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Abstract: Ag/TiO2 thin films were prepared using the sol-gel spin coating method. The microstruc-
tural growth behaviors of the prepared Ag/TiO2 thin films were elucidated using real-time syn-
chrotron radiation imaging, its structure was determined using grazing incidence X-ray diffraction
(GIXRD), its morphology was imaged using the field emission scanning electron microscopy (FESEM),
and its surface topography was examined using the atomic force microscope (AFM) in contact mode.
The cubical shape was detected and identified as Ag, while the anatase, TiO2 thin film resembled a
porous ring-like structure. It was found that each ring that coalesced and formed channels occurred
at a low annealing temperature of 280 ◦C. The energy dispersive X-ray (EDX) result revealed a small
amount of Ag presence in the Ag/TiO2 thin films. From the in-situ synchrotron radiation imaging,
it was observed that as the annealing time increased, the growth of Ag/TiO2 also increased in terms
of area and the number of junctions. The growth rate of Ag/TiO2 at 600 s was 47.26 µm2/s, and after
1200 s it decreased to 11.50 µm2/s and 11.55 µm2/s at 1800 s. Prolonged annealing will further
decrease the growth rate to 5.94 µm2/s, 4.12 µm2/s and 4.86 µm2/s at 2400 s, 3000 s and 3600 s,
respectively.

Keywords: microstructure; titanium dioxide; thin film; Sol-Gel; synchrotron radiation imaging

1. Introduction

Titanium dioxide (TiO2) is a diamagnetic material that has been gaining increasing
attention in the field of energy and sustainable environmental protection as it can integrate
the advantages of magnetic recovery and the superior photocatalysis performance of TiO2.
Nowadays, TiO2 is being widely used as a photocatalyst due to its chemical stability and
excellent physical, optical, electrical and photoelectrochemical properties. The TiO2 also
has a good optical transparency in the visible and near-infrared (IR) regions with a high
refractive index [1–3]. In addition, its strong oxidizing ability vis-a-vis organic pollutants,
superhydrophilicity, durability, nontoxicity and cost-effectiveness make it an effective
photocatalyst [4,5]. TiO2 has three different crystalline phases, namely anatase, rutile and
brookite. It is found that the anatase phase is actively photocatalytic when compared
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to the rutile phase. This can be attributed to the larger bandgap in the anatase phase,
which can increase both the charge carrier lifetime and also the surface redox potential.
The photocatalytic activity of TiO2 thin films does not only depend on the phase but also
on the crystallite size and porosity [6–8]. Besides that, the grain size, specific surface area,
pore volume and structure, and microstructural growth are some of the factors that can
influence the photocatalytic performance of TiO2 thin films.

The properties of TiO2 thin films depend on the preparation technique and deposition
parameters. In the sol-gel synthesis, thin films’ formation relies on parameters such as
the sol’s reactivity, viscosity, water alkoxide ratio and metal precursor concentrations [9].
TiO2 thin film nanostructures have a large surface area and exhibit unique physicochemical
and electronic properties that differ from their bulk counterpart [10]. Yin et al. outlined the
morphological conditions and growth of pure TiO2 thin film via a cross-sectional display
of a TiO2 monolayer thin film [11].

The addition of dopants in TiO2 thin films affects its surface morphology and rough-
ness [12]. Sajid et al. posited that the addition of 0.75% Ag in TiO2 resulted in a thermally
stable TiO2 anatase phase with a small particle size and uniform morphology, high sur-
face area and low excitation energies. The Ag/TiO2 samples with 0.75% Ag also had a
well-distributed Ag species (Ag2O and AgO) across their surface [13]. The percentage
of Ag agglomerates on the surface (AgO) increased as the Ag content in the Ag/TiO2
sample increased [14]. The majority of microstructural studies were conducted using only
scanning electron microscopy (SEM) and were limited to observations of the films’ surface
morphology and thicknesses. Some studies used atomic force microscope (AFM) to analyze
the films’ surface topography, but they are somewhat limited in number.

The growth process of films can be described by the phase transformation from anatase
to rutile, which can be affected by the grain boundary concentrations, particle packing
factors and the defects existing in the microstructure [15,16]. Controls on the phase structure
of the films during growth are critical, as the properties of TiO2 films are highly dependent
on the crystal structures, morphologies and orientations. Most studies have suggested that
the sol-gel process is highly favorable due to its advantages that include a low-temperature
and low-cost process, controllable film morphologies and composition, and the possibility
to be coated on a large area. The synthesis of sol-gel-deposited TiO2 thin films can be
manipulated by altering the processing conditions, which include the choice of solvents,
solvent concentrations and post-deposition annealing temperatures [17]. Previous work
on TiO2 films annealed at 400–700 ◦C showed a predominantly anatase-phase structure,
and by controlling the Ag molar ratio it was found that the Ag nanoparticles were uniformly
distributed and strongly attached to the mesoporous TiO2 matrix [18,19]. This work aims to
study Ag/TiO2 thin films’ microstructural evolution during annealing at a low annealing
temperature of 280 ◦C.

2. Materials and Methods
2.1. Materials

Titanium (IV) isopropoxide 97% (TTIP) was used as a precursor, and silver nitrate
(AgNO3) powder was used as the source of Ag. Both were purchased from Sigma Aldrich,
Saint Louis, MO, USA. Propan-2-ol was purchased from QReC Chemicals, QREC (Asia)
Sdn Bhd, Selangor, Malaysia, while acetic acid (99.5%) and methylene blue (MB) were
purchased from Daejung Reagent Chemicals, Daejung Chemicals and Metals Co., Ltd.,
Siheung, Korea. The chemicals were of analytical reagent grades and were used as received
without further purification. The hydrolysis reaction will result in precipitation using
precursors with a strong reactivity towards water (titanium alkoxide). The nonaqueous
sol-gel technique was used with titanium chloride or titanium alkoxides as a precursor to
mitigate the precipitation.
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2.2. Preparations of Ag/TiO2 Thin Film

To prepare the Ti precursor sol, a given TTIP volume was dissolved in 20 mL of
isopropanol. The solution was then stirred continuously for 10 min at room temperature.
This was followed by the dropwise addition of a mixed solution of 0.1 mL of water,
2.0 mL of ethanol and 0.1 mL of 0.1 M AgNO3 while stirring the solution for another
10 min. A small aliquot of concentrated acetic acid of a negligible dilution was then added
to adjust the solution. The produced alkoxide solution was stirred until a transparent
sol was formed without any precipitation. To deposit the thin film, glass substrates
(15 mm × 15 mm × 0.5 mm) were used. The substrates were degreased and cleaned with
acetone for 30 min in an ultrasonic cleaner and thoroughly rinsed with water. The substrates
were then dried at 90 ◦C for 90 min in lidded Petri dishes and then stored for further use.
To prepare the Ag/TiO2 thin films, the Ti precursor sol was dropped on the substrate and
spin-coated at 500 rpm for 10 s, followed by 2000 rpm for another 30 s. The sample was
then dried on a hotplate at 60 ◦C for 10 min.

2.3. Characterizations

The prepared Ag/TiO2 thin films were characterized using the grazing incidence
X-ray diffraction (GIXRD) at 0◦–80◦ with a Cu Kα (λ = 1.5046). The GIXRD patterns were
identified using the Diffract Eva Software., DIFFRAC.SUITE™ Software, Bruker, Billerica,
MA, USA. The films’ morphologies were imaged using a field emission scanning electron
microscopy (FESEM), and the energy dispersive X-ray (EDX) was used to reveal the com-
position of each element existing in the thin films. The surface topography was examined
using an AFM in contact mode, and the growth behavior was elucidated by the real-time
synchrotron radiation imaging technology. A real-time observation was performed at
the BL20XU beamline in the Spring-8 synchrotron using the imaging observation setup.
The nucleation and growth of microstructures and the formation of thin films were ob-
served using the synchrotron. A camera with a resolution ratio of 2.74 µm per pixel and
an exposure time of 1 s/frame was used to capture images of the growth process of the
Ag/TiO2 thin films, while an X-ray energy of 21 keV between the edges was used to create
a higher contrast between the primary and secondary phases. The samples’ position and
cell configuration are shown in Figure 1. The observation window area of 10 × 10 m2 with
a vent for flux outgassing was made using a 100-µm-thick polytetrafluoroethylene (PTFE)
sheet placed between two SiO2 plates. The sample was annealed from room temperature
to 280 ◦C at 0.33 ◦C/s and held for an hour before cooling at a rate of ~0.33 ◦C/s.
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3. Results and Discussion
3.1. Phase Composition

The Ag/TiO2 thin film was analyzed using the GIXRD, and the results are shown
in Figure 2. The GIXRD pattern revealed characteristic peaks at 2θ = 25.4◦, 38.0◦, 48.1◦,
54.2◦ and 62.4◦, which represent different crystallographic planes corresponding to the
anatase phases of TiO2, (101), (112), (200), (211) and (204), respectively, with the Joint
Committee on Powder Diffraction Standards (JCPDS) Card No.: 21-1272. There is no Ag
characteristic peak due to the low concentration of AgNO3 added into the TiO2 parent
solution, and the peak is below the detection limit of the GIXRD. Besides that, it may be
due to the uniform distribution of Ag particles in the titanium matrix, or the Ag peak at
2θ = 38.16◦ is covered by the TiO2 peak at 2θ = 38.0◦ owing to the high dispersion or a
small amount of Ag addition. This is in good agreement with another study reported by
Chang et al. [20]. Seery et al. also reported that the presence of Ag content in the TiO2 thin
film did not lead to apparent varieties in the crystalline structure [21].
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3.2. Microstructural and Topography Analysis

The samples were imaged using FESEM and AFM to elucidate the nature of Ag’s
incorporation into the TiO2 film (doping/segregation). The surface microstructure of Ag/TiO2
thin films obtained from the FESEM micrographs is shown in Figure 3. Theoretically, there are
several stages for the films’ formation, which are: (1) the nucleation stage, encompassing the
condensation of vapors, adsorption of atoms, migration of atoms, and formation of critical
nuclei and stable clusters; (2) the films forming an island structure; (3) the coalescence of
the island with gaps in between; (4) the channel stage; and (5) the formation of a continuous
film [22]. The Ag particle deposits distributed randomly on the surface of the TiO2 thin
film are evident in Figure 3a, which is still in the third or fourth stage of its growth. The Ag
particle is mostly in a cubical shape, while the TiO2 thin film resembles porous ring-like
structures, where each ring coalesces to form a channel of ring. Due to the low annealing
temperature, the porous ring-like structures lack the energy to form continuous films.
The structures limit the pore accessibility in the thin films, as the interfacial energy between
the substrate’s surface and the films often leads to the pores being positioned parallel to
the substrate surface [23]. Figure 3a shows the distribution of Ag on the surface of the TiO2
thin films, and it is evident that Ag precipitation is present on the TiO2 thin film, with the
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Ag’s average particle size estimated at ~0.1 µm. It can be concluded that the coalescences
of porous ring-like structures for the TiO2 thin film and the formation of the cubical shape
of Ag can occur at a low temperature of 280 ◦C.
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formed on the TiO2 layer that was deposited onto a glass substrate.

The presence of Ag can be confirmed by the quantification of the EDX spectra of the
Ag/TiO2 thin film, as shown in Figure 3a. The EDX spectra showed that the amount of Ag
in the TiO2 thin film was very low, as only a small amount of AgNO3 (0.1 mL) was added
into the sol solution. The spectra also showed a reduction process of Ag+ to Ag0 that took
place as the AgNO3 decomposed when the thin film was annealed to a certain temperature.
The Ag+ ions were dispersed uniformly and migrated along with the grain boundaries to
the surface of the TiO2 thin film while the grains grew at the same time. It is also believed
that the Ag+ ions were probably present on the surface of the TiO2 anatase grains, forming
the Ag-O-Ti bonds. This result is in agreement with Yu et al. [19], who reported that low
AgNO3 produced shining Ag nanoparticles similar to the shining cubical shape of Ag,
as shown in Figure 3a. The EDX spectra also revealed the signals of Ti and Ag at 4.508
and 2.983 keV, respectively, which were similar to the ones reported by Tijani et al. [24].
The content of silicon (Si) and oxygen (O) was high due to the glass substrate used to
deposit the Ag/TiO2 thin film.

It is believed that the presence of Ag could lead to improving the photocatalytic and
antibacterial properties of TiO2. In a study by Li et al., it was reported that the surface
modification of TiO2 was done by the addition of a ferromagnetic material [25]. In the study,
Fe3O4 was added to the Ag/TiO2, and a strong antibacterial property was demonstrated
due to the photocatalytic production of reactive oxygen species that damaged the cell
components and viruses. He et al. also reported that the ferromagnetic property of Fe3O4
helped enhance the recovery of the catalyst via the external magnetic field and the visible
light absorption, which resulted from the band gap reduction [26].

Figure 4a,b shows the AFM topography of the Ag/TiO2 thin film. The root mean
square (RMS) roughness values obtained from the AFM for these films is 10.52 × 10−3 µm
at a thickness of ~83.72 × 10−3 µm. The thin film’s surface’s roughness can be attributed to
two factors; a limited surface diffusion caused by a relatively low thermal energy and the
crystallite size effect. It is believed that during grain growth, the anatase phase is dominant
due to its lower surface energy and higher driving force forming high volume-to-surface
ratio grains. However, at higher temperatures, voids are formed, thus repositioning the
existing anatase grains into the lower surface areas before transforming them into rutile.
The lower surface energy of the anatase grains subsequently affects its growth, making
the rutile phase more apparent in the structure [27]. Kumar et al. reported Ag/TiO2
nanocomposite films’ synthesis via the sol-gel method followed by electron beam physical
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vapor deposition (PVD). The RMS value of their films is in good agreement with the RMS
value of the films obtained in this work [28].
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3.3. Growth Behavior of Ag/TiO2

The growth behavior of the Ag/TiO2 when annealed at 280 ◦C was elucidated using
in-situ synchrotron radiation imaging technology, as shown in Figure 5. It was observed
that as the annealing time increased, the growth of Ag/TiO2 also increased in terms of area
and the number of junctions. A further investigation was conducted on the synchrotron
images, as shown in Figure 6a–f where the white area depicts areas with Ag/TiO2 and
the black areas represent the glass substrate. In this study, Image-J software was used to
calculate the area. It was perceived that the surface area of the Ag/TiO2 increased from
28,359 µm2 after 600 s to 35,263 µm2 after 1200 s. The graph in Figure 6g shows that a
logarithmic increase is observed with y = 12,907 ln(x) + 27,678 and an R2 of 0.99. This shows
that at the early stages of the annealing process, the area was increasing steadily and started
to become constant towards the end. From the calculation, at 600 s, the growth rate of
Ag/TiO2 was 47.26 µm2/s and after 1200 s it decreased to 11.50 µm2/s and 11.55 µm2/s at
1800 s. Prolonged annealing will further decrease the growth rate to 5.94 µm2/s, 4.12 µm2/s
and 4.86 µm2/s at 2400 s, 3000 s and 3600 s, respectively. It is notable that during annealing,
no cracks are detected. A study by Bharat et al. concluded that by increasing the annealing
time, the growth area of TiO2 was also increased. However, the growth orientation is
hard to control, and this is in line with the different crystallographic planes shown by
the GIXRD [29].
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From the in-situ synchrotron radiation images, the formation of junctions was also
quantified. In this preliminary work, the number of junctions was calculated manually in
order to observe its relationship with the annealing time. Figure 7 shows that the number
of junctions increases with the annealing time, with the linearity being observable in three
different phases (Phase I, transition phase (t) and Phase II). At the beginning (Phase I),
the number of junctions increases abruptly from 32 to 67 at 600 s and 1200 s, respectively.
However, in Phase II the increase in the number of junctions is much slower, almost
becoming constant. This is in line with the initial observation where the formation of the
junctions was still at the third or fourth stage due to the low annealing temperature. In this
phase, the junctions started to grow bigger and coalesce with one another. It is believed that
the coalescence of the junctions will cover the hole and gaps between the junctions and will
finally form a continuous film when the annealing time or temperature is increased. It is
also observed that the junctions grow at random orientations and patterns. This junction
can be related to the morphology of Ag/TiO2. The TiO2 thin film resembles porous ring-like
structures, and these porous ring-like structures lack the energy to form a continuous film.
The surface roughness can also be attributed to the quantity of the junctions.
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4. Conclusions

This work successfully synthesized Ag/TiO2 thin films onto a glass substrate via the
sol-gel spin coating method. The deposited films were annealed at a low temperature
of 280 ◦C and analyzed using a beamline in the Spring-8 synchrotron with the imaging
observation setup. It was found that the obtained Ag/TiO2 thin film was suitable to be
used as a photocatalyst, especially in the field of energy and sustainable environmental
applications. The growth evolution of the microstructure and the formation of the Ag/TiO2
thin films were successfully observed. The results show that:

(a) The GIXRD pattern confirmed the presence of the anatase phase without any diffrac-
tion peak for Ag that can be clearly seen, even at a low annealing temperature. It is
believed that the Ag peak is not present in the GIXRD due to the low concentration of
AgNO3 added into the TiO2 parent solution.
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(b) The FESEM micrograph confirmed that the Ag particles were mostly cubical, while the
TiO2 thin film resembled porous ring-like structures, where each ring coalesced to
form a channel of ring. It was revealed that the coalescences of the porous ring-
like TiO2 thin film structures and the formation of the cubical shape of Ag could
be obtained even at a low annealing temperature. The EDX results confirmed the
presence of a small amount of Ag particles.

(c) The surface topographical profile shows that the root mean square (RMS) roughness
values obtained by the AFM for the film are 10.52 × 10−3 µm with a thickness of
83.72 × 10−3 µm. The film’s surface was rough due to the limited surface diffusion,
caused by the relatively low thermal energy and the crystallite size effect.

(d) From the in-situ synchrotron radiation images, the formation of junctions was also
quantified. It was observed that as the annealing time increased, the growth of
Ag/TiO2 also increased in terms of area and the number of junctions. It was clearly
seen that the growth rate of Ag/TiO2 at 600 s was 47.26 µm2/s, and that after 1200 s
it decreased to 11.50 µm2/s and to 11.55 µm2/s at 1800 s. Prolonged annealing will
further decrease the growth rate to 5.94 µm2/s, 4.12 µm2/s and 4.86 µm2/s at 2400 s,
3000 s and 3600 s, respectively. This shows that at the early stages of the annealing
process, the area was increasing steadily and started to become constant towards
the end.
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