films in
the literature in comparison to our study. Photocatalytic test parameters are presented in Table 1.
Especially the parameters that are important to
evaluate the photodegradation performance of a

[34]
[35]
[36]
79%
90%
52%
0.01
0.0021
N/A
2.5
48
4
31 nm
40 nm
200 cycles

2
15 nm
N/A

10
N/A
N/A

3.7

2.5 9 2.5
191
18.75

Quartz
substrate
Si wafer
Si substrate
Si substrate or
soda-lime

UV
UV
UV

[22]

This study

70% (SS)
42% (UV)
N/A
0.0052 (SS)
0.002 (UV)
0.0033
4
13 nm
50

15

5 9 10- 5

4.7 9 10-6

10
595
Glass fabric

UV & Solar
Simulator (SS)
UV

Degradation
%
Time Degradation rate
Hour constant K (min-1)
(h)
Thickness Or
ALD Cycle
(TDMAT)
Light
source
Distance to Light
Source (cm)
Substrate
size
cm2
Substrate type
(Annealed)
Solution
Amount (ml)
Methylene
Blue
(M)

particular photocatalyst materials are listed. To make
a comprehensive comparison for the photocatalytic
performance of TiO2 ALD thin films, parameters such
as precursor type (TDMAT), model organic pollutant
(methylene blue), and post processing of TiO2 ALD
thin films (annealing) were kept constant and compared to identical studies from the literature. From
Table 1, we can observe that MB concentration, MB
solution quantity, and distance from the light source
of our study are all similar to or greater than previous
research, and the thickness of TiO2 ALD film of our
study is also equal to or lower than other studies. In
addition, our study is distinct from the others in
Table 1, because we used a solar simulator and UV
radiation in the same experiment. The photodegradation efficiency of photocatalyst thin films is directly
influenced by substrate size. In Table 1, all studies
employed planar substrates, and therefore, the substrate size represents the active substrate area of
those studies. However, we employed glass fabric,
which comprises a lot of glass fibers. Theoretical
calculations showed that total mass of the TiO2 on the
used samples is approximately 75 lg, which is a very
small amount of TiO2 for the achieved photocatalytic
activity. The cylindrical glass fibers were evenly
covered with TiO2 ALD thin films, as mentioned in
the FESEM results above; hence, the active surface
area of TiO2 ALD thin films on glass fabric is substantially larger than any corresponding area of the
planar substrate. As shown in Table 1, our study has
the higher photodegradation efficiency and photodegradation reaction rate in comparison to other
studies considering the equivalent test parameter of
the photocatalytic experiments for instance we used
highest concentration of MB (5 9 10-5 M), solution
amount (50 ml) and lower thickness (13 nm) of TiO2
thin films, and duration (4 h) where the studies listed
in the table used lower concentration of MB and
amount of MB solution, higher thickness of TiO2 ALD
thin films, and photodegradation duration in comparison to our study.

4 Conclusions
10
2 9 10-5
1 9 10-6
3.5
1.56 9 10-5 50

Table 1 Comparison of photocatalysis test parameters and methylene blue photodegradation efﬁciency for TiO2 ALD thin ﬁlms from literature in this study
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The photocatalytic performance of the TiO2 thin films
deposited onto glass fibers is discussed in relation to
their structure. The as-deposited ALD TiO2 films
showed no photocatalytic activity due to the amorphous nature of the films. As the films are annealed
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at 450 and 600 °C, film samples catalyzed the
degradation of MB. The highest photocatalytic
activity is observed for the 450 °C samples, which
showed anatase phase as well as more defect,
whereas 600 °C samples showed a mixture of anatase
and rutile phase resulting in lower photocatalytic
activity. Due to the high surface area of the samples,
the photocatalytic activity of the films was higher
compared to the ALD films studied on planar substrates reported in the literature. Using a glass fabric
substrate enabled the annealing of the samples, while
increasing the surface area of the catalyst film. The
combination of the high surface area of the substrate
with the conformality of the ALD process gives
promising results in terms of photocatalytic
wastewater treatment via immobilized photocatalyst
materials.
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