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Ordered Porous TiO, Films Assembled by Sol-dipping Method with
Multilayer Silica Spheres Template

LIU Guo-Qi JIN Zheng-Guo™ FANG Hong LIU Tong-Jun
(Key Laboratory for Advanced Ceramics and Machining Technology of Minisiry of Education,
School of Materials, Tianjin University, Tianjin 300072)

Abstract: Three-dimensionally ordered porous TiO, films were prepared by sol-dipping method using silica
spheres multilayer templates. The templates were previously assembled on glass substrates by vertical deposition
method from purified silica spheres alcosol. Ultrasonic-assisted NaOH etching was employed in the removal of
silica spheres templates. The inverted TiO, film was heat-treated at 550 °C for 20 h and the porous structure
remained unchanged implying a good thermal stability. X-ray diffraction (XRD) results indicate that the inverted
TiO, film is with anatase structure. ESEM images show that the average center-to-center distance between pores
of the TiO, film is 180 nm (£3), about 4.3% smaller than that of the original silica sphere, which is consistent
with the value of 176 nm calculated according to the Bragg law. The transmission spectrum shows an attenuation

band around wavelength of 400 nm.
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TiO, films with three-dimensionally ordered porous
structure have recently attracted much attention
because of their promising applications in electronic,
electrochemical, and photocatalytic systems such as

photoelectrochemical solar cells ™, electrocatalysts ™!
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sensors¥ and high-performance photocatalysts®. A num-
ber of methods have been developed for the 3D-TiO,
fabrication, in which the template replication of
colloidal crystals provides a simple and efficient

method © “% This routine usually assembles close-
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packed colloidal crystal arrays of monodisperse deposited onto glass microslides through a convective

inorganic or organic spheres (typically silica or
polystyrene) as templates by vertical deposition or
gravity sedimentation method, and then fills the
interstices among the close-packed arrays of silica or
polystyrene spheres with a precursor, which forms a
solid skeleton around the spheres. Finally, a well-
defined porous material with narrow pore size
distribution can be obtained when the templates are
removed by either chemical etching or heat treatment.
For assembly of porous TiO, film, the removal of
organic template was prone to cause the collapse of pore
structure because the pyrolysis volatilization of organic
template was prior to the crystallization of TiO,
skeletons. However, the disadvantage could be avoided
by silica speres templating method because that the
supported TiO, skeletons remain unchanged during
crystallization of the inorganic frame and is generally
removed by chemical etching after annealing. In this
work, an artificial silica opal with over 20 layers was
used to replicate three-dimensionally ordered porous
TiO, film by sol-dipping method. Particularly, the
ultrasonic-assisted basic etching was employed for the
removal of silica spheres templates, which effectively
improves the etching rate of the multilayer templates
with deep infiltrating path. The ordered porous TiO,
films were characterized by ESEM, TEM, XRD, EDS
and UV-Vis. The Bragg law was used to calculate the

diameter of air spheres in the porous TiO, structure.
1 Experimental

In the preparation of silica colloidal crystals and
TiO, sol, the following chemicals were used: tetraeth-
oxysilane [Si(OCHs),, A.R., Kermel, Tianjin], tetra-
buty-lorthotitanate [Ti(OC4Hy)s, A.R., Kermel, Tianjin],
[NH (CH,CH,OH),, A.R., Damao,
Tianjin], ethanol (CH;CH,OH, AR, Kewei, Tianjin),
ammonia (NH;-H,0, A.R., Kewei, Tianjin), deionized

water (Nankai University, Tianjin) and 15% aqueous

dietha-nolamine

NaOH (Kewei, Tianjin) solution.
Silica spheres were synthesized by Stober-Fink-
Bohn method ", using Si(OC,Hs), as the starting mat-

erial. Multilayer silica colloidal crystal templates were

assembly process'. The resultant colloidal templates
on glass microslides were sintered at 550 °C for 1 h to
form small contact necks among silica spheres. The
0.2 mol - L' TiO, precursor sol was prepa-red at room
temperature by hydrolysis of titanium tetrabutylor-
thotitanate in ethanol-diethanolamine-deionized water
mixed solution with molar ratio of 77:1:1. For infiltrat-
ion of TiO, precursor sol, the silica crystalline templates
on substrates were vertically immersed into TiO,
precursor sol in a beaker for 10 min and then slowly
drawn up out of TiO, precursor sol. After that, it was
dried at 100 °C for 15 min and sintered at 550 °C for 1 h
to crystallize and densify the titania frame inside. The
above infiltration cycle was repeated for 12 times in
order to make enough TiO, padding into the interstices
among the close-packed silica spheres arrays. The
resulting titania-opal composite was ultrasonically
immersed into 15% NaOH aqueous solution at 50 °C for
4 h to remove the silica template, leaving a fully porous
titania structure. To explore its thermal stability, the
inverted porous titania film was heat-treated at 550 C
for 20 h. In addition, a template-free compact TiO, film
derived from the same TiO, sol-gel processing was
prepared as reference for comparison with the porous
film.

TEM observation of Silica spheres was performed
on a JEOL 100CX-1I transmission electron microscopy
(accelerating voltage 100 kV). ESEM and EDS were
carried out by PHILIPS XL-30 environment scanning
electron microscopy (accelerating voltage 20 kV) and
Oxford INCA Energy 300 (accelerating voltage 20 kV,
12 mm),
diffraction (XRD) patterns were recorded with a Rigaku
D/max-2500 X-ray diffractometer [Cu Ka radiation (A=
0.154 06 nm), graphite monochromator filter, target

working  distance respectively.  X-ray

voltage 40 kV, current 200 mA, scanning range 10°~
80°, scanning rate 6°+min™']. The optical trans-mittance
spectra were detected by DU-8B UV/Vis double-beam

spectrophotometer.
2 Results and discussion

Fig.1 shows the TEM image of the silica spheres
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Fig.1 TEM image of silica spheres
synthesized by the Stober-Fink-Bohn method. It can be

seen that the silica spheres are monodispersed and the
average diameter is about 188 nm with a dispersion of
smaller than 6%.

Fig.2 shows ESEM images of the silica spheres
template assembled by the vertical deposition method.
From Fig.2 (a), we can see that the silica spheres
colloidal crystal template have hexagonal close packing
structure on a larger area. Fig.2(b) is the side view of
the silica spheres colloidal crystal array, displaying that
the close-packed structure extends uniformly over 20

layers.

Fig.2 ESEM images of silica spheres template:

(a) top view; (b) side view

For infiltration of TiO, precursor sol, as known

from our previous study ", the high concentration of
TiO, sol had poor permeation in the filling among the
close-packed silica spheres. Although it is easy to
infiltrate the interstices with low concentration of TiO,
sol, there is not enough solid content in TiO, sol to fully
fill the interstices with limited dipping cycles. In this
work, TiO, sol with concentration of 0.2 mol + L.~ was
used. Fig.3 shows the ESEM images of the 3D inverted
porous titania film. It can be seen that the ordered close
packing of the silica spheres template is clearly
imprinted into the titania matrix, even in the inner
layers as shown in Fig.3 (b). The direct observation by
ESEM

distance between pores is 180 nm

center-to-center
(£3), about 4.3%

smaller than that of the original silica spheres. Fig.4 is

reveals that the average

the corresponding EDS pattern, and it shows that the
atomic ratio of Si and Ti is about 1:64 when other
elements are neglected except Si, O and Ti. The
ultrasonic-assisted basic etching provides an effective
way for template removal as shown by the above results.
However, it should be pointed out that some defects
exist in the TiO, matrix, which needs to be improved in
further study by optimization of the ultrasonic-assisted

basic etching.

Fig.3 ESEM images of the inverted TiO, porous film:

(a) top view; (b) side view
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Fig.4 EDS spectrum of the inverted TiO, porous film

Fig.5 shows the ESEM images of the inverted TiO,
film which was heat-treated at 550 °C for 20 h. Tt can be
seen that the three-dimensional porous structure of the
heat-treated TiO, film retains integrity, which indicates
the replicated porous TiO, film possesses good thermal

stability.

Fig.5 ESEM images of the inverted TiO, porous
film heat-treated at 550 °C for 20 h:

(a) top view; (b) side view

Fig.6 shows X-ray diffraction (XRD) patterns of the
inverted porous TiO, film and compact one, both heat-
treat at 550 °C for 1 h. For the inverted porous film,
characteristic peaks can be observed at 20=25.3° and

47.6°, corresponding to (101), (200) reflections of

anatase structure, respectively. These peaks can also be
seen in the same positions for the compact TiO, film,
suggesting that the inverted porous assembly with
multilayer silica colloidal crystal template does not
affect  the
of TiO,

processing. Moreover, it should be explained that the

obviously intrinsic  crystallization
sol-gel

characteristics derived from the

protruding background in the range of 15°~40° origi-

nates from the diffraction of glass substrates.
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Fig.6  XRD patterns of both TiO, films heat-treated
at 550 C for 1 h

Optical transmittance of the inverted porous and
compact TiO, films in the wavelength (A) range of 300~
900 nm is shown in Fig.7. Compared with the latter, the
former presents a pronounced attenuation dip on
transmission curve around 400 nm, which corresponds
to coherent Bragg scattering on parallel sets of (111)
planes of the porous structure. To calculate pore
diameter, the following Bragg equation at normal
incidence was adopted:

A= 27Led(111)

where n, is the effective refractive index of the
porous TiO, structure. For the anatase phase, the
average value of the refractive index is 2.5. When the
TiO, padding is assumed in the fully filling state in the
voids of the template (occupying 26 vol% of unit cube),
n.is 1.39=2.5x26%+1x74% according to reference!"’.

And dy is the distance between parallel lattice planes.

For face-center cubic (FCC) structures, dqn=V2/3 D,
where D is pore diameter. So, the calculated value of
pore diameter is 176 nm, which consists with that

measured by ESEM observation.
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Fig.7 Optical transmittance spectra of TiO, films

3 Conclusions

Ordered porous TiO, film could be replicated by
sol-dipping method wusing silica spheres colloidal
crystals with over 20 layers. Enough TiO, padding into
the interstices among the close-packed silica spheres is
achieved through repeating the infiltration cycle 12
times, followed by annealing at 550 °C for 1 h each
cycle. Finally, the silica spheres template with over 20
layers could be removed by ultrasonic-assisted NaOH
etching. Better thermal stability of the inverted porous
titania film is identified by heat-treating at 550 °C for
holding 20 h. The pore diameter of the obtained porous
TiO, film measured by ESEM is 180 nm, about 4.3%
smaller than that of original silica spheres. The pore
diameter calculated based on the Braggs law and the

attenuation dip on transmission curve is 176 nm,
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