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OZET

Yiiksek Lisans Tezi

METAL OKSIT ALD FILMLERIN FOTOKATALITIK AKTIVITELERININ
INCELENMESI

Shafiqul ISLAM

Bursa Uludag Universitesi
Fen Bilimleri Enstitiisii
Tekstil Miihendisligi Anabilim Dali

Damisman: Dr. Ogr. Uyesi Halil ibrahim AKYILDIZ

Fotokatalizorler TiO2 ve ZnO ince filmleri, atomik katman biriktirme ile cam kumas
lizerine biriktirildi. Ince filmlerin sonradan tavlanmasi 450 ° C ve 600 ° C'de iki saat
stireyle yapildi. TiO2 ve ZnO'nun fotokatalitik aktiviteleri, giines simiilatorii ve UV
lambasi altinda metilen mavisi bozunma verimi kullanilarak incelenmistir. Ince filmlerin
morfolojisi FESEM ve AFM tarafindan arastirildi. ALD ince filmlerin element analizi ve
kristal yapisi sirastyla XPS ve XRD ile arastirildi. Ince filmlerin optik 6zellikleri UV-Vis
spektrofotometre ile incelendi. 450 °C tavli TiO2 ince film, anataz forma doniisen ve
diisiik bant aralikli enerji ile hem "biriktirildigi halde" hem de tavlanmig TiO2 ALD ince
filmlerde en yiiksek fotokatalitik aktiviteyi gostermistir. "Biriktirildigi gibi" ZnO ALD
ince filmler, iyi kristallestirilmis altigen wurtzit yapisi, oksijen boslugu (Vo) ve diisiik
bant aralig1 enerjisine sahip olmalari nedeniyle, hem TiO2 hem de ZnO ALD ince filmler
en yuksek fotokatalitik aktiviteler gostermistir.

Anahtar Kelimeler: Fotokataliz, Atomik katman birikimi, Ince film, Fotokatalizor, Atik
su aritma. Metilen mavisi.



ABSTRACT

MSc Thesis

INVESTIGATION OF PHOTOCATALYTIC ACTIVITIES OF METAL OXIDE ALD
THIN FILMS

Shafiqul ISLAM

Bursa Uludag University
Graduate School of Natural and Applied Sciences
Department of Textile Engineering

Supervisor: Asst Prof. Dr. Halil Ibrahim AKYILDIZ

TiOz and ZnO thin film photocatalysts were deposited on glass fabric by atomic layer
deposition. Post annealing of the thin films was carried out at 450 °C and 600 °C for two
hours. Photocatalytic activities of TiO. and ZnO were investigated by using methylene
blue degradation efficiency under a solar simulator and UV lamp. The morphology of the
thin films was investigated by FESEM and AFM. Elemental analysis and crystal structure
of ALD thin films were explored by XPS and XRD, respectively. The optical properties
of the thin films were investigated by UV-Vis spectrophotometer. 450 °C annealed TiO:
thin film was exhibited the highest photocatalytic activities in both “as-deposited” and
annealed TiO2 ALD thin films, having transformed into anatase phase from amorphous
and low bandgap energy. “As deposited” ZnO ALD thin films showed the highest
photocatalytic activities compared to both TiO2 and ZnO ALD thin films having well
crystalized hexagonal wurtzite structure, oxygen vacancy (Vo), and low bandgap energy.

Keywords: Photocatalysis, Atomic layer deposition, thin films, Photocatalyst,
Wastewater treatment. Methylene Blue.
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1. INTRODUCTION

Air, water, and soil are the essential environmental elements of nature being polluted
enormously every day. Freshwater is being contaminated by different industries and
agricultural activities that may cause temporary or permanent damage to the life of all
species (Schwarzenbach et al. 2010). The polluted water accommodates hazardous wastes
like textile dyes, pesticides, herbicides, pharmaceutical wastes, resins, and phenolic
compounds (Chong et al. 2010, Konstantinou ve Albanis 2004, L. Zhang ve Fang 2010).
The textile and industrial dying processes are the key accountable for producing organic
pollutants that spontaneously contaminate freshwater sources. About 1-20% of the total
world production of dyes is released to the freshwater source during the different textile
manufacturing processes (Akpan ve Hameed 2009, Konstantinou ve Albanis 2004).
Moreover, the textile industries consume the highest amount of freshwater for the
different steps of textile processing, and discharged waters are also highly polluted. The
average size of a textile factory requires approximately 200 L of water to process one kg
of fabrics per day and release a vast amount of wastewater to the freshwater sources
(Holkar et al. 2016, Yaseen ve Scholz 2019).

Textile wastewater can be treated with physical, biological, oxidation methods or a
combination of them (Holkar et al. 2016). Physical treatment methods like
coagulation/flocculation, adsorption, and filtration are not completely removed the toxic
materials from the wastewater. Moreover, coagulation/flocculation treatment methods do
not show the same decolonization efficiency for various dye-containing wastewater, and
it produces a large amount of sludge. This sludge need to disintegrate as a subsequent
step, causing the process cost increases (Liang et al. 2014, Yeap et al. 2014). Adsorption
shows better decolorization efficiency for various dye-containing wastewater using an
adsorbent like activated carbon. However, adsorbents are highly expensive and produce
a lot of sludge as well (Gupta et al. 2011). Filtration techniques like ultrafiltration (UF),
nanofiltration (NF), and reverse osmosis (RO) are another group of techniques that are
used to treat textile wastewater. It can reduce the biological oxygen demand (BOD),
chemical oxygen demand (COD), and color of textile wastewater simultaneously
(Chollom et al. 2015). However, the initial investment of the treatment method is

expensive, and it generates other waste, including water-insoluble dye (e.g., indigo dye),



that requires another treatment to remove (Hoek et al. 2013). The biological treatment
methods have been used to remove toxic materials from textile wastewater. On the basis
of using oxygen, the biological treatment can be classified into two major groups, and
they are aerobic and anaerobic (Holkar et al. 2016). Due to the recalcitrant nature of the
synthetic dye and the high salinity of wastewater, biological treatment methods less
effective in removing toxic materials from the textile wastewater (Khan et al. 2017) and
also produce sludge (Holkar et al. 2016). Chemical wastewater treatments are considered
the most effective wastewater treatment methods compared to other treatment methods.
Chemical wastewater treatments can be classified into the chemical oxidation process and
advance oxidation process (AOP). In chemical oxidation methods, oxidants like Oz, H202
have been used to treat textile wastewater. Ozone and H20, form strong non-selective
hydroxyl radicals at high pH, and this hydroxyl radical considers the most powerful
oxidant having 2.33 oxidation potential, which can oxidize the majority of the organic
pollutants present in textile wastewater (Tehrani-Bagha et al. 2010). The chemical
oxidation process may have less effective in comparison to advanced oxidation processes
(AOP) such as Fenton reagent and photocatalysis, due to it produces less amount of
hydroxyl radicals in comparison to the advance oxidation process (AOP). Fenton regent
is a very effective AOP method that can degrade the soluble and insoluble dye in textile
wastewater, but the disadvantage of this method is iron sludge production
(Babuponnusami ve Muthukumar 2014). Photocatalysis is projected to be one of the best
AOP methods for removing organic waste substances from textile wastewater. It can
decompose the organic pollutant entirely with the help of solar energy and photocatalyst
without producing chemical sludge (Fujishima et al. 2000, Rajeshwar et al. 2008, Rehman
et al. 2009). Photocatalysis is an economical wastewater treatment method because it uses
solar energy available in the environment and the availability of photocatalyst. Moreover,
it requires a mild atmospheric condition such as a mild temperature and pressure. Two
types of photocatalysts, homogenous and heterogeneous catalyst, have been used in
photocatalysis methods. Heterogeneous catalysts such as TiO2, ZnO, SnO, and CeO>
show better photocatalytic activity than homogenous catalyst because of their unique
electronic structure, that is, the electron fill valance band and empty conduction band
(Fujishima et al. 2000, Khan et al. 2015, Konstantinou ve Albanis 2004, Nakata ve
Fujishima 2012, Rehman et al. 2009). During a photocatalytic process, as the photons



reach the surface of a photocatalyst, the electrons of a catalyst are getting excited via the
absorption of the photon energy. When the electrons absorb enough energy (i.e., equal to
their ban gap or higher), they are promoted to the conduction band by leaving positively
charged holes in the valance band. This holes react with water molecules which is
available to the surface of the catalysts and generate hydroxyl radicals (-OH) that have
the strong oxidizing power resulting in the complete degradation of organic pollutant into
H>0O, CO. and non-toxic substances (Fujishima et al. 2000, Khan et al. 2015, Rajeshwar
et al. 2008, Rehman et al. 2009).

There are various thin films methods have been introduced to fabricate photocatalyst thin
films on a substrate such as sol-gel (Garzella et al. 2000, Yu et al. 2001), sputtering
methods (Miao et al. 2003, Takeda et al. 2001), pulse laser deposition (PLD) (Suda et al.
2005), spray pyrolysis (Suda et al. 2005), physical vapor deposition (PVD) (Rossnagel
2003), chemical vapor deposition (CVD) (Byun et al. 2000), and atomic layer deposition
(ALD). Atomic layer deposition is a vapor phase deposition technique that is a modified
version of CVD, and It is considered the most convenient method to deposit
nanostructured thin films on a substrate because of its sequential and self-limiting surface
reactions. During the ALD process, a substrate is exposed to a precursor that reacts only
with the surface of the substrate until saturating the surface with a monolayer. The
unreacted species and by-products from the surface reaction are removed subsequently
by the purging of an inert gas such as Ar or N2. After that, a second precursor is exposed
to the surface and reacts with the previous monolayer forming a layer of desired thin-film
material on the substrate. This one exposurel-purgel-exposure2-purge2 sequence is
called one ALD cycle. Since there is no chance to occur other gas-phase reactions, the
desire thin film is grown layer by layer on the substrate so that the thickness of the thin
film can be precisely controlled by counting the repeated cycle. It also gives conformal,
uniform, and can deposit ultra-thin approximate angstrom (10°2° m) level of thickness.
The other advantage of ALD, it can deposit thin film at vacuum and low temperature so
that the temperature-sensitive materials such as polymers can be coated by ALD
(Dasgupta et al. 2015, Guo et al. 2017, G. K. Hyde et al. 2009, G. Kevin Hyde et al. 2007,
Igbal et al. 2016, Johnson et al. 2014, Jur et al. 2011, Van Bui et al. 2017). In addition,
ALD can create films of different groups of materials such as metals (H. Kim 2003), metal



oxides (Potts et al. 2010), metal nitrides (J. Kim et al. 2003), metal sulfides (Dasgupta et
al. 2015), and many others.

In this study, photocatalytic activities of ALD TiO2 and ZnO metal oxides have been
investigated under the solar simulator and UV lamp separately. ALD thin films have been
deposited on the fibrous structure of glass fabrics to use the highest surface area of the
substrate to explore the photocatalytic activities of the thin films. The effect of different
annealing temperatures to observe the change of grain size, morphological structure, and

variation of photocatalytic activities of the thin films also have been investigated.



2. THEORETICAL BASICS and LITERATURE REVIEW

In this part, the background of photocatalysis, mechanism of photocatalysis, different type
of photocatalyst metal oxide, application of photocatalyst, a different type of thin-film
deposition methods, the principle of ALD thin film formation, and photocatalyst ALD
have been discussed.

2.1 Background of Photocatalysis

Photocatalysis is a promising environment-friendly technique for removing pollutants
from water, air, and soil. In this technique, solar energy can be used for the elimination
of toxic contaminants with the help of photocatalytic materials. Photocatalysis has been
getting immense attention from researchers from around the world. More than 16000
articles have been published in the last ten years regarding photocatalysis, and every year
the number of publications has been increasing as well(Rueda-Marquez et al. 2020).

Before the discovery of photocatalysis, the semiconductor metal oxide materials such as
TiO2 was used as a white pigment since ancient times because they were chemically
stable, cheap, and innocuous. The activity TiO2 remained inactive in a dark medium, but
it showed a chemical reaction under UV light (Serpone et al. 2012). The studies on the
photoactivity of TiO, have been started in the early part of the 20" century. In 1938 a
report published on the photo-bleaching by TiO. both in vacuum and in an oxygen
environment, under irradiation of UV light, producing active oxygen that caused the
photo-bleaching of dye species. On that report, "Photosensitizer" TiO> had been used
instead of the terminology "Photocatalyst” (Goodeve ve Kitchener 1938). In 1956,
Mashio et al. demonstrated that the oxidation of organic compounds such as alcohol,
hydrocarbon, and production of H>O. after dispersing TiO, powder into an organic
solution under the UV illumination (Hashimoto et al. 2005). Later in 1969, Fujishima and
Honda, used a single crystal n-type TiO. (rutile) as a semiconductor electrode to
investigate the photo-electrolysis of water. When the TiO; electrode was exposed to the
UV light, the current had been generated from the counter platinum electrode to the TiO>
electrode. They reported that the photolysis of water could be achieved by using TiO2
electrodes, only exposed to UV light, and no usage of external voltage in the system

(Fujishima, A., and Honda 1972). In 1980 when the energy crisis had surged, many



researchers gave their attention to produce H: gas by using photocatalysis (Kawai ve
Sakata 1980), but TiO2 photocatalyst can only absorb UV light irradiation that is just 4%
of the total solar spectrum. For this reason, H> production in this method was made
researchers less interested in that time. Later, as the oxidizing power of TiO. was
discovered, the research interest shifted to decompose the harmful contaminant from
water by using TiOz as a photocatalyst (Frank ve Bard 1977, Matthews 1987). Currently
a significant number of research articles have been published on wastewater treatment

and other areas by photocatalysis every year.

2.2 Mechanism of Photocatalysis

Photocatalysis is one kind of photochemical reaction assists by the photocatalyst
materials and light energy. When photons irradiate the surface of photocatalyst material,
a series of redox reactions occur on the surface of the photocatalyst. Semiconductor
photocatalysts have a unique electronic structure characterized by an electron filled
valance band and an empty conduction band. When solar energy falls on the surface of a
photocatalyst, the electrons of the valance band get excited. If the electrons get enough
energy equal to or more than the bandgap energy, the electrons are promoted to the
conduction band, leaving holes (h*) on the valance band. The h* (hole) is considered the
strong oxidizing agent is having redox potential ranging from +1.0 to +3.5 V (measured
vs normal hydrogen electrode, NHE at room temperature) relying on the type of
semiconductor and pH (Hoffmann et al. 1995). This (h*) strong oxidizing agent can
directly decompose the organic pollutant or can be reacted with water, generating
powerful oxidizing agent hydroxyl radical (*OH) containing redox potentials 2.8 V that
decompose the organic pollutants into CO2, H20, and non-toxic substances. Fig.1
represents the total photocatalysis mechanism to degrade the organic pollutant into COo,

H»0, and non-toxic substance.
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Figure 1: The degradation mechanism of organic pollutants via photocatalysis
(Samsudin et al. 2015).

Fig. 2 shows the possible generation of activated oxide species during the photocatalysis.
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Figure 2: Generation of active oxygen species resulting in solar irradiation of TiO>
(Hoffmann et al. 1995).

Equation (1.1) and (1.2) represent the oxidation reaction between h* (hole) and H20 to

generate the hydroxyl radical (J. Zhang et al. 2018).

h++ HZO > 'OHads +h+ (11)



h*+ OH™ > *OHags (1.2)
The electrons promoted to conduction band via photoexcitation need to eliminate from it
to avoid the recombination with the hole (h*) present in the valance band to enhance the
photocatalytic activity. As the aim of this photoreaction is to decompose the organic
pollutants, oxygen can be employed as a scavenger that may be available on the surface
of the photocatalyst. The reduction of the oxygen may produce the following species
shown in the equation (1.3) to (1.8) (J. Zhang et al. 2018).

O+ € > Oy (1.3)
02 + H* + HO; (1.4)

HO > H,0; (1.5)
H20, + hv + «OH (1.6)
H202+ 02 > «OH+ OH+O0 (1.7)
H202+ € + «OH+ OH (1.8)

Both oxidation and reduction reaction produces hydroxyl radical, which is considered the
most strong oxidant. The hydroxyl radical reacts with the organic pollutant and
decompose them into CO., H.0O, and non-toxic materials (Hoffmann et al. 1995,
Rajeshwar et al. 2008, Samsudin et al. 2015). As the hole (h*) reacts with water and the
electron (e) reacts with the oxygen during photocatalysis, the production of electrons-
holes generation have been accelerated; as a result, the photodegradation of organic

pollutant is increased.

2.3 Photocatalyst Materials

There are two types of photocatalysts that have been used in the photocatalysis technique.
They are homogenous and heterogeneous photocatalysts. In literature, it has been
reported that heterogenous photocatalysis has better photocatalytic activity than
homogenous photocatalyst(S. Kim et al. 2004). Semiconductor metal oxides are
considered the heterogenous photocatalyst contained a unique electronic structure
characterized by electron full valance band and empty conduction band. Semiconductors
such as TiO2, ZnO, Fe>03, CdS, CeO2, SnO, Al;O3 and their doped are used as a
photocatalyst. Photocatalytic activity of semiconductor greatly depends on the electrical
structure, energy bandgap between valance band and conduction band, visible and UV



light absorption ability, the electron-hole recombination, and charge carrier phenomena.
These features are considered for choosing a photocatalyst.

TiOz is the most widely used semiconductor photocatalyst due to its chemical stability,
non-toxic in nature, biocompatibility, physical, optical and electronic properties. It has a
high melting point of 1855 °C and is insoluble in various solutions, including water,
HNO3, HCI, and dilute H2SOa4. On the contrary, hot H>SO4 and HF can dissolve TiO- (J.
Zhang et al. 2018). The chemical structure and electronic structure of TiO2 is highly
commensurate for photocatalytic activity. The valance band is densely filled with the
electrons, while the conduction band is empty. This electronic structure makes the TiO-
one of the most effective photocatalysts, among others. It is reported that the crystal
structure of TiO> greatly influences the photocatalytic activity of it. The primary crystal
structure has been found for TiO> are anatase, rutile, and brookite. The anatase crystal
structure shows higher photocatalytic activities than rutile and brookite (Fang et al. 2011).
The bandgap of anatase and rutile differ from each other, which also influences their
photocatalytic activity. The bandgap of anatase TiO> is 3.2 eV, while the rutile is 3.0 eV
(Kavan et al. 1996). As the large bandgap of anatase TiOg, it needs a small wavelength of
light (A < 388 nm) to generate electron-hole that is considered the major drawback of
TiO». There are many techniques that have been employed to enhance the photocatalytic
activities of TiO2 under visible light and UV light. As the electronic conductivity of
anatase TiO2 can be increased by creating oxygen defect or adding impurity to it. Thus
the photocatalytic activity of anatase TiO> can be influenced by creating deficient oxygen
and adding impurity (Liu et al. 2009). Other methods, such as doping, adding noble metals
(e.g., Au, Ag), or nanocomposite of TiO2 may increase the photocatalytic activities of
TiO2 under UV light and visible light. The nanostructure of TiO2 has shown the highest
photocatalytic due to its high surface area, and it is known that containing a high surface
area of a catalyst has shown higher photocatalytic activities than a low surface area. It is
also reported that various nanostructures of TiO2, such as a nanoparticle, nanotube, and
ultra-thin film, have shown different photocatalytic activities. For instance, the nanotube
of TiOz has shown better antibacterial activity than the immobile nanoparticles and ultra-
thin film (Molina-Reyes et al. 2020). Therefore it is important to choose the specific
nanostructure of TiO2 for the specific application. The TiO2 photocatalyst has been



employed in various research fields. It has been used for environmental applications such
as purifying water, air, and soil, to produce self-cleaning surface, antibacterial activity, to
produce wettable surface, anti-fogging function (Hashimoto et al. 2005). It is also
employed for energy production such as Hz (Ni et al. 2007) and hydrocarbons (Razzaq et
al. 2017) by using a photoreduction mechanism.

ZnO semiconductor has been employed as photocatalyst as well because it contains
similar characteristics as TiO2. As an alternative photocatalyst to TiO2, ZnO provides
similar bandgap energies but exhibits higher absorption efficiency compared to TiO2 over
the solar spectrum (Qiu et al. 2008). Fenoll et al. reported that the photodegradation of
fungicides in leaching water using ZnO and TiO2 under solar irradiation was compared
and found that ZnO exhibited better photodegradation activities under solar irradiation in
comparison to TiO2 (Fenoll et al. 2011). ZnO has excellent electrical, mechanical, and
optical characteristics similar to TiO, (Gharoy Ahangar et al. 2015). ZnO can be found
inthree crystal forms such as hexagonal wurtzite, cubic zinc-blende, and rocksalt (Espitia
et al. 2012). It contains inherent defects such as oxygen vacancy (VO), Zn interstitial
(Zni), and zinc vacancies (VZn), influencing its optical properties and electrical behavior
(Boukos et al. 2012). As mentioned before, the surface area of photocatalysts has been
played an important role in photocatalytic activities. The nanostructures of ZnO have been
employed for photocatalysis. The nanostructure such as nanoparticles, nanorod,
nanofiber, nanowire, nanotube, a nanoplate, and thin-film have higher surface areas than
bulk structures, but among the nanostructure, the surface area may vary and
photocatalytic activities as well. For instance, ZnO nanoplate showed higher
photocatalytic activities than ZnO nanorod for having a higher surface area (Jang et al.
2006) . The main limitation of ZnO has high recombination of electron-hole pairs and
low charge carrier possibility. Different methods have been employed to increase the
photocatalytic activities of photocatalysts, such as metal/non-metal doping, coupling with
other semiconductors, and the coupling of nanocarbon with ZnO (Ong et al. 2018). Due
to the presence of Zn — O — Zn bonds in ZnO nanostructure, agglomeration may happen
readily and thus significantly affect the photocatalytic activity. To avoid the
agglomeration of ZnO nanoparticles, surface modification has been utilized through
chemical treatments such as coating, grafting polymerization, and ligand exchange (Ong
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et al. 2018). As a photocatalyst, ZnO semiconductor gets immense interest after TiO-

semiconductor.

Fe>Os semiconductor has also been employed as a photocatalyst itself or doped with other
semiconductors such as Ti, Zn, and other metals. A different form of crystal structure has
been found for Iron oxides such as wiistite (FeO), hematite (a-Fe2O3), maghemite (v-
Fe>03), and magnetite (FesOs). Among them, hematite (a-Fe203) has been exerted for
photocatalytic activities because of its suitable crystal and chemical structure, stability at
ambient conditions, and having a low bandgap (E = 2.1 eV) (L. X. Chen et al. 2002).
Due to its small bandgap of about 2.0-2.2 eV, Hematite (or a-Fe2Oz) is a promising
photocatalytic candidate. In addition, it can absorb solar energy up to 600 nm and utilizes
up to 40 percent of solar spectrum energy, and can remain stable in most aqueous
solutions (pH>3). However, the photocatalytic efficiency of a-Fe»Os is restricted by
certain factors such as a high electron and hole recombination, poor diffusion, short hole
diffusion length (2-4 nm), and poor conductivity, that lowering the photocatalytic
activities of it (Sartoretti et al. 2003)(Ahn et al. 2014). Researchers have made several
efforts to solve those problems, including minimizing the recombination rate by forming
nanostructures, improving conductivity by doping with appropriate metals, and
improving charge carrying ability as well (Kumari et al. 2007, Zandi et al. 2013).

CdS is considered one of the most prominent semiconductor photocatalysts for
photocatalytic activities among various sulfides, is a visible light-reactive photocatalyst
with a bandgap of 2.4 eV, and it has good efficiency at a wavelength shorter than 516 nm
for visible light absorption. Furthermore, it has an excellent charge carrying power, which
can easily and effectively render photogenerated electrons and holes moving, prolong the
photogenerated carrier's life, and contribute to high photocatalytic action (F. Chen et al.
2008). The main drawback of CdS is photo-corrosion. Intense research has been
conducted to inhibit the photo-corrosion of CdS by employing various processes such as
CdS integration into other layers of oxides, CdS combination with microporous and
mesoporous materials, metal and non-metallic catalyst coupling, and heterojunction
forming nanoparticles (Cheng et al. 2018). As a photocatalyst, CdS semiconductors

mainly used energy production and environmental application (Cheng et al. 2018).
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CeO- semiconductor has been considered as excellent photocatalyst because of its high
oxygen storage ability with abundant oxygen vacancies (Vo), Ce**/Ce** due to reversible
pairs and its inhibition to photo-corrosion (Gong et al. 2016). The main drawback of this
photocatalyst is the wide-bandgap energy, which is 2.8-3.1 eV and can only absorb the
UV region and partially in the visible region up to 400 nm, which is less than 5% of the
solar spectrum (Aslam et al. 2016). Therefore to enhance the photocatalytic activities of
CeO2 under visible light, various methods have been employed on it, such as metal or
non-metal doping, doped with noble metal (Au, Ag), coupling with other nanomaterials.
It is reported that after modification with one of these, photocatalytic activities had been
significantly increased under visible light (Ma et al. 2019).

SnO2 semiconductor is considered an alternative photocatalyst for TiO2 due to being low
cost and innocuous photocatalyst analogous to TiO2 (Al-Hamdi et al. 2017). In addition,
its unique chemical structure, containing the octahedral network in its structure, makes it
more favorable for photocatalytic activities because of enhancing the mobility of
electron-hole pairs (Abe et al. 2006). Furthermore, SnO2 has an intrinsic defect (oxygen
vacancy) on its crystal structure, resulting in the reduction of the bandgap, which may
lead to an increase in the photocatalytic activities of it (Zulfigar et al. 2016). However,
the main disadvantage of SnO: is high bandgap energy, which is 3.6 eV, require to absorb
only UV light to generate electron-holes, and also has a high electron-hole recombination
rate (Al-Hamdi et al. 2017). Therefore, to inhibit the recombination rate and enhance the
photocatalytic activity, various methods have been employed on SnO; as like other
semiconductors. For instance, coupled with other semiconductors, doped with metal and
metalloids, transition metal and non-metal are mostly used techniques for improving the
photocatalytic activity of SnO2semiconductor (Al-Hamdi et al. 2017). However, different
nanostructure and different synthesis methods may have an impact on the photocatalytic
activities of SnO.. For instance, SnO2 quantum dots has been prepared by Bhattacharjee
& Ahmaruzzaman, showing significant photocatalytic activities to degrade the Methylene
blue (MB) and Rose Bengal under sunlight irradiation (Bhattacharjee ve Ahmaruzzaman
2015).

Al>0s3, itself does not exhibit photocatalytic activities due to its high energy bandgap,
which is 8.7 eV (Leow et al. 2017). However, it has been shown photocatalytic activities
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even under visible light when it is doped or coupled with other semiconductors. For
instance, Barajas et al. reported that Al.Os doped with rutile TiO2 thin film exhibit visual
light-induced photocatalytic activities to kill the E. coli bacteria (Barajas-Ledesma et al.
2010). Nasr et al. prepared Al,O3 doped ZnO nanotube by ALD, demonstrated Al2O3
doped ZnO nanotube exhibited five times higher photocatalytic activities than ZnO
nanotube to decompose the methylene orange (Nasr et al. 2018).

Photocatalytic activities of semiconductor metal oxides are greatly dependent on their
chemical and crystal structure, surface area, charge-carrying ability, electron-hole
recombination possibility, and UV light and visible absorption ability. In literature, it is
reported that the photocatalytic activity of semiconductors can be increased significantly
by doping each other, metal, noble metal (Ag, Au), or non-metal (C, N, S). Researches
are still ongoing to produce visible light effective and economical photocatalyst for

energy production (H, Fuel) and environmental remediation.

2.4 Applications of Photocatalysis

In this part, we will discuss the wide range of applications of photocatalysis in different
areas. As mentioned above, photocatalysis has been used to clean the wastewater. Apart
from this, the photocatalysis method has been employed in preparing self-cleaning

surfaces, antimicrobial activities, and energy harvesting phenomena.

The photocatalysts have been used for producing a self-cleaning surface due to their
hydrophilic nature when exposed to UV or visible light. In 1997, Wang et al. reported
the photo-induced super hydrophilic effect of TiO», and since then, the phenomenon has
been under intense study (Rong Wang et al. 1997). It was shown that the TiO- surface
becomes extremely hydrophilic after irradiation under UV light. The commercial self-
cleaning surface has been produced by using TiO> thin films. For instance, the self-
cleaning windows have been developed by Pilkington, PPG, and Saint Gobain. The
surface photocatalytic reactions of TiO> break up the organic stain, thus cleaning the
surface when UV light is irradiated. Wang et al. attributed that water flow (such as
rainwater) to the stain contained TiO> surface made TiO- super hydrophilic that enhanced
the self-cleaning performance of TiO: surface (Rang Wang et al. 1998)(Fujishima et al.
2008). Apart from the window, to avoid fouling on a different surface, such as bathtub
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tiles, lamp coverings in a highway tunnel, walls, etc., photocatalytic self-cleaning surfaces
have been used. This phenomenon is also used to produce anti-fogging surfaces such as
bathroom tiles and car mirrors (Fujishima et al. 2008). Self-cleaning cotton fabrics and
PET fabrics have also been developed by coating with nanostructures of TiO2 via different
methods (Jinfeng Wang et al. 2015).

The antimicrobial surfaces can be produced by fabricating nano-structure photocatalyst
due to its photocatalytic activities under light energy. The reactive oxygen species have
been produced from the photocatalyst during the photocatalytic reaction, have the ability
to degrade the cell wall of microbes, and to oxidize them into H>O, CO», and mineral
acids (Qi et al. 2017, Yadav et al. 2016). Photocatalysis has proved capable of destroying
a wide range of species, including Gram-negative and Gram-positive bacteria, including
endospores, fungi, algae protozoa, and viruses (Matsunaga et al. 1988, Wolfrum et al.
2002). The photocatalytic activities of materials on antimicrobials species have been
improved by modifying photocatalyst nanostructure with metal, non-metal, noble metal,
heterojunction construction, and coupling with carbon materials (Qi et al. 2017, Yadav et
al. 2016). Wong et al. reported that Nitrogen-doped TiO- exhibited better visible-light-
induced photocatalytic activities than pure TiO. and Carbon-doped TiO: in response to
E.coli bacteria (Wong et al. 2006). Kangwansupamonkon et al. investigated the
antimicrobial effects of cotton fabrics coated with apatite TiO2. The antibacterial
activities were observed under black light (wavelength 300-400 nm), visible light
(wavelength 400-650 nm), and dark conditions. Under the black-light treatment, apatite-
coated TiO2 suspensions showed better antimicrobial activity against four different
bacteria (Staphylococcus aureus, Escherichia coli, methicillin-resistant Staphylococcus
aureus (MRSA), and Micrococcus luteus) than visible light and dark conditions

(Kangwansupamonkon ve Lauruengtana 2009).

Photocatalysis technology also has been applied to produce renewable and sustainable
energy fuels by using solar energy. Recently, a wide range of research has been carried
out on it due to the amount of fossil energy in all world is decreasing day by day. On that
point, photocatalysis is a promising technique to produce energy with the help of solar
energy. Moreover, photocatalysis is an environmentally friendly technique, and it can
reduce the amount of CO> by photoreduction while producing energy. Hydrogen gas and
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fuel like methane, ethane have been generated by the photocatalysis method. Unlike other
photocatalytic activities such as wastewater treatment or antimicrobial activities,
photoreduction phenomena have been employed to generate energy. The Hz gas has been
produced by the photocatalytic water splitting technique. When light irradiated on the
photocatalyst surface, an electron-hole has been generated. Then electron-hole are
diffused to the photocatalyst surface containing water molecule in it. A redox reaction
occurs, in which the photoelectrons reduce the H* into Hz gas, and the holes (h*) oxidize
the water into O (Singh ve Dutta 2018). For hydrocarbon fuel production, the
photoreduction of CO; has been done with H>O on the surface of photocatalysts (Vu et
al. 2019). A wide range of semiconductor metal sulfides (CdS) and oxides (TiOz, ZnO,
CdS, SnO and WO3) have been employed as a photocatalyst to produce the energy with
all having some limitations such as wide-bandgap. As a consequence, they only absorb
UV light, which is only 4% of the solar spectrum, and end up with high electron-hole
recombination rates (Singh ve Dutta 2018). Several methods have been employed to
modify the surface of photocatalysts such as metal (Nb, Ce, Mn, Zn, Mg, Sn, Cu, and Zr)
/non-metal (B, N, F, Ca, S) doping, noble metal (Ag, Au, Pt) doping, dye sensitization
(safranine, O/EDTA, and T/EDTA) and integration with metal-organic frameworks
(MOF) (Singh ve Dutta 2018, Vu et al. 2019) to utilize the visible light of solar spectrum.
Production of visible light-activated, stable, and economical photocatalysts for energy

harvesting is still researched.

2.5 Photocatalyst Thin films

In the conventional photocatalysis process, photocatalyst powder (i.e., TiO2) is used to
degrade the organic pollutant for wastewater treatment. But, using the powder form of
photocatalysts for wastewater treatment may have some drawbacks that greatly influences
the whole photocatalytic process. The powder photocatalyst has a poor settle ability, and
it takes a long retention time in the clarifier. In addition, the high turbidity generated by
the high concentration of TiO> can actually lower the depth of solar light penetration, as
the dosage of TiO- increases to enhance the photocatalysis rate (M et al. 2000). The other
disadvantage of using TiO2 powder is a requirement to separate TiO> powder from the
treated water after finishing the treatment process (Borges et al. 2016) as the

photoreaction occurs on the surface of the photocatalyst materials when the solar light is
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irradiated on it. Therefore it is convenient to use an immobilized photocatalyst to a surface
for the photocatalysis application for wastewater treatment. Among the immobilized
photocatalyst fabricating techniques, thin-film deposition (TFD) is considered the most
promising method to fabricate the photocatalyst on a substrate. As the photocatalyst
surface is required for photo-reaction, so any substrate coated with thin-film of a
photocatalyst may exhibit photocatalytic activities. This way, a wide range of materials
can be employed as a substrate instead of using bulk photocatalyst materials. A wide
range of thin-film deposition techniques has been applied on fabricating photocatalysts
such as sol-gel, dip coating, spin coating, physical vapor deposition (PVD), chemical
vapor deposition (CVD), and atomic layer deposition (Mavukkandy et al. 2020). Atomic
layer deposition is considered a prominent TFD technique because the film fabricated by
ALD is very uniform, conformal, repeatable, scalable, pin-hole free, and ultra-thin
(Mavukkandy et al. 2020). Furthermore, ALD requires moderate pressure and low
temperature, which favorable for fabricating thin film on temperature-sensitive materials

such as polymers (Guo et al. 2017).

2.6 Atomic Layer Deposition

Atomic layer deposition (ALD) is a vapor phase deposition technique modified from the
chemical vapor deposition technique. ALD has several advantages and unique features
that make it the most attractive and promising thin-film technique over others, such as
chemical vapor deposition (CVD) and physical vapor deposition (PVD). ALD is
characterized by sequential, self-limiting, and gas-surface deposition reactions. The self-
limiting characteristics of ALD restrict the surface reaction to no more than a monolayer
of a precursor. Thus the precursor can reach the depth of the substrate with sufficient
precursor pulse times that allow the uniform coating on a three-dimensional substrate as
well. Therefore the reaction cycles provide a uniform growth of the thin films even on
high aspect ratio substrates, while the CVD and PVD cannot show the same level of
uniformity of growing thin-film due to faster surface reactions and shadowing effects
(Johnson et al. 2014). Another great advantage of ALD is the ability to control the
thickness of the deposited thin film. As the layer-by-layer deposition has occurred during
ALD, the thickness of the thin film can be adjusted by counting the ALD reaction cycles

at the angstrom (1071° m) level, which is a typical amount of deposition in a reaction cycle
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(Johnson et al. 2014). Another promising feature of ALD is composition control. The
thin-film such as a ternary oxide (Furlan et al. 2017), Zinc-Tin-oxide (ZTO) (Hultgvist et
al. 2011), and SrTiO3 (Kosola et al. 2003) can be deposited by ALD. Such films can be
deposited and managed compositionally by adapting ALD 'super cycles', which are made

up of multiple ALD processes (Johnson et al. 2014).

ALD technique is modified from CVD; thus mechanism of it has differences. The
mechanism of ALD thin film growth has been shown in Figure 3. ALD thin film has been
fabricated on a substrate in a very controlled manner. For deposition of the desired thin
film on a surface, the substrate needs to have an appropriate functional group. Suppose it
doesn’t have sufficient groups, then a pre-functionalization might be necessary. The
functionalized surface or the substrate is then placed in the ALD reactor under the
medium vacuum (typically < 1 Torr) (Johnson et al. 2014). The temperature of an ALD
reactor varies; however, it is usually lower than the CVD temperatures (in general < 300
°C). In ALD, chemical precursors vapors are introduced to the substrate in an alternating
sequential manner. During the film formation of ALD, "A" precursor (Fig. 3) is pulsed
with a specific pulse time according to the size of a reactor chamber or as instructed by
the vendor. The gas precursors react with the substrate and form a monolayer, which is
called a half-reaction or a half cycle. The unreacted or by-product produced from the "A"
precursor reactions has been purged from the reactor chamber with the help of inert gas
under a specific purging time. After that, the "B" precursor is pulsed to the substrate and
reacts with previously formed monolayer, and fabricates a layer of desire thin-film, which
is called a full reaction or full cycle. Later, inert gas has been purged to the reactor to
remove unreacted precursor or by-product from the reactor chamber. The reactions have
been carried out sequentially and self-limiting manner. The reaction cycles have been
continued until the desired thickness of a thin-film has been achieved. The thickness of
the thin film can be measured by counting the reaction cycle employ for depositing the
thin film.
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Figure 3: Thin-film growing mechanism of the atomic layer deposition technique
(Johnson et al. 2014).

The ALD process parameters such as precursors pulsing time, inert gas purging time,
precursor flux (vapor pressure), and growth temperature have a significant impact on thin-
film growth. If the pulse time increases, the density of chemisorbed materials on the
surface also increases, which leads to faster surface saturation on a substrate. If the pulse
time is too short, may occur insufficient precursor molecules transport to the reaction
chamber, resulting in an ununiformed thickness of thin-film (Ritala ve Leskela 2002).
The precursor flux has a similar effect to pulse time in terms of thin-film growth. The
growth rate per cycle may increase by only increase the pulsing time without changing
the precursor flux rate (Ritala ve Leskela 2002). However, in the case of oxide ALD
formation, the growth rate may increase by increasing H>O precursor flux than increasing
the pulsing time of water precursor (Ritala ve Leskela 2002). The purge length is also
another important process parameter of ALD. Inadequate purging may result in
overlapping of precursor doses, resulting in a CVD like thin-film deposition and forming
an ununiform thin-film deposition (Ritala ve Leskela 2002). The growth temperature is
also one of the most important process parameters of ALD. There are several types of

growth rates that may be occurred depending on the growth temperature. Outside the self-
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limiting window of the temperature, the growth rate may increase or decrease. The growth
rate may decrease at low temperatures due to the slow reaction rate and inadequate
purging time. The growth rate may increase at low temperatures because of multilayer
adsorption and the condensation of low vapor pressure precursors. Outside the self-
limiting window of the temperature, the growth rate may increase or decrease too. The
growth rate decreases at high temperature due to the desorption of the precursors, and
increases at high temperature is caused by precursor decomposition ((Ritala ve Leskela
2002). There is a temperature range at a self-limiting region where the growth rate
remains constant. The range of this temperature is called the temperature window. The
temperatures in the temperature window is employed in ALD for uniform thin-film

formation.

2.7 Photocatalytic ALD Thin Films

The photocatalytic metal oxides such as TiO2, ZnO have been fabricated by ALD due to
their uniform, conformal, and pin-hole free thin-films formation ability. Photocatalytic
metal oxides have been deposited on different substrates via the atomic layer deposition
technique. Promising photocatalytic activities have been found from ALD fabricated
metal oxides on various substrates. As the photocatalytic activity of metal oxide has been
greatly dependent on a surface area of metal oxide, it is assumed that ALD fabricated
thin-film may utilize the highest surface area of metal oxide during the photocatalytic
reaction compared to the other thin-film methods. A significant number of research works
have been carried out on photocatalytic ALD metal oxide, and these researchers have
found significant results. The first photocatalytic activity of an ALD TiO: thin-film was
published in 2004. In this study, Pore et al. fabricated different thicknesses (60-150 nm)
of TiO, thin-films at temperature 200-400 °C on a glass substrate via ALD. They
demonstrated 70% methylene blue (concentration of 1x10°M) photodegradation had
been achieved under four hours of UV light irradiation from the 350 °C ALD coated TiO>
thin film (B. V. Pore et al. 2004). In another article, Pore et al. illustrated that the TiO>
ALD thin-films had been coated on soda-lime and borosilicate substrate using TiFs and
H20 as the precursor for evaluating the photocatalytic activities (V. Pore ve Kivel 2008).
Dey et al. fabricated ALD TiO> thin-films on carbon fiber and assessed the MB
degradation under UV light (Kumar et al. 2011). N-doped TiO2 ALD thin-film has been
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fabricated on borosilicate glass and indium tin oxide (ITO)-coated glass substrates to
assess the photocatalytic activities. The study elucidated that the N-doped TiO2 had been
exhibited less photocatalytic activities than undoped TiO> for the decomposing of the
steric acid layer under UV light irradiation (V. Pore et al. 2006). Photocatalytic ZnO also
has been fabricated by ALD. Di Mauro et al. have fabricated ZnO thin-films on
polyethylene naphthalate (PEN) via ALD at low temperatures, and MB photodegradation
has been observed (Di Mauro et al. 2016). Photocatalytic ALD ZnO also can be deposited
on electrospun polymeric nanofibers via ALD. Kayaci et al. illustrated that the ZnO ALD
thin-films have been deposited on electrospun nylon 66 fibers and achieved a significant
photocatalytic activity to decompose the Rh-B solution under UV light irradiation for 24
hours (Kayaci et al. 2013). Jeong et al. have been fabricated ZnO shell on Ag core through
ALD (Jeong et al. 2014). Ag-ZnO core-shell has been shown a promising
photodegradation efficiency under UV irradiation. It can decompose 95% Rh-B, in only
one hour of UV irradiation.

ALD is very a promising thin-film deposition technique with enormous potential in terms
of material composition and substrate variety. It can deposit thin-film on the two-
dimensional and three-dimensional substrates with high uniformity, conformity, and
precise thickness control. Researchers have an interest in producing visible-light-induced
photocatalyst thin-films for environmental application and renewable energy production.
Thus, atomic layer deposition can be a great thin-film deposition technique for the

researchers to fabricate visible-light-induced photocatalysts.
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3. MATERIALS and METHODS
3.1 Substrates Preparation

ALD thin films had been deposited on Glass fabrics (plain fabric, 200 g/m?, 0.15 mm of
thickness from Hexel, Stamford, Connecticut, United States), 1 x 1 cm undoped silicon
wafer (Nanography, Turkey), 2 x 2 cm fused quartz slide (Technical Glass Product, USA)
and 2 x 2 cm glass slide. The glass fabrics had been conducted for the photocatalysis
experiment, and other substrates were used for analyzing the characterization of thin
films. The glass fabrics were used for ALD as received from the supplier, and other
substrates were first immersed into acetone for 10 min. After that, substrates were placed

under ethanol and kept there for 5 min and then rinsed with deionized (DI) water.
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Figure 4: Experiment Flow Chart.

3.2 Thin films Growth Parameters

Photocatalyst TiO2 and ZnO ALD thin films had been deposited on the substrates by
Savannah ALD system (Cambridge Nano Tech Inc. USA). Tetrakis (Dimethylamido)
Titanium (TDMAT) (CAS # 3275-24-9, Sigma Aldrich) and H>O were used as the
precursors of TiO,, and Diethyl Zinc (DEZ) (CAS # 557-20-0, Sigma Aldrich) and H.O
were used as precursors of ZnO thin films during the ALD. High purity N2 gas was used
as the inert gas for carrying the reactive gases and byproducts. The reactor temperature
of ALD was kept 150 °C for all samples, and the precursor temperature of TDMAT and
DEZ was kept at 75 °C. The ALD reaction cycle recipe for TiO2 thin film formation was
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0.1s/ 20s/ 0.015s/ 20s (TDMAT pulsing/ N2 purging/ H20 Pulsing/ N2 purging) and for
ZnO was 0.015s/ 20s/ 0.015s/ 20s (DEZ pulsing/ N2 purging/ H2O Pulsing/ N2 purging).
The total ALD cycle of TiO> film formation was 250 and for ZnO thin film, it was 65
cycles to achieve the 10 nm ALD thin films for both photocatalysts. TiO, and ZnO
thicknesses on the silicon wafer were confirmed using a variable angle spectroscopic
ellipsometer (Spectral range: 200-2000 nm, J.A. Woollam Co., Inc. Linkoln Nebraska
us.)

Figure 5: Savannah ALD system.

3.3 Annealing of ALD Thin films

The substrates which were coated with TiO2 and ZnO thin films were introduced for
annealing. Annealing had been done under ambient conditions. The thin films had been
annealed at 450 °C and 600 °C for two hours in an electric furnace. After finishing the
duration of annealing, the furnace door was left open to cold down to the room
temperature.

3.4 Photocatalytic Activity Experiment

Photocatalytic activities of TiO2 and ZnO ALD thin films had been evaluated by the
degradation of methylene blue (MB) solution. The MB solution (CAS # 122965-43-9),

ISOLAB, Germany) was prepared with DI water containing the molar concentration
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5x10° M. The. ALD coated glass fabrics had been cut down around 5 cm? for
photocatalytic activity test. After that, the ALD coated glass fabric was placed to 50 ml
of MB solution in a beaker and kept the beaker under a dark cabinet for 30 min for
absorption desorption equilibrium. Later photocatalytic activities of the thin films had
been carried out under three medium such as dark medium, solar simulator (Model: SF-
300-B, Sciencetech, Canada; 300W Xenon arc lamp USHIO Inc. Japan), and UV lamp
(UVP Balk-Ray 365nm High-Intensity 100W, USA) irradiation for four hours. The
distance between the light source and the surface of MB solution was 10 cm. The
absorbance of MB was obtained by UV-Vis spectrophotometer (UV-3600, SHIMADZU,
Japan). The highest absorbance of MB was observed at 664 nm of wavelength. Using the
Lambert-Beer law A/Ao was taken equal to the C/Co where Ag and Co were the initial
absorption and concentration of MB solution, and A and C were the absorption and
concentration of MB at any given time. During the photocatalytic activity tests, the
concentration variation of the MB solution was recorded as a function of time at 20 min,
40 min, 60 min, 120 min, 180 min, and 240 min. So, every given time interval small
sample of MB solution was taken and measured the concentration using a UV-Vis
spectrophotometer. The MB solution was agitated by a magnetic stirrer at the time of

irradiation for maintaining a homogenous mixture of MB solution.
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Figure 6: Photocatalytic Experiments Under (a) & (b) Solar Simulator and (¢) & (d)
Under UV Lamp.

3.5 Characterization of ALD Thin films

3.5.1. Field Emission Scanning Electron Microscope (FESEM)

The morphology and microstructure of the ALD thin films deposited on glass fabrics were
investigated by Field emission Electron Microscope (FESEM) (Zeiss / Gemini 300). 1x1
cm? samples were prepared for FESEM analysis. As the samples were not conductive,
15 nm of Au/Pd ultra-thin films had been deposited on the surface of the samples by
sputtering methods to inhibit charging at the time of FESEM analysis. SEM images were
taken in secondary electron mode using the voltage at 10 eV.
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3.5.2 Atomic Force Microscope (AFM)

3-D surface morphology and surface roughness of ALD thin films were investigated by
Atomic Force Microscope (AFM) (AFM, NanoMagnetics Instruments). ALD coated
silicon wafers were employed to analyze AFM. A silicon cantilever with a typical tip
(Techno Tip) radius < 10 nm was used to generate an AFM image. 4x4 pm? scan size was

selected to produce an AFM image.

3.5.6 UV-Vis Spectrophotometer

Optical properties such as absorbance properties of ALD thin films were investigated by
UV-Vis spectrophotometer (UV-3600, SHIMADZU, Japan). Absorbance was measured
with the range between 200-700 nm of wavelength through the ALD coated fused quartz
samples. The energy bandgap of the thin films was determined from the Tauc plot using
absorbance data acquired from the UV-Vis spectrum and Tauc and Devid-Mott equation
(Makuta et al. 2018, Shkir et al. 2018). The Tauc and Devid-Mott equation,

(@h0)/n = K (h = EE) wrevreeeeeeeereeeeensnns (3.1)

Here, a is an absorption co-efficient, hv is the incident photon energy, K is the energy-
independent photon energy, and Eq is the optical band gap energy of thin films. The
exponent “n” the nature of electron transition from valance to the conduction band. For
direct bandgap transition, the value of n= Y%, while indirect transition the value n=2.
Indirect transition has occurred for amorphous TiO2 and anatase, so the n=2 (Shi et al.
2017), and for ZnO ALD thin films, the direct transition has occurred, so the value of n
is ¥ (Viezbicke et al. 2015). The wavelength (nm) data of corresponding absorbance data
was converted into energy (eV) as explain below.

From Max Plank Equation, we know,
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Here, C is the velocity of light, and A is the wavelength of the incident photon.

Putting the v value into equation (2) we get,

h=6.62 x 10* Js and C= 3 x 108 ms™*, Putting this value in equation (4) and we get,

6.62x 1034 Jsx3x 10 ms™!
1 e

E, =

Converting joule into eV (1 eV=1.602 x 1071°J) and simplify the equation we get,

6.62x 107 x3x10° eVm

E, =
J A X 1.602x 10"
12393x10° eVm
Ec = ———
A
1239.3x 10° eV nm
E, =
Ax 10°
E _ 1239.3 eV nm
g = e (3.6)

The X-axis of Tauc was plotted using equation (3.6), adding the wavelength (1) value in
it. (ahv)" value of Tauc equation was used as Y-axis for plotting Tauc plot. As the
equation, we were needed to find the absorbance coefficient (o). Beer-Lambert law was

used to determine the find absorbance coefficient (o) explained below.

In figure 7, lo is the incident light, I is the transmitted light, a is the absorbance co-
efficient, and | is the path-length of light in which absorbance takes place. From the Beer-

Lambart equation, we get,
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Figure 7: Beer-Lambart law of Absorption.

Taking Log on both sides,

—al

log (Ilo) = loge
log (Ilo) = —alloge
[0g () = @L10G € oo (3.7)

As Absorbance, A = log (%). So, we can get from equation (7)

A= alloge
1
lloge

Here, log e = 0.4343 and | = the thickness of ALD thin films (Pal et al. 2017, Purohit et
al. 2015).

a=A

1
1 X0.4343

a=A cm?

a=2303 xAlcm™t . (3.8)

Absorbance (A) values were received from UV-Vis Spectrum and input into the equation
(3.8). Later multiply with Eq value from equation (3.6) and plotted the Y-axis of Tauc’s
Plot against the X-axis from the equation (3.6). After plotting the Tauc’s plot, the bandgap
(Eg) value of ALD thin films was determined from the plot keeping the (ahv)" value zero
and find the intersection point on X-axis on the plot. The intersection point represents the
bandgap energy of the particular thin films or materials. The Tauc’s plot results are

explained in the “result and discussion” section elaborately.
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3.5.7 X-ray Diffractometer Analysis (XRD)

The crystallinity of ALD thin films on glass fabric was studied using X-ray
Diffractometer (XRD) (High-resolution Bruker/D8 Advance system) using Cu Ko
radiation (Cu tube, 1.54 A). XRD analysis was carried out on ALD coated glass fabrics.
0-20 scans were used to measure the samples. Baseline correction and smoothness of

XRD patterns have been edited by Origin pro-2019 software.

3.5.8 X-ray photoelectron spectroscopy (XPS)

The elemental composition and element bonding state of ALD thin films were analyzed
using X-ray photoelectron spectroscopy (XPS, K-Alpha Thermo Scientific) using
monochromatic Al Ka as an X-ray source. Photon energy of X-ray source was 1486.6
eV. 400 um were used as spot size for XPS analysis. The peak of XPS spectra was fitted
using the Gaussian-Lorentzian function via XPSPeak41 software.
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4. RESULTS and DISCUSSION

4.1 FESEM Image of ALD TiOzand ZnO Thin Films

Figure 8 represents the FESEM image of ALD coated glass fabrics and pristine glass
fabric. Figure 8 (a) and (b) represents the “as-deposited” TiOz and ZnO ALD thin films,
respectively. Figure 4 (¢) and (d) represent the 450 °C annealed TiO2 and ZnO ALD thin
films, respectively. Figure 8 (e) and (f) represent the 600 °C Annealed TiO2and ZnO ALD
thin films, respectively as well, and figure 8 (g) represents the pristine glass fabrics. Inset
images present in each FESEM image illustrate the 4 p scan area of the sample, and the
main image scan area is 300 nm. It is seen from the FESEM image that the thin films are
homogenously and uniformly coated on the surface of the glass fibers in comparison with
the pristine glass fabric. The “as-deposited” TiO2” thin films represent in figure 8(a) is
amorphous because of not appearing any crystal grain of TiO2 films, In literature, it is
reported that TiO2 ALD thin films grown at 190 °C or below it is amorphous (Xie et al.
2007). For 450 °C annealed (Fig 8 (c)) and 600 Annealed TiO- (Fig 8 (e)), we can observe
the morphological change of the surface of the thin-films. From the literature, it is well
known that the amorphous phase of TiO> thin films has been transformed into crystal
anatase phase at annealed temperature range 400 °C to 500 °C and higher annealing
temperature range 600 °C to 900 °C can lead to rutile phase (Dang et al. 2014, Lee et al.
2013). From the FESEM image of “450 °C annealed TiO2,” we may not clearly understand
the crystal grain of the anatase phase. From the “600 °C annealed TiO2” FESEM image,
we can understand the phase transformation has been occurred due to annealing. We
assume that the low thickness (10 nm) of TiO2 ALD thin films may be the reason not to
get a precise image of the crystal grain of the thin films in the FESEM image. From
FESEM images of ZnO ALD thin films, significant morphological changes may have
observed from the surface of the thin films. Figure 8 (b), (d), and (f) are represented “as-
deposited,” 450 °C and 600 °C annealed ZnO ALD thin films, respectively. Hexagonal
wurtzite crystal grains have been observed on the surface of all ZnO ALD thin films. In
literature, the crystal grain size of the ZnO ALD thin films is increased as the increased
of annealing temperature (Cao et al. 2015). However, It is hard to conclude on FESEM

image regarding grain size variation among the “as-deposited” and annealed ZnO thin
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films. As mention before, the low thickness of (10 nm) ZnO ALD thin films may be the
reason for not get a precise image at FESEM.

Mag= 2500KX - X = =
agn EHT= 5.00 kv Signal A = SE2 Auto BC = Off

Mag= 2500KX  ExT= 1000 kV Signal A= SE2 Auto BC =BC md
on Wo= 9.3mm Scan Speed =8 Xoom

WwD= 7.8 mm Scan Speed =8

Mag= 25.00KX  gHT= 3004V Signal A= SE2 Auto BC = OFf . Mag= 2500KX  EHT= 10004V
300 300 nm
i WD = 6.0 mm Scan Speed = 8 WD= 7.7mm

Mag= 25.00KX  gMT= 5004V Signal A= SE2 = Signal A= SE2 Auto BC = Off

300nm. WD= 6.0 mm Scan Speed =8 - Scan Speed =8

Mag= 2500KX  EHT=1000kv  SignalA=SE2 Auto BC = Off
300 nm WD = 6.8mm Scan Speed =8

Figure 8: FESEM Image of “as deposited”TiO2 (a) and ZnO (b); 450 °C Annealed TiO>
(c) and ZnO (d); 600 °C Annealed TiO2 (e) and ZnO (f) ALD thin films & Pristine
Glass Fabric (g).
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4.2 AFM Analysis of ALD Thin Films

3-D morphology and root mean square (rms) roughness of ALD thin films have been
illustrated in figure 9. Figure 9 (a), (c), and (e) are represented the 3-D image including
rms roughness of “As deposited,” 450 °C and 600 °C annealed TiO2 ALD thin films and
figure 9 (b), (d), and (f) represent the “As deposited,” 450 °C and 600 °C annealed ZnO
ALD thin films respectively. From figure 9, we can clearly see that the rms roughness of
the films increased for both TiO. and ZnO ALD thin films when increased in annealing
temperature. The rms roughness of as-deposited, 450 °C and 600 °C annealed TiO2 thin
films are 0.1463, 0.2454, and 0.4402, respectively. In literature, it is reported that rms
surface roughness of TiO> ALD thin films had been increased as the increased in
annealing temperature (Dang et al. 2014). And the rms roughness of “as-deposited” ZnO,
450 °C and 600 °C annealed ZnO ALD thin films are 0.4815, 1.2699, and 1.3051,
respectively. In the literature, we also found the same results; that is, the rms roughness
of ZnO ALD thin film had been increased with the increased in annealing temperature
(Yenetal. 2011).
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Figure 9: AFM Image of “as deposited”TiO2 (a) and ZnO (b); 450 °C Annealed
TiO2 (¢) and ZnO (d); 600 °C Annealed TiO2 (e) and ZnO (f) ALD thin films.

4.3 XPS Analysis of ALD Thin Films

Elemental analysis of ALD thin films was carried out by X-ray photoelectron

spectroscopy (XPS). Survey spectra of TiO2 and ZnO and their different annealed ALD

thin films along with pristine fabric have been presented in figure 10 (a) and (b),

respectively. From the XPS spectrum of pristine fabric, we can identify the Si, Ca, Al, N,
C, and O peak at binding energy 102.3 eV, 347.97 eV, 74.23 eV, 400.82 eV, 285.05, and
531.92 eV, respectively. Si, Ca, and Al have come from SiO,, CaO, and Al203, which

were the raw materials used to manufacture E-glass fabric (Ku-Herrera et al. 2015).
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Usually, XPS spectra have shown C 1s peak as a contaminant if the sample exposes to
air. The O 1s is also a common peak that has been found in XPS if any kind of oxide
materials or a layer of oxidized substance is present, and a little portion adventitious C
may be oxidized, which can lead to an addition of some O as well (Shah et al. 2018). In
figure 10 (a), we can observe that the Ti 2p peak at binding energy around 459 eV along
with other peaks that are present in pristine glass fabric except for the N 1s peak. N 1s
peaks are disappeared at annealed TiO2 ALD thin films implying that N2 impurity was
removed during annealing. In figure 10 (b), we can see that Zn 2pz;2 and Zn 2p1/ peaks
are observed around 1022 eV and 1045 eV, respectively. It is also noticed that C 1s and
O 1s peaks are seen in both “as-deposited” and annealed ZnO ALD thin films. Ca 2p, Al
2p and N 1s peaks are not seen in both “as-deposited”” and annealed ZnO ALD thin films.
Interestingly Si 2p peak has not been seen in “as-deposited” and 450 °C ZnO ALD thin
films XPS spectra but only seen at 600 °C annealed ZnO ALD thin films. We assumed
that deformation of glass fabric at 600 °C might have happened, which can be a reason to
appear the Si 2p peak at 600 °C annealed ZnO ALD thin films. The structural deformation
of glass fabrics may have happened at 600 °C as the technical report of glass fabrics stated
that it could approximately retain 25% of its initial strength at 540 °C.
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Figure 10: XPS Survey Spectra of TiO (a) and ZnO ALD Thin film.

High-resolution XPS spectra of C 1s, O 1s, Ti 2p, and Zn 2p of TiO2and ZnO and their
annealed ALD thin films have been presented in Figures 11, 12, and 13, respectively. All
the XPS spectra were fitted by using Gaussian/Lorentzian function, and all the binding
energy value was calibrated by using the C 1s signal to 285 eV (Kang et al. 2018). High-
resolution XPS spectra of C 1s of “as-deposited” and annealed TiO2 and ZnO ALD thin
films are shown at figure 11 (a-f). In the figure, we can see that the C 1s peak was
contributed to three peaks such as C-C, C-0O, and C=0, both “as-deposited” and annealed
TiO (Gebhard et al. 2016, Jnido et al. 2019, Kang et al. 2018). For ZnO as-deposited and
annealed ALD thin films, we are noticed only C-C and C=0 peak. As we calibrated C-C
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to 285 eV, so binding energy (BE) of C-C both TiO> and ZnO “as-deposited” and their
annealed thin films are 285 eV. BE of C-O bond of “as-deposited, 450 °C and 600 °C
annealed are 286.42 eV, 286.12 eV, and 285.74 eV, and for C=0 the BE are 288.56 eV,
288.12 eV and 288.88 respectively. From figure 11 (a), (c), and (), we can observe that
BE variation of C-O and C=0 “as-deposited’ and annealed TiO> thin films. From figure
11 (b), (d), and (e) we can see that BE of C=0 of “as-deposited”, 450 °C annealed and
600 °C annealed ZnO ALD are 288.53 eV, 288.42 eV, 288.12 eV respectively. BE of
C=0 of as-deposited ZnO thin films observe highest in comparison to annealing ZnO thin

films.
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Figure 11: High-resolution C 1s XPS spectra of “as deposited”TiO2 (a) and ZnO (b),
450 °C annealed TiO2 (¢) and ZnO (d), 600 °C annealed TiO2 (e) and ZnO (f) ALD thin
films.
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The high-resolution O 1s spectra of TiO2and ZnO ALD thin films are depicted in figure
12. The high-resolution O 1s spectra of as-deposited 450 °C and 600 °C annealed TiO>
thin films are presented at Figures 12 (a), (c), and (e), respectively. From figure 12, we
see that the O 1s spectra were deconvoluted into three peaks, such as Ti-O, Ti-OH, and
C-O, at different binding energy for various samples (Gebhard et al. 2016, Jnido et al.
2019, Kang et al. 2018). In the figure, we can see that, BE of Ti-O bond of as-deposited,
450 °C and 600 °C annealed are 530.06 eV, 530.22 eV, and 529.97 eV; BE of Ti-OH
bond of as-deposited, 450 °C and 600 °C annealed are 531.62 eV, 531.98 eV, and 531.52
eV; BE of C-O bond “as-deposited”, 450 °C and 600 °C annealed are 533.27 eV, 533.03
eV and 532. 94 eV, respectively. High-resolution spectra of “as-deposited,” 450 °C and
600 °C annealed ZnO ALD thin films are illustrated at 12 (b), (d), and (f), respectively.
Here also we can observe that the O 1s spectrum is deconvoluted into three peaks such as
Zn-0, oxygen deficiency, and O-H that is well reported in the literature (Jiang et al. 2017,
Junpeng Wang et al. 2012, Y. H. Wang et al. 2016). Zn-O peak has been seen at lower
BE 530.47 eV, 530.14 eV, and 530.26 eV for “as-deposited,” 450 °C and 600 °C annealed
ZnO ALD thin films, respectively. The peak of O-H has been observed at higher BE
532.15 eV, 532.04 eV, and 531.8 eV corresponding to “as-deposited,” 450 °C annealed
and 600 °C annealed ZnO ALD thin films, respectively. The O-deficiency peak has only
been seen at “as-deposited,” and 450 °C annealed ZnO ALD thin films corresponding BE
are 531.62 eV and 531.37 eV, respectively. The O-deficiency peak has been disappeared
at annealed 600 °C ZnO thin films attributed that the O vacancy (V,) of the ZnO thin
films were filled with free oxygen present in wurtzite structure during annealing (Jiang et
al. 2017). In the literature, it is reported that the oxygen vacancy (Vo) of ZnO thin films
was decreased at high annealed temperature (Jiang et al. 2017, Junpeng Wang et al. 2012,
Y. H. Wang et al. 2016). It is also reported that the carrier concentration of ZnO thin films
was reduced as the decreased in concentration of oxygen vacancy (Vo) (Jiang et al. 2017,
Y. H. Wang et al. 2016).
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Figure 12: High-resolution O 1s XPS spectra of “as deposited”TiO> (a) and ZnO (b),
450 °C annealed TiO2 (c) and ZnO (d), 600 °C annealed TiO2 (e) and ZnO (f) ALD thin
films.

High-resolution 2p doublet spectra of “as-deposited” TiOz and ZnO and their various
annealed ALD thin films are depicted in figure 13. Figure 13 (a), (c), and (e) are presented
“as-deposited,” 450 °C and 600 °C annealed TiO2 ALD thin films, respectively. And
figure 13 (b), (d), and (f) are represent the “as-deposited” 450 °C and 600 °C annealed
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ZnO ALD thin films, respectively. The XPS spectra of “as-deposited,” 450 °C and 600
°C annealed TiO2 ALD thin films, 2p doublet of Ti named Ti2py2 and Ti2pz are
observed that evidence that the presence of Ti on the thin films meaning that TiO2 ALD
was successfully deposited on glass fabrics. In the case of ZnO thin films, we also notice
the doublet Zn 2p named Zn2p12 and Zn2psjp are observed in all ZnO ALD thin films,
also indicate that ZnO ALD thin films were successfully deposited on the glass fabric.
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Figure 13: High-resolution 2p XPS spectra of “as deposited”TiO2 (a) and ZnO (b), 450
°C annealed TiOz (c¢) and ZnO (d), 600 °C annealed TiO2 (e) and ZnO (f) ALD thin
films.

4.4 XRD Pattern of ALD Thin Films

XRD patterns of TiO, and ZnO ALD thin films and their different annealed thin films
have been illustrated in figure 14 (a) and (b), respectively. Miller index (hkl) of ALD thin
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films has been determined by using JCPDS card. Anatase JCPDS card no 00-021-1272
was used to determine the characteristic crystal peak of the anatase phase of TiO2, and
JCPDS card no 00-021-1276 was used for the rutile phase of TiO2. Hexagonal wurtzite
crystal structure of ZnO ALD thin films was determined by using JCPDS card no 00-036-
1451. From the XRD pattern of pristine glass fabric (fig 14 (a) and (b)), we can see that
the pattern represents the amorphous structure of glass fabrics, although a little wave has
been seen on the pattern, which may be originated from the component or impurity
presents in the glass fabrics. XRD pattern of “as-deposited” TiO2 thin films from figure
14 (a), we can see that an amorphous phase of TiO- is being observed. It is well known
in the literature that the TiO> thin films grown at a temperature below 190 °C in ALD was
amorphous (Xie et al. 2007). XRD pattern of 450 °C annealed TiO> thin film, and we can
clearly see that the diffraction peak of anatase phase of TiO2 has been observed at 25.28°,
48.05°, 55.06° corresponding (hkl) index (101), (200), (211) respectively according to
JCPDS card no 00-021-1272. The similar results of 450 °C annealed TiO2 ALD thin films
had been well reported in the literature (Dang et al. 2014, Xie et al. 2007). It is
interestingly seen that a little rutile crystal peak (110) has been observed at 27.5° too,
although the peak is not sharp. In the XRD pattern of 600 °C annealed TiO2, we can
observe that both anatase and rutile crystal peaks have been seen. Anatase characteristic
peaks such as (101), (200), and (211) have been observed at 25.28°, 48.05°, and 55.06°,
and rutile characteristic peaks such as (110) and (002) have been observed at 27.5° and
62.72° respectively. Moreover, the peaks are sharped and high in intensity compare to
450 °C TiO2 thin films. It is implied that the TiO. thin annealed at 600 °C is more
crystalline in nature, and phase transformation has occurred as well at the time of
annealing. It is well arguable in the literature that the phase transformation had occurred
at high annealing temperatures (Dang et al. 2014). XRD pattern of “as-deposited” ZnO
and different annealed ALD thin films have been illustrated in figure 14 (b). From figure
14 (b), we can see that the hexagonal wurtzite crystal structure of ZnO ALD has been
observed in all ZnO ALD thin films, including annealed thin films. The characteristic
peaks of hexagonal wurtzite crystal structure such as (100), (002), (101), (102), (110),
(103) have been observed at 31.77°, 34.42°, 36.25°, 47.54°, 56.6°, 62.86° respectively. It
is evident that the hexagonal wurtzite structure of ZnO ALD thin films had been

successfully deposited on the surface of glass fiber. 450 °C annealed ZnO thin films have
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been shown the highest crystallinity in comparison to other thin films. However, the
crystallinity of the thin films had been decreased when it was annealed at 600 °C. In the
literature, it is reported, the crystallinity of ZnO ALD thin films was increased as
increased in annealing temperature (Cao et al. 2015, Tian et al. 2015, Yen et al. 2011).
So, we assume that the decrease of crystallinity of 600 °C annealed ZnO thin films has
resulted from glass fabrics. The structural deformation of glass fabrics may have
happened at 600 °C as the technical report of glass fabrics stated that it could
approximately retain 25% of its initial strength at 540 °C. The small peaks or noise which
are not related to the corresponding thin films peak at XRD pattern may be originated
from the element of glass fabric as the peaks have been seen at XRD pattern of pristine

fabrics.
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Figure 14: XRD pattern of TiO2 (a) and ZnO ALD thin films.

4.5 UV-Vis Absorbance Spectra and Bandgap Analysis

UV-Vis absorption spectra of TiOz2and ZnO ALD thin films are represented at figure 15.
The UV-Vis spectra were taken within the wavelength range between 200 to 700 nm for
both TiO2 and ZnO thin films. Figure 15 (a) and (b) represents the absorption spectra of
“as-deposited,” 450 °C and 600 °C annealed TiO2 and ZnO ALD thin films with black,
blue, and red spectra, respectively. From figure 15 (a) we can see that a strong optical

absorption edge has been observed at wavelength range 320 — 265 nm for “as-deposited”

42



and different annealed TiO2 ALD thin films. The strong optical absorption edge for “as-
deposited” and different annealed ZnO ALD thin films has been observed at the
wavelength range 390 — 200 nm. Di Maura et al. was found similar optical absorbance
spectra of ZnO ALD thin films (Di Mauro et al. 2016). From the strong absorption edge
range of both TiO2 and ZnO thin films, it can be concluded the films could absorb UV
light and generate electron-hole on the surface of the thin films. In figure 15 (a), it is also
observed that the highest blue shift has been exhibited on the 600 °C annealed TiO3 thin
films in comparison to “as-deposited” and 450 °C annealed TiO; films, and the least blue
shift has been observed in 450 °C annealed TiO2 thin films. From figure 15 (b), the blue
shift of absorption spectra of ZnO ALD thin films has been increased with the increase
in annealing temperature. “as-deposited,” ZnO ALD thin films has been exhibited least

blue shift and highest absorption in comparison to the annealed ZnO ALD thin films.
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Figure 15: UV-Vis Absorption spectra of TiO> (a) and ZnO (b) ALD thin films.

Optical bandgap energy of both TiO2and ZnO ALD thin films has been estimated from
the Tauc plot using Tauc and Devid-Mott relation and optical absorbance data. (cthv)'/"
(here, n= 2 for TiO2 and n= % for ZnO) vs. hv relation was used to construct the Tauc
plot. Figure 16 (a) and (b) represents the Tauc plot for both TiO2 & ZnO and their
different annealed ALD thin films. From figure 16 (a), we can see that the optical bandgap
energy of TiO2 ALD thin films was increased with the increase of annealing temperature.

The optical bandgap energy of “as-deposited” 450 °C and 600 °C annealed TiO2 thin
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films are 3.08 eV, 3.18 eV, and 3.2 eV, respectively. In literature, the reverse result has
been observed. Shi et al. reported that “as-deposited” TiO2 ALD thin films exhibited the
highest bandgap energy and bandgap energy decreased as the increase of annealing
temperature up to 600 °C, later bandgap energy again started to increase up to 700 °C and
decreased again as the increased in annealing temperature over 700 °C. The lowest
bandgap energy had been observed 3.3 eV dropped from 3.4 eV at 900 °C. (Shi et al.
2017). This discrepancy may be originated from the Ti precursor or film thickness
variation. In our study, we used Tetrakis (dimethylamido) titanium (TDMAT), where they
used Titanium tetraisopropoxide (TTIP). In our study, we used 250 ALD cycles (10 nm),
where they used 600 cycles (20 nm) for TiOz thin films. In figure 16 (b), the bandgap
energy of ZnO ALD and its annealed thin films was increased with the increase of
annealing temperature. The optical bandgap energy of “as-deposited” 450 °C and 600 °C
annealed ZnO thin films are 3.24 eV, 3.26 eV, and 3.27 eV, respectively. A very little
bandgap energy variation is being observed among them. Di Mauro et al. reported that
ZnO ALD thin film deposited at 80 °C had bandgap energy was 3.3 eV (Di Mauro et al.
2016). The ZnO thin films synthesized by other thin-film methods such as sputtering and
chemical precipitation method had been found that the bandgap energy of ZnO thin films
decreased as the increased in annealing temperature (Goswami et al. 2018, Y. Kim et al.
2010). However, Cao et al. reported that the bandgap of ZnO ALD thin films remained
in 3.28 eV at annealed between 400 °C to 900 °C (Cao et al. 2015).
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Figure 16: Tauc plot of TiO2 (a) and ZnO (b) ALD thin films.
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4.6 Photocatalytic Activity Test of ALD Thin Films

The TiO2 and ZnO ALD deposited glass fabrics were employed to evaluate the
photocatalytic activities of ALD thin films. The glass fabrics are contained high surface
area because of their cylindrical structure of glass fibers. The photocatalytic reaction is
pretty responsive to the photocatalyst surface and surface area. The photoreactions have
been initiated by absorbing photons from the light sources with energy equal or higher to
the bandgap of the catalysts and producing electron-hole pairs from the surface of the
catalysts. The electrons generated from the catalyst are reacted with MB and degrade it
into CO. and H20. The mechanism of the photocatalytic reaction has been discussed in

the introduction part.

Figure 17 illustrates the photocatalytic activities of TiO, and ZnO ALD thin films under
a dark medium. Figure 17 (a) and (b) represents the photocatalytic activities of TiO2 and
ZnO ALD thin films under dark medium, respectively. In Fig 17, it is clearly seen that
there is no photocatalytic activities of them either as-deposited TiO2 and ZnO or their
annealed ALD thin films under dark medium. It is evident that the photocatalysts are

inactived without light sources.
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The photocatalytic activities of TiO2 and ZnO ALD thin films under solar simulator have
been demonstrated in Figures 18 (a) and (b), respectively. From figure 18 (a), it is clearly
Seen that “as-deposited” TiO2 shows the same photodegradation efficiency as the “MB
solution” and pristine fabrics. The results imply that the “as-deposited” TiO2 ALD thin
films is amorphous. In literature, it is well reported that the TiO, ALD thin grown at 190
°C or below it, was amorphous (Lee et al. 2013) (Aarik et al. 1995). From the XRD pattern
of “as-deposited” TiO2 ALD thin films also evident that the “as-deposited” TiO> ALD
film is amorphous. FESEM image of “as-deposited” TiO. was depicted the amorphous
phase of TiO.. In literature, it is also reported the amorphous TiO- films did not have or
show very little photocatalytic activities under solar energy (Ohtani et al. 1997). Figure
18 (a) also illustrated that the annealed TiO2 ALD thin films had shown a significant MB
photodegradation efficiency in comparison to “as-deposited TiO2” thin films. The 450°C
annealed TiO. thin films have been exhibited higher photocatalytic activities in
comparison to the TiO; film annealed at 600°C. It has been shown up to 70% of
photodegradation efficiency of MB where the 600°C annealed TiO2 thin films have been
produced only 60 % photodegradation efficiency attributing that the presence of anatase
form of TiO2 in 450°C annealed thin films which were transformed from the amorphous
phase to crystal anatase at time of annealing process (Li et al. 2009). In XRD results of
450 °C annealed TiO: it is also found that 450 °C annealed TiO> was anatase. In literature,
various reports also articulated that the anatase TiO2 phase had been exhibited the highest

photocatalytic activity than any other phase of TiO> (Luttrell et al. 2015). The FESEM
images of 450 °C and 600 °C was indicated the crystal grain of TiO- thin films; although

the grain size was very small so it is difficult to come to any conclusion. The decrease of
photocatalytic activity of 600 °C annealed TiO: thin film may be originated from the
partial phase transformation of the anatase to rutile structure as several reports also have
been stated that the rutile structure has less photocatalytic activities than the anatase form
of TiO thin films (Li et al. 2009). From the XRD pattern of 450 °C annealed TiO,,
characteristic anatase peak was observed, and besides, we observed both anatase and
rutile sharp peak in XRD pattern at 600 °C annealed TiO2, which is justified that the
phase transformation had occurred at 600 °C. From tauc plot, we have estimated the
bandgap energy of 450 °C and 600 °C annealed TiO2 which are 3.18 eV and 3.2 eV,
respectively. Here we also find that 450 °C has low bandgap energy than 600 °C annealed
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TiO». This may be another reason to show the highest photocatalytic activities by 450 °C
annealed TiO.. Fig 18(b) represents the photocatalytic activities of ZnO ALD thin films.
“As deposited ZnO” films have been exhibited the highest photodegradation of MB up to
96.61 % under the four hours of solar simulator irradiation while the photocatalytic
activity of ZnO ALD thin films annealed at 450°C and 600°C has been decreased in
comparison to “As deposited ZnO” thin films. The 450°C annealed ZnO thin films have
been shown 92.66% of MB photodegradation efficiency, where the 600°C annealed ZnO
thin films have been produced only 73.48% MB photodegradation efficiency. It is
assumed that the high surface area of hexagonal wurtzite crystal ZnO thin films has been
well deposited on the glass fibers resulting in higher photocatalytic activities. From the
XRD report, we observed that the XRD pattern of “as-deposited” and 450 °C annealed
ZnO ALD thin films showed the sharp wurtzite crystal characteristic peak of ZnO where
the sharpness and intensity of the peak were decreased at 600 °C annealed ZnO thin films
resulting in the decrease of photocatalytic activities of it. From XPS analysis, we observed
that the oxygen vacancy was found at both “as-deposited” and 450 °C annealed ZnO thin
films but not found in 600 °C annealed ZnO. In literature, it is reported that the carrier
concentration was increased as the concentration of oxygen vacancy V,was increased too
in the ZnO thin films (Jiang et al. 2017, Y. H. Wang et al. 2016). It is well known that an
increase in carrier concentration means an increase in photocatalytic activities (Ben
Ameur et al. 2018). From Tauc plot of ZnO ALD thin films, we are observed that “as-
deposited” ZnO ALD thin has the lowest bandgap energy that is 3.24 eV, where 450 °C
and 600 °C annealed ZnO thin films 3.26 eV and 3.27 eV respectively. It is well known
that higher bandgap energy may lead to a decrease in the photocatalytic activities of ZnO
thin films (Ben Ameur et al. 2018).
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Figure 19 represents the photocatalytic activities of TiO2 and ZnO ALD thin films under
the UV lamp. Figure 19 (a) and (b) represents the photocatalytic activities of TiO2 and
ZnO, respectively. From figure 19 (a), it can be clearly seen that “as-deposited” TiO: is

not exhibited any photodegradation efficiency under a UV lamp similar to figure 18(a).
It also can be seen that the TiO: thin films annealed at 450 °C and 600 °C have been
shown the same photodegradation efficiency up to 58%. It is clearly observed that the
annealed TiOz thin films under the solar simulator have been exhibited better
photodegradation efficiency than the photodegradation efficiency under the UV lamp. In
both light sources, 450 °C annealed TiO2 has been shown to a better photodegradation
efficiency. In fig 19(b), it can be observed that the photodegradation efficiency of ZnO

thin films under UV lamp is pretty similar to the photo degradation efficiency under solar

simulator. “As deposited ZnO” thin films have been exhibited the highest

photodegradation efficiency up to 97%. The photodegradation efficiency of 450 °C and

600 °C annealed ZnO thin films have been dropped to 85% and 64%, respectively.

In conclution it is found that, the 450 °C annealed TiO2 among TiOz, and “as-deposited”

ZnO both TiO2 and ZnO ALD thin films have been exhibited the highest photocatalytic

activities under both solar simulator and UV lamp.
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5. CONCLUSION

TiO2 and ZnO photocatalyst thin films were deposited on glass fabrics by atomic layer
deposition (ALD). Approximately 10 nm of a thickness of photocatalyst was deposited
on glass fabric. Deposited thin films were annealed at 450 °C and 600 °C for 2 hours in
an electric furnace. Methylene blue was used as an organic wastewater source. FESEM,
AFM, XPS, XRD, and UV-Vis spectrophotometer were used deeply to investigate the
ALD thin films. FESEM report was confirmed a homogenous and uniform coating of
ALD thin films. The morphology of the thin films was also investigated by FESEM. 3-D
morphology and rms roughness of the thin films was analyzed by AFM. XPS analysis
was confirmed the presence TiO2 and ZnO ALD thin films on glass fabrics. The crystal
structure of the thin films was determined by XRD, and optical properties were analyzed
by UV-Vis spectrophotometer. Photocatalytic activity of ALD thin films was carried out
under dark medium, solar simulator, and UV lamp. No MB degradation was observed
under a dark medium. Among the “as-deposited” TiO2, 450 °C and 600 °C annealed TiO>
ALD thin films, 450 °C annealed TiO> was showed the highest MB degradation efficiency
on four hours of irradiation under both solar simulator and UV lamp. 450 °C annealed
TiO2 was transformed in anatase phase from amorphous was confirmed by XRD pattern.
The bandgap energy of 450 °C annealed TiO- thin films was lower than 600 °C annealed
TiOz thin films. Transformed into anatase phase and low bandgap energy lead to 450 °C
annealed TiO2 ALD thin films to show the highest photocatalytic activities. “As
deposited” ZnO was showed the highest MB degradation both as TiO2 and ZnO ALD thin
films. It had shown up to 96.6% and 97% MB degradation on four hours of irradiation
under solar simulator and UV lamp, respectively. Hexagonal wurtzite crystal structure,
oxygen vacancy, and low bandgap energy of “as-deposited” ZnO ALD thin films may
lead to show highest MB photodegradation efficiency. The high surface area of glass fiber
may have a significant impact on photocatalytic activities of both TiO, and ZnO ALD

thin films.
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