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of photocatalysis.

Titanium dioxide film as a stable material plays an important role in photocatalytic degradation of pol-
lutants. One of the ways to improve photocatalytic efficiency is to increase the active sites on the semi-
conductor surface. Photolithography is a manufacturing technique for controlling precisely
micrographics on surface. Here grating-structured, square-structured and hexagon-structured TiO, films
were prepared by photolithography and the effects of various surface structures on photocatalysis were
studied. It was demonstrated that the photocatalytic activity of TiO- film was not always improved as the
surface area increased. The micro-patterned surface would also impede the mass transfer in the process

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Up to now, the application of titanium dioxide (TiO,) in pho-
todegradation of organic contaminates, batteries and solar cells
has attracted significant attention due to its unique characteristics
and environmental friendliness [1]. However, most TiO, photocat-
alysts developed are present in powder form and thus have limita-
tions for practical or industrial applications. The development of
stable and easily applicable thin film photocatalysts is therefore
strongly desired [2].

In terms of prevalent TiO, films, they exhibit high stability in
aqueous solutions, no photo corrosion under bandgap illumination,
as well as exceptional surface properties [3]. But the less specific
surface area restricted the photocatalytic efficiency of films. It is
well known that the augment of the photocatalysis active sites is
an alternative path to enhance photocatalytic efficiency [4].
Recently, self-organized nanocrack networks were fabricated to
enlarge catalytic surface area in sputtered TiO, thin films [5].
Importantly, the amount of surface active sites is not the only fac-
tor in the process of photocatalysis [6]. If the increase in surface
area would affect some other steps in the process is not very clear.
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Among the required processes for micro-nanometer fabrication,
lithography is one of core issues. Photolithography with recent
remarkable improvement has contributed to the industry during
the past few decades [7]. One of the merits of photolithography
is the precise structural control. Herein, we fabricated several dif-
ferent structured substrates with the method of photolithography
and prepared TiO, films on them. The effects of surface structures
on photocatalytic performance were investigated in detail.

2. Materials and methods

Silicon (1 1 0) wafers were ultrasonically cleaned by a sequence
of liquids, including acetone, ethyl alcohol and deionized water,
each for 10 min respectively. At first, the positive photoresist
(SUN-125PSS, SUNTIFIC) was sprayed (see Fig. S1 for the parame-
ters) rotationally on the silicon substrate before baking of 100 s
at 100 °C. To fabricate surface patterns, a 390 nm light was used
to irradiate the photoresist in an optical direct-write lithography
system (uPG501, Heidelberg, Germany), with the optimal parame-
ters of 56 ms exposure and 5 for Defoc value. After that, the wafer
was put into the developing solution (SUN-238D, SUNTIFIC) for
30s, rinsed with deionized water and followed by 120 s baking
at 120 °C. The process of pattern transfer was proceeded by using
ion beam etching (Table S1). At the end, Ti-O amorphous film
was deposited on the patterned Si substrate by magnetron
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sputtering (Table S2) and the wafer with Ti-O film was annealed
for 2 h at 400 °C. The main process was illustrated in Scheme S1.

3. Results and discussion

Fig. 1 shows the microstructure of TiO, films deposited on the
patterned surface of silicon wafers. All the actual shapes were
almost in accord with the designed patterns. Unlike the planar film,
all the films deposited on patterned Si substrates were rough. It
was because that the particle bombardment led to surface defects.
Fortunately, the rough surface would further contribute to large
surface area on the basis of the area contribution of patterned
structures. According to the cross-sectional view, the thickness of
TiO,, films on plane was about 1.48 um, which was slightly thicker
than that of films on the trench and side wall. And in terms of the
nonperpendicularity on profiles (see the amplification in
Fig. 1b-d), the reason why it existed was the reduce in margin of
the photoresist over etching time. The height of every concave-
convex structure remained at about 5 pm (see also Fig. S3), which
depended on the thickness of photoresist.

The GIXRD pattern shown in Fig. 1e confirmed a mixture of ana-
tase and rutile phases formed in the TiO, film. High resolution XPS
analysis (Fig. 1f) in the zone of Ti 2p signals revealed that TiO, films
had the double signal of the system Ti 2ps/, and Ti 2py), at 458.4
and 464.1 eV, respectively [8]. Both results illustrated that as-
prepared films presented the characteristics of TiO,.

It is well known that the surface area is the key to photocat-
alytic capacity [9]. The concave and convex structures were bene-
ficial to increase the total surface area. The ratio (denote as R) of
actual surface area over nominal area was shown in Fig. 2. There
was a ~15% increase in surface area for the grating-structured
TiO, film, and ~22% and ~25% increase for the square-structured
and the hexagon-structured TiO, film, respectively.

The results of water contact angle tests illustrated the interac-
tion between the surface and water droplet. As can be seen in
Fig. 2, the planar TiO, film exhibited a slight hydrophobicity, with
a contact angle of about 92°. The water contact angle dropped to
15-25° by micro-patterning that changed the wetting behavior of
TiO, films to more hydrophilicity. It was the patterned structures
that worked: the water droplet tended to spread out by the trench.
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Fig. 1. SEM images of (a) planar TiO, film, (b) grating-structured TiO, film, (c) square-structured TiO, film, and (d) hexagon-structured TiO, film. The amplification of
corresponding regions (dotted box) is also shown here. (e) GIXRD pattern of the TiO, film (A: Anatase and R: Rutile), (f) Ti 2p region XPS spectrum of the TiO, film.
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Fig. 2. Water contact angle along with the ratios (R) of actual surface area over
nominal area of (a) planar TiO, film, (b) grating-structured TiO, film, (c) square-
structured TiO, film and (d) hexagon-structured TiO, film in an area of
0.5 x 0.5 mm?. The ratios (V) of the projected area of trench over the whole round
area of three patterned structures are also shown.

In this case, the volume in the trenches needed to be considered in
order to describe the wettability in detail. Then, it was only crucial
to calculate the projected area of trenches on account of the same
height of trench. Consider that the droplet’ projection is round, the
area ratio of trench was analyzed in a specific circle (Fig. 2). The
volume in the trenches was proportional to the projected area of
trenches. So, the hexagon-structured TiO, film possessed the lar-
gest volume of trench in a particular nominal area, compared with
other patterned structures. This trait enabled it to accommodate
more droplet than others so that the area of diffusion reduced,
showing large contact angle. From a view of energy, gravitational
potential energy provides the diffusion force of droplet, and the
spread terminates when the diffusion resistance exceeds the diffu-
sion driving force.

Photocatalytic activity of various TiO, films were assessed by
monitoring the degradation of methyl orange (MO, a model organic
dye) in water under ultraviolet light irradiation (254 nm) (Fig. 3).
Compared with the planar TiO, film, all the structured TiO, films
possessed better photocatalytic capability, attributed to the
increase in reactive sites on the surfaces. It can be seen that the

0.0

catalytic efficiency of square-structured TiO, film was higher than
that of other structural films. Furthermore, the grating-structured
TiO, film had a smaller surface area but seemed to have same pho-
tocatalytic properties as the hexagon-structured TiO, film. It was
demonstrated that not only the total surface area acted as the
key to photocatalysis, the structure of trench on the surface also
played a significant role in photocatalysis. Because the liquid in
the trenches was subject to more resistance from the side wall
than the liquid on the plane, the flow velocity of liquid in the
trenches was slower than elsewhere. Mass transfer of the organic
pollutants through diffusion between the bulk solution and the
surface of the semiconductor is a vital step in the reaction path-
ways for the eventual decomposition of the pollutants [10]. The
mass exchange rate in the trench structure was hindered by the
poor mobility of fluid. Analogously, in the photocatalytic degrada-
tion of toluene, a diverse ratio in the quantity of reactants resulted
in the generation of the different chemical species [11,12]. There-
fore, a structure with a large proportion of trenches would restrain
the efficiency of dye degradation.

4. Conclusions

The present work analyzed the effects of structured TiO, films
on photocatalytic capacity. It was found that the rate of decompo-
sition of the pollutants didn’t always increase with the increasing
surface area, because the trenches impeded the mass transfer step
in the process of photocatalysis. Therefore, the square-structured
TiO, films exhibited highest photocatalytic activity compared to
other films. The effects of hydrodynamics on photocatalysis need
to be further studied.
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Fig. 3. Photocatalytic degradation of MO under ultraviolet light (254 nm) irradiation. C and C, represent the real-time and initial concentration of methyl orange solution.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.matlet.2019.07.098.
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