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Abstract: High-quality anatase phased titanium dioxide thin films were prepared in this work using
an easy, simple and cost-effective method. Normal, partially and highly oxygen-enriched atmospheres
were provided during the spray pyrolysis deposition of titania in order to study the oxygen effect on
the structure and morphology of the films prepared. High crystalline anatase nano-coatings stable at
high temperature (700°C) could be obtained through the delaying of anatase-to-rutile transformation
due to the filling of oxygen vacancies by the oxygen added to the spraying atmosphere. These nano-
coatings constitute promising materials for different applications such as hydroxyapatite coated metal

implanting,
applications.

rechargeable lithium ion batteries fabrication,

gas sensing and photocatalytic
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1. INTRODUCTION

Titanium dioxide, one of the most extensively
finds
applications in the area of solar cells (El Kass et al., 2017;
Giordano et al., 2016), photocatalysts (Singh et al., 2017),
gas sensors (Park, Kim, Rana, Jamwal, & Katoch, 2017),

water-splitting (Ziegler et al., 2016), cancer therapy (Na

investigated semiconductor oxides, extensive

& Park, 2016), and self-cleaning materials (Vodisek,
Ramanujachary, Brezova, & Lavren¢i¢ Stangar, 2017;
Chen & Mao, 2007).

TiO; is also considered as a promising material for the
fabrication of safe anodes of rechargeable lithium ion
batteries (Bai et al., 2016; Li et al., 2012). Among existing
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TiO, nanostructures (anatase, rutile, brookite), anatase
presents the most interesting electrochemical properties
(Deng, Kim, Lee, & Cho, 2009); its good stability, low
volume expansion (3-4%), high operating voltage (1.5-1.8
V vs Li/Li*) and low cost make it a great potential
alternative material to graphite based anodes (Li et al.,
2015). Furthermore, anatase TiO, possesses the best
photocatalytic activity because of its large band gap (3.2
eV) and strong oxidizing power (Lv, Chen, Liu, Wang, &
Meng, 2015a; Periyat, Naufal, & Ullattil, 2016) which
make it highly useful in photocatalytic applications.

High crystalline anatase TiO, has also been reported
to improve the osteogenic activity and enhance the
hydroxyapatite (HA) formation on metallic implants due
to lattice match and superposition of hydrogen-bonding
groups in anatase crystals comparing to rutile crystals (Lv,
Li, Xie, Cao, & Zheng, 2017; Uchida, Kim, Kokubo,
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Fujibayashi, & Nakamura, 2003; Xia, Lindahl, Lausmaa,
& Engqvist, 2011).

Although high thermal treatment
crystallinity of TiOs,, it leads to undesirable anatase-rutile

improves the

phase transformation which occurs generally below 600°C
(Pillai et al., 2007). Various attempts have been made to
improve the crystallinity of anatase TiO while inhibiting
its transformation to rutile such as metal or/and nonmetal
doping, surface modification with metal oxides (i.e., Al,Os,
NiO, and ZnO) (Lv, Chen, Liu, Wang, & Meng, 2015b).
However, the formation of secondary impurities (e.g.
ALTiO;, NiTiOs, CeTisOs, CeTiO7, etc.) at high-
and the consequent
photocatalytic activity make this technique
disadvantageous (Lv, Yu, Huang, Liu, & Feng, 2009;
Periyat et al., 2016; Pillai et al., 2007). Therefore, it is
necessary to develop an effective method for the synthesis

temperature decrease  in

of stable anatase phased nanostructures without having
such major drawbacks. In this article, we report an easy
and economical route to prepare TiO, nano-coatings with
delaying the anatase-to-rutile transformation by adding
oxygen to the atmosphere of spray pyrolysis deposition.
Some recent works have reported the preparation of
TiO, thin films using several methods such as atomic layer
deposition (Piercy, Leng, & Losego, 2017), chemical vapor
deposition (Rahim, Sahdan, Bakri, Yunus, & Lias, 2016),
pulsed laser deposition (Wang et al., 2017) and sputtering
(Ben Jemaa, Chaabouni, & Abaab, 2017; Singh et al.,
2017). Although they produce high-quality semiconductor
thin films, these systems involve very high vacuum or/and
temperature, are not suitable for large-area substrates,
have low throughput and complex operating conditions,
furthermore, they are high-cost equipment and production
techniques (Dominguez & Orduiia-Diaz, 2017; Jameel,
2015). By contrast, solution-based deposition processes
offer cost-effectiveness, simplicity, compatibility with
large-area substrates, moreover, possibility of scaling up
to industrial level (Song, 2016; You, 2015). Among these
solution-process techniques, sol-gel route (Aminirastabi,
Weng, Xiong, Ji, & Xue, 2017; Parveen, Mahmood-ul-
Hassan, Khalid, Riaz, & Naseem, 2017), chemical bath
deposition (Dhandayuthapani, Sivakumar, & Ilangovan,
2016) and

Angadi,
S )

2016; Govindasamy, Murugasen, Sagadevan,
spray pyrolysis technique
Ravikiran, et al., 2016;
Shashidhar, Murthy, & Poornima, 2016) have been

recently used in TiO, thin film production.

(Chandrashekara,

Chandrashekara, Angadi,

In the present work, spray pyrolysis technique (SPT)
has been chosen due to the simplicity of its apparatus and
operation, its ability to produce low-cost and high
crystalline oxide layers with high quality adherence and
uniform thickness, its ability of coating large and complex
geometries, in addition to the possibility of scaling it up
for industrial applications (Chourashiya, 2013; Filipovic et
al., 2013; Shinde, 2012).

2. EXPERIMENTAL METHODS AND MATERIALS

Specimens of stainless steel with dimensions of
(lem*1lem*0,127cm),

ultrasonically cleaned in methanol, acetone and deionized

used as  substrates, were
water for 10 minutes each time then dried. Precursor
solution containing 6 vol. % titanium (IV) isopropoxide
(TTIP) and ethanol, provided by Sigma-Aldrich, was
prepared. Acetylacetone (AcAc) provided from Merck
Schuchardt OHG was added as a stabilizer in a molar ratio
of TTIP:AcAc = 1:2.

To synthesize TiO, nanostructured thin films, a home-
made spray pyrolysis equipment illustrated in the next
schematic diagram was used (Figure 1): a pneumatic
nozzle sprays fine droplets of the precursor solution using
compressed air as a carrier gas, while a rotating plate
carries the substrate specimens is heated by halogen lamps

controlled using a temperature regulator system.

Nozzle
Spray
Substrate
Hot plate
Control Unit

Precursor sol lution

Carrier gas bottle
Iron stage
Heating lamps.
Rotating motor.

Fan

Fig. 1. Schematic diagram of the home-made
SPT equipment used.

First of all, in order to find the optimum SPT process
conditions, the substrate temperature was varied from 320
to 420°C when keeping the other parameters constant
(solution concentration (6%), spraying solution quantity
(100 ml), distance (35 cm)). Secondly, the experiments
were performed at the optimum temperature, with and
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without an additional flow of oxygen directed to the
substrates to study the O, addition effect. It is worth
noting that a post-heat treatment of all the prepared films
was carried out at 700°C for one hour in normal
atmosphere using a 3 zone-tube furnace (PZE 12/50/500,
Protherm Furnace, Turkey).

The evaluation of crystallinity and composition of the
prepared TiO2 thin films was carried out using an X-Ray
diffractometer (Cu Ka radiation (A=0.154 nm), GNR
APD 2000 PRO, Ataturk University) (A=0.154 nm).
Morphology and cross-section of the coatings were
examined by a high-resolution field emission scanning
electron microscope (Quenta 450 FEG FE-SEM; Erzincan
University). Elemental analysis was carried out by energy
dispersive X-ray spectroscopy (EDS) detector connected
with FE-SEM.

3. RESULTS AND DISCUSSIONS

For the purpose of optimizing the most important
SPT parameter, the effect of substrate temperature was
first studied. Figure 2 illustrates the XRD patterns of films
deposited under Os-enriched atmosphere at different
temperatures. According to the standard JCPDS card no:
71-1166, in all the films except that deposited at 320°C,
TiO, anatase crystalline phase was formed and its main
peak at 25,3°, corresponding to (101) diffraction plane,
was clearly detected. Intensities of (101) peak and the
other minor peaks increased progressively with the
substrate temperature which illustrates the improvement
of films crystallinity. These results can be explained by
elucidating the different processes that take place by
virtue of temperature (Filipovic, et al., 2013; Nakaruk &
Sorrell, 2010):

- For films deposited at 320°C which is considered

low, the thermal gradient was not sufficient to

miniaturize the droplets, which approached the
substrate in their big form and precipitated in its
surface as an amorphous salt (Ti[OH],) (Process A).
- For the films deposited at 350° and 380°C, the
droplets were greatly evaporated, and the generated
aerosols precipitated before arriving at the surface,
then the formed precipitates oxidized partially when
(Process B).

temperatures are

arriving at the substrate surface
350°-380°C

considered intermediate and hence not suitable to

Consequently,

establish a perfect deposition process.

- For the films deposited at 400°
importantly at 420°C, the thermal gradient was

and most

adequate to diminish the size of the droplets, to
evaporate them extensively, and to cause an early
their The

sublimed just

precipitation of aerosols. obtained

precipitates immediately before
attending the substrate. When this sublimate came
into collision with the surface, it subsequently
oxidized then got adsorbed chemically (CVD-like
process, process C in Figure 3). In conclusion,
substrate temperature nearly equal to 420°C is
necessary to carry out the most desired CVD-like
mechanism which provides the synthesis of well

crystallized TiO, films.
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Fig. 2. XRD patterns of TiO: thin films deposited at
different temperatures, after annealing at 700°C.
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Fig. 3. Effect of substrate temperature on SPT
processes.

After determining the optimum temperature, new
experiments were carried-out at 420 °C to study the effect
of oxygen addition to the spray environment on the titania
films crystallinity and morphology.
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Figure 4 of the obtained XRD patterns demonstrates
that oxygen has a great influence in the films crystalline
phase: Films deposited under a high oxygen pressure
exhibit XRD peaks correspond to a pure TiO, anatase
phase according to the Standard JCPDS card no:71-1166.
In contrast, films obtained without adding an oxygen flow
in the SPT process exhibit TiO, rutile peaks as it is given
by JCPDS card no:76-0649. Whereas coatings deposited
under low-pressure Os-enriched atmosphere exhibit peaks
of both phases with a remarked drop in their intensities
which means that these coatings are composed of a
mixture of anatase and rutile.

To understand the phenomena behind these results,
as-deposited films were also characterized. All the as-
deposited films consist of pure anatase phase whatever is
the degree of oxygen-enrichment (Figure 5). Since the
surface Gibbs free energy of anatase is lower than that of
rutile phase, TiO, initially prefers to nucleate into anatase
phase rather than into rutile phase (Choudhury &
Choudhury, 2013).

Per contra, after being annealed at 700°C, coatings
synthesized in normal atmosphere exhibit new rutile phase
(Figure 4) which signifies that a phase transformation
occurred due to heat treatment. Some other writers
reported similar results for films obtained without adding
oxygen (Castafieda et al., 2003; Nakaruk, Ragazzon, &
Sorrell, 2010; Oja, Mere, Krunks, Solterbeck, & Es-Souni,
2004).

Theoretically, pure anatase begins to transform to
rutile in air below 600°C, however, it may vary with
different factors such as the number of oxygen vacancies
which cause positive strain in anatase lattice. These
crystalline defects can be removed by heat treatment
which provides the activation energy necessary to relax
the lattice and rearrange it to the rutile state (Choudhury
& Choudhury, 2013; Hanaor & Sorrell, 2011). Filling those
vacancies by O, molecules can partially or completely
inhibit the transformation to rutile, which is the case of
our films deposited under low or high pressure O.-enriched
atmosphere. The above explanation of the obtained results
can be confirmed by two previous studies:

- Thin films of Co-TiO, were deposited using pulsed
laser deposition (PLD) technique at various oxygen
partial pressures. At higher oxygen partial pressure,
the dominant phase was anatase inhibited to be
transformed to rutile (Ali, Rumaiz, Ozbay, Nowak, &
Ismat Shah, 2009).

stable

nanocrystalline titania was synthesized by a reaction

- High-temperature anatase  phased

of amorphous titanium dioxide with hydrogen
peroxide (H,O, - TiO,) followed by a calcination
process. In this route, in-situ generation of oxygen
through thermal decomposition of peroxo-titania
complex prevented the phase transformation of the
produced nano-powder from anatase to rutile

(Etacheri, Seery, Hinder, & Pillai, 2011).
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Fig. 4. XRD patterns of TiO: films obtained with high-

pressure, low pressure and zero pressure Oz addition to
the spraying atmosphere, after annealing at 700°C.
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Fig. 5. XRD patterns of the as-deposited TiO: films
obtained with high-pressure, low pressure and zero

pressure O2 addition to the spraying atmosphere.

In our study, anatase phase was conserved and
prevented from being transformed to rutile because the
low or high amount of oxygen provided in spraying process
was absorbed, and oxygen vacancies were -respectively-
partially or completely filled.

To the best of our knowledge, there are no systematic
studies that reported the synthesis of high-temperature
stable anatase TiO» thin film by spray pyrolysis technique
without using any dopants. Thus, we report in this work
a new, easy and economical route to synthesize stable and
high crystalline anatase nano-coating deposited under Os—
enriched atmosphere by SPT.
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Average sizes of the obtained thin films crystallites
were determined using the famous Scherrer’s formula:

D KA
" BcosB

(1)

D is the mean grain size of nanoparticles, K=0.9, the
diffractometer used is with CuKa radiation thus the
wavelength A= 1,5406A, © is Bragg’s angle and B is the
full width at half of the peak maximum (FWHM)
correspond to the main peak A(101) for anatase phase and
R(110) peak for rutile phase.

The amount of anatase phase in bi-phased films was
determined using Spurr equation:

Fo- 1

A — I_r 2

1+1,26(; (2)
a

F4 is the anatase amount in the anatase-rutile mixture, I,
and I, are the intensities of anatase and rutile main peak,
ie (101) and (110) respectively.

Qualitative assessment reveals that the film deposited
under high-pressure Os-enriched atmosphere is composed
of anatase crystallites with ~33 nm in size. Oppositely, the
film deposited under normal atmosphere consists of rutile
phase which its grains size is about 52 nm. This film was
first composed of anatase, however, after being annealed
at 700°C it was completely transformed to rutile with
bigger crystallite size. In contrast, the film deposited under
low-pressure Os-enriched atmosphere shows a mixture of
56% anatase and 44% rutile crystallites with sizes of 42
nm and 45 nm respectively. In this film, a partial
transformation of anatase to rutile occurred and was

accompanied by grain growth, this resulted in a nano-
coating constituted of large rutile grains and small anatase
grains. These calculations were confirmed by scanning
electron microscopy images reported in Figure 6.

Figure 6a shows the morphology of the film deposited
in an environment rich in O,. This film is fully dense,
composed of aggregates which are primary small particles.
In contrast, the film deposited without enriching the
deposition atmosphere with oxygen (Figure 6c¢) consists
largely of square-based pyramidal individual grains with
narrow size distribution. These grains size is relatively
large comparing to those of the film shown in Figure 6a.

Deposition of Titania in a partially Osenriched
atmosphere results in the film presented in Figure 6b. The
structure of this film exhibits a mixture of individual
grains and agglomerated small particles. These results
confirm those obtained by XRD: rutile grains which
constitute the film shown in Figure 6¢ are bigger than the
anatase ones which constitute the film shown in Figure 6a,
and the film illustrated in Figure 6b is a mixture of both
according to SEM
morphology, exactly as it was concluded from XRD

phases with mnear grain sizes
patterns.

The cross-section of a representative TiO, thin film is
presented in Figure 7. It is clearly observed that the nano-
coatings prepared in this work using SPT method are very
thin, continuous and smooth with a uniform thickness of
approximately 414 nm.

The EDS patterns of the previous films (Figure 8)
confirm again the effect of oxygen addition to the
deposition environment. O, addition allows the formation
of interstitial oxygen in anatase TiO, thin films. On the
other hand, the absence of oxygen leads to thin films with
lower composition of O, (Ti/O=1,54 w/w, TiO14 which
comply with the rutile formula TiO,).

[t
ERZIHCAN UNL-CENTRAL RES. LAD.

Fig. 6. Representative FE-SEM images of the films deposited at 420°C under (a) under high-pressure

Oq-enriched atmosphere, (b) low-pressure Os-enriched atmosphere, and (c¢) normal atmosphere.
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Fig. 7. Cross-section of a typical prepared TiO2 nano-coating.
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Fig. 8. EDS of the films deposited under (a) under high-pressure Oz-enriched atmosphere, (b) low-pressure O2-

enriched atmosphere, and (c¢) normal atmosphere.

4. CONCLUSIONS

High crystalline and continuous anatase and rutile
nano-coatings have been successfully prepared using spray
pyrolysis technique. High-temperature stable anatase TiO,
thin films with

synthesized using a simple and cost-effective CVD-like

~33nm sized-crystallites have been

process under high-pressure oxygen-enriched atmosphere.

These films constitute promising materials used in

hydroxyapatite coated metal implants, rechargeable
lithium ion batteries, gas sensors and photocatalytic solar

panels.
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