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Abstract: TiO2 thin films are promising as photocatalysts to decompose organic compounds. In this
study, TiO2 thin films were deposited by reactive radio-frequency (RF) magnetron sputtering under
various flow rates of oxygen and argon gas. The results show that the photocatalytic activity decreases
as the oxygen-gas ratio is increased to 30% or less, while the activity increases under oxygen-rich
conditions. It was observed that the crystal structure changed from anatase to a composite of anatase
and rutile, where the oxygen-gas ratio during RF sputtering is more than 40%. Interestingly, the
oxygen vacancy concentration increased under oxygen-rich conditions, where the oxygen-gas ratio is
more than 40%. The sample prepared under the most enriched oxygen condition, 70%, among our
experiments exhibited the highest concentration of oxygen vacancy and the highest photocatalytic
activity. Both the oxygen vacancies and the composite of anatase and rutile structure in the TiO2 films
deposited under oxygen-rich conditions are considered responsible for the enhanced photocatalysis.
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1. Introduction

Thin films of photocatalysts have been intensively studied as clean technology [1–3].
Photocatalytic thin films can decompose various organic compounds in a solution using
energy from sunlight, and it is relatively easy to separate the catalysts from the solution.
Among many photocatalysts, TiO2 is promising due to its low cost, stable availability, high
durability, and less risk to the human body and environment [4–7]. There are three major
TiO2 crystalline forms: anatase, rutile, and brookite. The rutile phase is the most stable in
bulk at room temperature and ambient pressure.

Several techniques can be used to deposit TiO2 thin films [8], such as the sol-gel
method [3,9], spray pyrolysis [10], pulsed laser deposition [11], e-beam evaporation [12],
chemical vapor deposition [13], and sputtering [14]. Notably, reactive radio-frequency (RF)
magnetron sputtering is a promising technique with desirable features such as excellent
film adhesion and uniform distribution of thickness [15]. It is possible to form films with
various electronic states and microstructures via changing sputtering conditions, such
as RF power, deposition pressure, substrate temperature, and gas flow rate. Especially,
it is the characteristic of reactive sputtering that can control oxygen contents. Then, the
oxygen gas ratio (RO2: [O2 gas flow rate)]/[(Ar + O2) gas flow rate]) is one of the most
critical parameters for photocatalytic activity [16], although the effect of the RO2 is still
controversial. Zhang et al. reported that TiO2 film deposited under a high argon flow rate
absorbs more light irradiation, which results in more electron–hole pairs generated in the
TiO2 film and thus enhanced photocatalytic activity [17]. Huang et al. and Chiou et al.
demonstrated that the photocatalytic activity of TiO2 films is raised with increasing oxygen
flow rate to some extent but finally dropped at the high values of RO2 [18,19]. Furthermore,
the wide range of RO2 conditions was not tested without heating substrate (see Table S1 in
Supporting Information).
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In this study, we synthesized TiO2 thin films via reactive RF sputtering at the condition
with the RO2 values ranging from 0 to 70%. In this study, we synthesized TiO2 thin films
via reactive RF sputtering with changing RO2 and examined the parameters that influence
photocatalytic activity. As the RO2 was increased, the photocatalytic activity decreased with
the RO2 values up to 30% and increased with the RO2 values over 40%. We investigated
the oxygen vacancy concentration, and it decreased with the RO2 values up to 30–40%,
which is a general behavior under the oxygen-rich conditions [15,20]. On the other hand,
interestingly, the vacancy concentration was increased with the RO2 values of more than
40%. In addition, other film properties also showed a change in their tendency at around
RO2 = 40%. These are considered to involve enhanced photocatalytic activity to decompose
an organic dye. A possible explanation of the phenomena will be provided to suggest
suitable deposition conditions for highly active thin-film photocatalysts.

2. Experimental Details
2.1. Synthesis of TiO2 Thin Films

TiO2 thin films were deposited on a glass slide substrate using a reactive RF magnetron
sputtering method with pure titanium (Ti) target. The deposition was performed without a
substrate heater, while the temperature should be slightly raised by the sputtering energy.
The distance between the substrate and the target was 70 mm. The glass slide substrates
with the size of 24 × 48 × 1.2 mm were purchased from Toshinriko Co. Ltd (Tokyo,
Japan). The sputtering equipment is RSC-MG2 produced by CryoVac Inc. (Osaka, Japan).
The target is 99.9% pure titanium provided from Kojundo Chemical Laboratory Co., Ltd.,
(Sakado, Japan). Before deposition, pre-sputtering with a sputtering power of 300 W was
conducted to clean the surface of the Ti target under Ar gas (100 sccm). The deposition time
for a sample was 2 h with a sputtering power of 300 W. During the sputtering, the total flow
rate of Ar and O2 gases was 100 sccm under a pressure of 4.0 × 10−3 Pa. Eight samples
were prepared with different ratios of O2 gas (RO2: [O2 gas flow rate]/[(Ar + O2) gas flow
rate)] = 5%, 10%, 20%, 30%, 40%, 50%, 60%, and 70%). The following characterization
methods were conducted on these samples as deposited.

2.2. Characterization

The crystalline structures were characterized by X-ray diffractometry (XRD) (RINT2100CMJ,
produced by Rigaku Co., Ltd., Tokyo, Japan) using Cu Kα radiation (λ = 1.54184 Å),
operated at 40 kV and 30 mA.

The transmittance measurements of thin-film samples were performed using UV-vis
spectroscopy (Lambda750S produced by PerkinElmer Co., Ltd., Waltham, MA, USA) in the
wavelength range between 250 nm and 800 nm. The average transparency was determined
in the visible light range from 380 nm to 740 nm. The band gaps of thin film samples
were estimated using the Tauc plot method. The TiO2 was reported to have both a direct
forbidden and an indirect allowed transition, where the latter transition dominates the
optical absorption due to the weak strength of the former transition. Thus, we assumed
only the indirect allowed transitions.

A field emission scanning electron microscope (FE-SEM, SU6600 produced by Hitachi
High-Technologies Co., Ltd., Tokyo, Japan) was used to observe the surface morphology
of the thin-film samples at an accelerating voltage of 20.0 kV. The average diameter was
estimated via ImageJ.

The chemical composition and chemical bonding states of TiO2 thin films were investi-
gated by X-ray photoelectron spectroscopy (XPS) analysis (JPS-9030 produced by JEOL Co.,
Ltd., Tokyo, Japan), operated at 10.0 kV and 20.0 mA. A standard MgKα X-ray source was
employed, and the measurement area had a diameter of 10 mm. A high-etching-rate ion
gun with Ar ions was employed to remove the contaminants and hydroxyl (OH) groups on
the specimen surface. The approximate etched depth was 0.2 nm. The obtained data were
analyzed using the software SPECSURF Analysis, which is built-in for JEOL XPS. The Ti3+

and Ti4+ peak areas were utilized to estimate oxygen vacancy concentrations (Ti3+ ratio:
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[Ti3+ peak area]/[(Ti3+ + Ti4+) peak area]) because one Ti3+ ion in TiO2 requires one oxygen
vacancy to accommodate charge neutrality [21].

2.3. Measurement of Photocatalytic Activity

The photocatalytic activity was evaluated via the decomposition rate of methyl orange
(MO). The MO granular solid (purity: 99.9%; produced by Nacalai Tesque Inc., Kyoto,
Japan) was used to prepare a MO solution with a concentration of 0.01 mmol/L, and 16 mL
was utilized for photocatalytic measurements.

A xenon lamp (UXL-500D-O produced by Ushio Co., Ltd., Tokyo, Japan) located above
the solution was used as the light source, which included both ultraviolet light and visible
light (the spectra of the lamp were shown in Figure S1 in Supporting Information). The
power of the lamp was 500 W. A tube with 15 cm (height) of water was placed between the
Xenon lamp and the MO solution to filter the infrared light of the Xenon lamp irradiation
and maintain the temperature. During the photoactivity measurement, the solution was
stirred at 1200 rpm, and the concentration changes in MO were monitored every 20 min
via spectrophotometry.

3. Results
3.1. XRD Measurements

Figure 1 shows XRD patterns of the TiO2 thin films deposited under various oxygen
flow rates. The patterns indicate that the anatase structure is dominant except for RO2 = 70%.
As the RO2 value increases (from 5%), the diffraction peak corresponding to the (110) plane
of the rutile phase at around 2θ = 27◦ was not prominent until RO2 = 30–40%. However, at
RO2 greater than 40%, the rutile structure was distinguished and became comparable with
the anatase structure at RO2 = 70%. The crystallite sizes of the films estimated via Scherrer’s
equation are shown in Table S1 in the Supporting Information. The crystallite sizes did not
indicate the correlation with RO2.

Figure 1. XRD patterns of TiO2 thin films.

3.2. Optical Transmittance Spectra

Figures 2–4 show the optical transmittance spectra of TiO2 thin films, an example of a
Tauc plot based on the spectra, and the band gaps based on Tauc plots, respectively. As
the RO2 value was increased, the band gap was also increased until RO2 = 20%, remained
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constant until 30–40%, and decreased over RO2 = 40%. The reported band gaps of the
anatase and rutile structures are 3.2 eV and 3.0 eV, respectively, for bulk TiO2 [22]. The
constant value, around 3.32 eV, at RO2 = 20–40% could be derived from the anatase structure,
where the difference of 0.12 eV larger than 3.2 eV is explained by the tendency that the
band gap of thin films is generally wider than that of bulk [23,24]. The relatively smaller
values of band gap at RO2 = 5–10% should originate from the rutile structure, which was
slightly detected in XRD results. The rutile structure has a narrower band gap than the
anatase structure. The narrower band gaps in the other RO2 region should be due to the
composite of the rutile and the anatase structure, which is consistent with XRD results. In
fact, the rutile structure mostly disappeared in XRD patterns at RO2 = 20–40%. Therefore,
the change in the band gap is mainly attributed to the crystal structure, though the film
strain could modify the band gap value.

Figure 2. Optical transmittance spectra of TiO2 thin films.
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Figure 3. An example of Tauc plot (the sample deposited under RO2 = 5%).

Figure 4. Band gaps of TiO2 thin.

3.3. SEM Images

The surface morphologies were investigated by FE-SEM measurements (Figure 5).
The average diameters were 23 and 25 nm for the film deposited under RO2 = 5% and 50%,
respectively. Thus, it is suggested that the morphology does not change at the value of
RO2 = 50%.

The thickness of TiO2 films was measured by the cross-sectional FE-SEM images
and the interference of transmitted light. Figure 6 shows that the films gradually became
thinner as the RO2 increased, indicating that the growth rate of the films became slower
with increasing RO2. At high RO2 (low Ar gas ratio), the plasma generation generally
becomes more difficult because Ar can more easily be dissociated than O2; the dissociation
energy of the Ar was about 15.76 eV, and O2 was approximately 48.77 eV [19]. Therefore,
a possible explanation of the thinner film at high RO2 is that the plasma sputtering rate
becomes less intensive.
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Figure 5. Surface morphologies of TiO2 thin films prepared at RO2 = 5% (left) and 50% (right).

Figure 6. Thickness of TiO2 thin films.

3.4. XPS Measurements

The XPS measurements were performed to examine the chemical states of Ti in prox-
imity to surfaces of TiO2 thin films. Figure 7 shows the high-resolution narrow scan of XPS
spectra around the Ti 2p3/2 spin orbital. The main peak (458.0 eV) is ascribed to the Ti4+

state, and the shoulder peak in the lower binding energy region (456.5 eV) is assigned to
the Ti3+ state. The ratio of Ti3+ to Ti4+ corresponds to the oxygen vacancy ratio in TiO2
thin films because Ti3+ is generated when Ti4+ in TiO2 is reduced and releases oxygen [25].
Figure 8 summarizes the Ti3+ ratio changes as a function of RO2. It is noteworthy that the
TiO2 film deposited under the most oxygen-rich condition (RO2 = 70%) has the highest
amount of oxygen vacancies.

3.5. Photocatalytic Activity

Figure 9a shows the photocatalytic activity of the TiO2 thin films for MO degradation.
As indicated by the control test (blank concentration) fluctuation, the error in the concentra-
tion measurement is at least 4.3%. To evaluate the photocatalytic activities, we employed
the MO concentrations at 80 min (Figure 9b), where the decomposed MO amount is sig-
nificant even considering the measurement error. We then found similar behavior in the
degradation rate as well as other properties: that is, with the RO2 increase, the degradation
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rate is decreased until RO2 = 30%, while the rate is increased over RO2 = 40%. The TiO2 film
synthesized under RO2 = 70% showed the highest photocatalytic activity. The correlation
between catalytic activity and the other properties will be discussed in the next section.

Figure 7. XPS results for the binding energy of Ti3+ versus Ti4+ in TiO2 thin films.
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Figure 8. The ratio of Ti3+ to Ti4+ in TiO2 thin films.

Figure 9. The catalytic activity of TiO2 thin films for MO degradation. C0 and C are the concentrations
of MO solution at the initial and at each minute, respectively. (a) The concentration changes over
time and (b) the amount of decomposed MO at 80 min during the activity test (1−C/C0).



Photochem 2022, 2 146

To check whether Ti3+ reacts with MO to become Ti4+, we estimated the amount of
Ti3+ using the thickness of the films and compared them with the amount of decomposed
MO after 80 min irradiation. The amount of decomposed MO is about six orders of
magnitude higher than that of Ti3+ in TiO2 thin film. Therefore, the contribution of Ti3+ to
the decomposition of MO, via sacrificing itself to become Ti4+, was negligible.

4. Discussion
4.1. Plausible Explanation of a Less Oxidized State Induced under the Oxygen-Rich Condition

In this section, we suggest a possible explanation for why the less oxidized state
appeared in the TiO2 thin films prepared under the oxygen-rich condition, RO2 = 40–70%.
According to a previous study [26], oxygen-rich conditions facilitate the nucleation of the
rutile structure. Similar behavior regarding crystal structure changes was also reported in
another study; as RO2 was increased, the rutile structure disappeared first and appeared
again when the synthesis condition became oxygen-rich, and they discussed these phe-
nomena from reactive mechanics in the deposition [27,28]. Hence, the increase in the rutile
structure in the oxygen-rich condition is reasonable. Furthermore, the ab initio calculation
indicates that the rutile structure with (110) facets favors the oxygen vacancies on the sur-
face, rather than the anatase structure with its most stable (101) facet, since their formation
energy at the rutile (110) surface is smaller than that at the subsurface and much smaller
than that in bulk rutile [29,30], which is consistent with our XPS results. Therefore, a higher
concentration of oxygen vacancies is mainly observed due to an increased amount of the
rutile structure, which is produced under oxygen-rich conditions.

4.2. Origin of High Photocatalytic Activity

The photocatalytic activity is generally related to the crystal structure [31–33], band
gap [4], surface morphology [3], and the amount of oxygen vacancy [34–36]. However, the
FE-SEM images show that the surface morphology did not change when comparing the
samples prepared under RO2 = 5% and 50%. Hence, the surface morphology is unlikely
related to the change in the degradation rate. The other three parameters (crystal structure,
band gap, and the amount of oxygen vacancy) are then considered to further examine the
origin of enhanced photocatalytic activity.

Figure 10 shows the relation between the photocatalytic activity and the band gap
(a) or the Ti3+ ratio (b). Based on the XRD patterns, the TiO2 thin films synthesized
under RO2 = 20–30% have only the anatase structure, whereas the samples prepared under
RO2 = 5–10 and 40–70% were composites of the anatase and the rutile structure. Although
the reference [27] indicated that only one of the two structures was formed dominantly at
RO2 = 70%, our sample showed both peaks are distinguished in XRD results, which seems
derived from some other conditions. Generally, the anatase structure is more active than
the rutile structure [37]. However, rutile/anatase composites could show higher activity
than the anatase structure alone [31–33], because the composite interface (heterojunction)
may disturb the recombination of electrons and holes. In addition, the narrow band gap
is preferable for absorbing more light, though a weak correlation between band gap and
decomposition rate is seen, as shown in Figure 10a. Therefore, higher activity is likely
influenced by the existence of composites.

Oxygen vacancies are also involved in promoting charge separation and disturbing the
electron–hole recombination process, resulting in high photocatalytic activity [34–36]. Then,
a relatively large amount of oxygen vacancy in the TiO2 samples could be responsible for
high photocatalytic activity. Although the pre-sputtering in XPS measurement removes the
outermost surface layer (~0.2 nm) and detects the chemical composition in the subsurface,
the oxygen vacancies in the subsurface layer could have a strong potential to enhance the
photocatalytic activity [38]. Thus, the seemingly strong correlation shown in Figure 10b can
be significant and explained in a consistent manner. It is noted that, though the discussed
Ti3+ ratio may not be exactly the same with the as-sputtered surface due to some reduction
of Ti4+ to Ti3+ via Ar ion etching, the difference of the reduction among samples could be
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negligible, and our XPS results on the tendency of Ti3+ ratio are inconsistent with the change
in XRD patterns, band gap, and photocatalytic activity. It is then plausible that our XPS
results are correlated to the oxygen vacancies in the original states. Therefore, the excellent
correlation between Ti3+ ratio and degradation rate, as shown in Figure 10b, strongly
suggests that the oxygen vacancies have a solid potential to enhance photocatalytic activity.

Figure 10. The relationship between the amount of decomposed MO at 80 min during the activity
test (1−C/C0) and (a) Ti3+ ratio and (b) band gap. C0 and C are the concentration of MO solution at
the initial and at each minute, respectively.

Hence, we can conclude that a large amount of oxygen vacancy, the narrower band
gap, and the existence of rutile/anatase composites play an essential role in enhancing
photocatalytic activity. It could be easy to prepare the thin films using reactive RF sputter-
ing under the less oxygen flow condition to attain these three factors in the satisfactory
range. However, this study shows that it is also possible or preferable in higher oxygen
flow conditions.

5. Conclusions

The TiO2 thin films were prepared via reactive RF sputtering under various flow rates
of oxygen and argon gas. We observed the highest photocatalytic activity for the films
prepared under the most oxygen-enriched condition among the prepared samples, 70%.
The origin of the enhanced activity is attributed to the composite of anatase/rutile structure
and the increased oxygen vacancy despite the oxygen-rich sputtering condition. The reason
why a less oxidized state appeared under the oxygen-enriched condition is as follows: the
rutile structure prefers to grow under oxygen-rich conditions at around room temperature
and tends to generate a higher concentration of oxygen vacancies. Therefore, this research
presents the insight that the less oxidized state of TiO2 films can be prepared even in an
oxygen-rich condition. The conditions could be useful for preparing highly photoactive
TiO2 thin films.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/photochem2010011/s1, Figure S1: Spectral irradiance of the
Xenon lamp; Table S1: The comparison of sputtering condition in several pieces of literature; Table S2:
The crystallite size of TiO2 thin films estimated via Scherrer’s equation based on anatase (101) plane.
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