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ABSTRACT: Long-term stable superhydrophilic films with-
out UV irradiation consisting of hierarchical raspberrylike
metal-ion-doped TiO, hollow spheres were fabricated by a
simple spinning-coat method. The hierarchical surface
morphology of metal-ion-doped TiO, hollow spheres can be
programmed from “smooth”, “moderate roughness” to
“roughness” by adjusting the molar ratio of Co®** ions to
Zn** jons. Our results show that the substitution Co®* and
Zn** for Ti** has effect on the phase transformation from
anatase to rutile and further lead to different papillas on the
surface of hollow nanospheres. And their films consisting of
corresponding hollow nanospheres can be controlled from
hydrophilic to superhydrophilic: 28, 7, and 0°. Therefore, our
works open an avenue to design hierarchical surface
morphology of nanospheres and further fabricate antifogging
superhydrophilic films.
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B INTRODUCTION

Titania is one of the most important semiconductors that are
used in many industrial applications related to photocatalysis, ">
sensors,>* photovoltaic cells,”® and pigments.””® Furthermore,
superhydrophobicity/superhydrophilicity on TiO, thin films
has attract intense research interest due to their widely
application in self-cleaning and antifogging.'>"" In the past
decade year, there are many reports on the formation of
superhydrophilic films with TiO,."*™'* Feng et al. reported on
the creation of superhydrophilic films consisting of inorganic
nanorods fabricated from hydrophilic TiO, under ultraviolet
(UV) irradiation.’® Sun et al. prepared a superhydrophilic
nanostrawberry TiO, surface by UV irradiation.'” However,
superhydrophilicity must be the photoinduced and does not be
kept for a long time in the absence of UV irradiation and it
restores back to hydrophobic films within minutes to hours
when placed in a dark environment, which become obstructive
for their numerous potential applications.'® Tt is still a great
challenge to fabricate superhydrophilic TiO, films without UV
irradiation.

With the deep research of the superhydrophilic and
superhydrophobic phenomena, scientists find that the excellent
properties of the materials lie on their chemical compositions
and surface roughness.'”~** Recently, a few superhydrophilic
TiO, films were prepared by increasing the film surface
roughness. Hosono et al.*® reported perpendicular TiO,
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nanosheet superhydrophilic films produced on a titanium
metal sheet by hydrothermal treatment with aqueous urea.
However, these films suffered from certain limitation, such as
severe fabrication conditions.

Constructing hierarchical structures on the films can greatly
improve their surface roughness and further enhance their
wettability.”*">° Lee et al. reported fabrication of hierarchically
porous superhydrophilic thin films by LBL assembly of
positively charged TiO, nanoparticles and negatively charged
SiO, nanoparticles.”” Liu et al. prepared hierarchically
structured superhydrophilic surfaces consisting of self-assem-
bling raspberrylike SiO, nanoparticles via LBL assembly and
they further fabricated hierarchically structured porous super-
hydrophilic films of SiO, hollow spheres by combining the
template method and the LBL assembly technique.”*** And
Zorba et al. designed a hierarchical porous superhydrophilic
surface consisting of random solid aggregation of small TiO,
particles with 50 nm by sol—gel method.®® Therefore, a
promising avenue is proposed to fabricate superhydrophilic
TiO, films without UV irradiation by programming hierarchi-
cally porous TiO, hollow structures as building blocks.
Nevertheless, there have been few reports on programming
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Scheme 1. Formation of Monodisperse Hierarchical Hollow Nanospheres
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their surface morphology of building blocks to investigate the
effect on the hydrophilic properties of their films so far.>"*
Herein, we programmed three kinds of metal-ions-doped
TiO, hollow nanospheres with different hierarchical protruding
surface morphology via a simple metal-ion-induced method,
which conquer the drawbacks of the LBL methods reported,
such as time-consuming and complex.*®> We further investigated
the effect of their surface morphology on the wettability of
films. What’s more, porous superhydrophilic films consisting of
hierarchical raspberrylike TiO, hollow spheres were fabricated
by spin-coating method, which can be retained for a long time
in the absence of UV irradiation. After storing in a Petri dish for
more than 30 days, the superhydrophilic properties still remain
obviously, suggesting that the films are suitable for antifogging
purpose. In our previous work, we constructed multifunctional
hollow TiO, spheres by using Co*" ions and Zn*" ions as the
dopant and polystyrene particles as templates.>* Herein, we
further controlled the interesting hierarchical protruding surface
morphology of hollow particles from “smooth”, “moderate
roughness” to “roughness”, by adjusting the ratio of Co*" ions
to Zn>* ions. We suggest that the Co®" ions and Zn®' ions
dopant have great effect on the transformation from anatase to
rutile and further influence the surface morphology of hollow
spheres. The contact angle of films consisting of different
corresponding hierarchical TiO, hollow spheres are 28°, 7°and
0°, respectively. As the surface roughness of hollow spheres is
increased, the hydrophilicity of corresponding films is
enhanced. Therefore, our works open a new avenue to design
hierarchical surface morphology of nanospheres and further
fabricate self-cleaning and antifogging superhydrophilic films.

B EXPERIMENTAL DETAILS

Chemicals. Tetra-n-butyl titanate (TBT) and acetonitrile were
purchased from Sigma and used without further purification.
Potassium persulfate (KPS), CoCl,6H,0, Zn(Ac),2H,0, poly-
ethylene glycol (PEG 10000), styrene, ethanol, and ammonia were
all supplied by the Beijing Chemical Reagent Company. Styrene was
purified by distillation under reduced pressure. Ethanol was
dehydrated by molecule sieves.

Fabrication of the PS/TiO, Hybrid Particles. Highly mono-
disperse PS/TiO, nanospheres were pre ;)ared by mixed-solvent
method as described in our previous report:>> 0.2 mg/mL PS spheres
was dispersed in the mixed solvent of ethanol/acetonitrile (3/1 v/v)
and then mixed with 0.3 mL of ammonia. Finally, the mixed solvent of
ethanol/acetonitrile (3/1 v/v) containing 0.65 mL of TBT was added
to the above suspension under stirring. After reacting for 1 h, the
obtained particles were cleaned by three cycles of centrifugation and
then dispersed in ethanol.

97

Preparation of Metal-lon-Doped Particles. The monodisperse
metal-ion-doped TiO, nanospheres were prepared by using the
Pechini sol—gel process % 0.9 mmol of CoCl,:6H,0 and 0.3 mmol of
Zn(Ac),2H,0 were first dissolved in a 88 mL of water—ethanol (1/7
v/v) solution containing citric acid which was two times as much as
the metal ions. The molar ratio of Co®" ions to Zn*" ions is tuned to
be 2:1, 3:1, and 4:1. And then 4.88 g of the PEG (10000) was added.
After 2 h, the 0.04 g of PS/TiO, hybrid spheres were added. After
stirring for another 4 h, the metal-ions-coated PS/TiO, (MICPT)
spheres were separated by centrifugation. Finally, they were annealed
at 500 °C for 4 h with a heating rate of S °C/min and then 600 °C for
2 h with a heating rate of 2 °C/min. Metal-ion-doped TiO, hollow
nanospheres were obtained.

Fabrication of the Hydrophilic Films. The obtained MICPT
were redispersed in a water—ethanol solution (2%-5%, weight, %) and
then the suspension was applied to glass substrates using a spin-
coating method (KW-4A Spin Coater, Institute of Microelectronics of
Chinese Academy of Sciences, 1000 rpm, 20s). Glass substrates were
treated with Piranha solution (98 wt % H,S0O,/30 wt % H,0,, 7/3, v/
v. caution: the Pirhana solution is highly dangerous and must be used
with great care) and washed with deionized water. Finally, they were
annealed at 500 °C for 4 h with a heating rate of 5 °C/min and then
600 °C for 2 h with a heating rate of 2 °C/min.

B CHARACTERIZATION

X-ray powder diffraction (XRD) measurement was employed D8
Focus (Germany,Bruker) yA X-ray diffractometer equipped with
graphite monochromatized Cu Ka radiation (4 = 1.54 A). A scanning
electron microscope (SEM, Hitachi 4300) coupled with an energy-
dispersive X-ray (EDX) spectrometer operated at 10 kV and 15 kV
was used to check the morphology and elemental composition of
hollow TiO, nanospheres. Contact angle was measured on a Phoenix
300 contact-angle system (Korea) at ambient temperature.

B RESULTS AND DISCUSSION

As illustrated in Scheme 1, the highly monodisperse PS/TiO,
nanospheres were first prepared in the mixed solvent of ethanol
and acetonitrile by hydrolyzing Tetra-n-butyl titanate in the
presence of ammonia, as described in our previous report.**®
And then, the PS/TiO, nanospheres were added into a water—
ethanol solution containing a certain rate of CoCl,-6H,0,
Zn(Ac),2H,0, citric acid, and a certain amount of poly-
ethylene glycol (PEG), in which chelate complex of metal-ions
with citric acid reacted with PEG to form polyesters. Thereby,
PS/TiO, nanospheres were coated by polyesters and metal ions
were also absorbed on the surface of PS/TiO, nanospheres.
The MICPT were spin-coated on glass substrates. After
calcinations, hydrophilic films consisting of hierarchical hollow
TiO, nanostructures were formed.
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Figure 1A shows the SEM images of porous films consisting
of hierarchical hollow TiO, spheres when the molar ratio of

100nm
]

Figure 1. (a—c) SEM images of the monodisperse raspberrylike
hollow TiO, nanospheres at different magnification. (b) Detail
structures and (c) vivid hollow structures. (d) Photo image of the
raspberry in nature.

Co® ions to Zn®* ions is 3:1. Hollow TiO, spheres with
diameter of about 340 nm are stacked together and there are
lots of interstitial voids between hollow TiO, spheres. Figure
1B shows the detail information of the outer surfaces of the
hollow TiO, spheres at a higher magnification. It clearly shows
the spherical particles have papilla surfaces and the surfaces of
the spheres are coated with small irregular and nonuniform
particles, which results in the rough surface and typical
hierarchical structures. As shown in Figure 1C, the presence
of the crevasse suggests that the hollow nanostructures are
formed. Furthermore, it is very vivid that shells are comprised
of the aggregated small particles, which resemble the
morphology of the raspberry shown in Figure 1D.>’

We demonstrate that the protruding morphology of the
hierarchical hollow TiO, spheres can be conveniently
controlled by adjusting the ratio of Co** ions to Zn>' ions.
Figure 2 shows the SEM images of the obtained hollow TiO,

Figure 2. SEM images of the hollow nanospheres obtained at different
molar ratios of Co®* ions to Zn?* ions: (a) 2:1, (b) 3:1,(c) 4:1.

sphere powder samples at different molar ratio of Co*" ions to
Zn*" ions. In Figure 24, it is clearly shown that the surface of
the hollow TiO, spheres prepared at the ratio of 2:1 is smooth
and there is no any papilla on the surface, and the shell is
compact. When the ratio is increased to 3:1, the abundant
protuberant small particles appear on the surface and the shells
consist of many small particles, which result in the formation of
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hierarchical raspberry-like architectures and rough surfaces
(shown in Figure 2B). It is a surprise that when the molar ratio
of Co®" ions to Zn>' ions is increased to 4:1, the papillas
decrease sharply. Although the SEM picture in Figure 2C
suggests that some papillas are present, the surfaces that are not
covered by small particles are predominant and fairly smooth.
The typical XRD patterns of the corresponding hollow TiO,
sphere powder samples obtained at different molar ratio of
Co®" ions to Zn*' ions are shown in Figure 3. The strong
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Figure 3. Corresponding XRD patterns of the hollow nanospheres (a)
2:1, (b) 3:1, (c) 4:1.

characteristic peaks corresponding to around 25.3° can be
assigned to (101) plane of anatase phase (JCPDS 84—1285)
and the peaks corresponding to 27.3, 35.9, 41.1, and 54.1° are
in good agreement with (110), (101), (111) and (211) planes
of the rutile (JCPDS 77—0443). It is noteworthy that the peak
corresponding to 32.8° (signed by arrows) is assigned to (104)
planes of CoTiO; (JCPDS 77-1373) and the peaks
corresponding to around 38.9, 49, 52.3, and 56.5° (signed by
arrows) are in good agreement with (006), (204), (205), and
(108) planes of ZnTiO; (JCPDS 14—0033), which is due to
high concentration of metal ion dopants.*® Interestingly, it is
found that the metal ion dopant result in the peak of (101)
plane of anatase phase is shifted to higher 26 angle as the molar
ratio of Co*" ions to Zn** ions is increased from 2:1 to 3:1 and
4:1. We calculated the mass fraction of the anatase phase in
different samples, X,, which is determined from the relative
XRD intensities corresponding to anatase (101) and rutile
(110) reflections.>***!

Xy =1—[1+079(I4/R)]" 1)
where I, and Iy is integrated intensities of anatase (101) and
rutile (110) peak in XRD data, respectively. 1,/ I is their ratio
of integrated intensities. We can find that when the ratio is 2:1,
the rutile phase is the predominant species and the fraction of
anatase is about 48%. And when the ratio is increased to 3:1
and 4:1, the anatase phase becomes dominant, which is about
62%, 54% for 3:1 and 4:1, respectively. But all of the detectable
peaks of TiO, hollow particles without any dopant obtained
under the same conditions can be indexed as the TiO, with
anatase structure and no peak of rutile structure is detected (see
the Supporting Information, SI-1). These results indicate that
the Co*" and Zn*" ions substitute for Ti** and influence the
phase transformation from anatase to rutile. And the trans-
formation degree depends on the molar ratio of Co*" ions to
Zn** jons under the same experiment conditions.>*** It is very
interesting that the mass fraction of anatase at the ratio of 3:1 is
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bigger than that of other two samples. Meanwhile, there are the
most papillas on their surfaces, which result in the roughest
surfaces in all samples. The average crystal size of the sample
has been estimated by Scherrer’s formula. The primary
crystallite size calculated from (101) peak of XRD pattern
(anatase) is about 40 + 0.7, 43.7 + 1.1, and 40.8 + 1.5 nm,
corresponding to hierarchical hollow particles obtained when
the ratio of Co®" ions to Zn>* ions is 2/1, 3/1, 4/1, respectively.
The crystallite size of sample obtained at the ratio of 3:1 is
larger than that of other two samples. It is also found that the
crystal size of pure TiO, hollow particles with anatase structure
is 26.9 + 0.2 nm, much smaller than that of metal-ion-doped
TiO, hollow particles. Therefore, we suggest that bigger TiO,
crystallites result in more papillas on the surface than others
and the roughest surface.

Previous studies have reported that the anatase pseudoclose-
packed planes of oxygen {112} were retained as the rutile close-
packed planes{100} during the anatase—rutile transformation
and a cooperative rearrangement of the titanium and oxygen
ions occurred within this configuration, which result in an
overall shrinking of the oxygen structure. Therefore, the
removal of oxygen ions might be expected to accelerate the
transformation.™ For Co**/Zn**-ion-doped TiO,, the effective
ion radii of Co®" ions and Zn>' ions is 0.745 and 0.74 A,
respectively, which is larger than radii of Ti*" (0.65 A) and
smaller than that of O*~ (140 A).** Therefore, Co®" and Zn?*
can be introduced into titania to substitute Ti*", leading to the
formation of oxygen vacancy due to their own stoichiometry,
which provide the extra space required for anatase—rutile
transformation. Meanwhile, deformations of the lattice
structure are produced and the deformation energy has to be
released by the transformation. Therefore, the substitution of
Co™ and Zn*" for Ti*" accelerate the transformation from
anatase to rutile. Because the radii of Co®" and Zn>" ions is very
close and their ion charge is same, therefore the anatase—rutile
phase transition temperature is very close and their effect on
the transformation is comparable.*’ Therefore, less Co*" and
Zn™ ions are doped into titania, less oxygen vacancies are
formed, more slowly anatase transfer to rutile, which result in
bigger primary crystallite and larger fraction of anatase. The
elemental compositions of metal-ion-doped TiO, hollow
spheres were verified by the energy-dispersive X-ray (EDX)
spectra (see the Supporting Information, SI-2). O, Ti, Zn, and
Co peaks are observed, which indicates that metal ions are
doped into TiO, particles. The atomic ratio of Co®* ions to
Zn** ions is 2.03, 3.03, and 3.45 for 2/1, 3/1 and 4/1,
respectively, which is comparable to the ratio of original ion
source. The molar ratio of metal ions (M™/(M"™ + Ti*")) is
37.8,25.7, and 27.7% in the case that Co>" /Zn>"is 2/1, 3/1, 4/
1, respectively. From EDX data, it is concluded that fraction of
anatase and crystallite size should follow the order: 3:1 > 4:1 >
2:1, which is in good agreement with the XRD data. We further
checked the surface roughness of metal-ion-doped hollow
particles obtained in the case that the initial ratio of Co*" ions
to Zn®" ions is kept at 3/1 and the molar ratio of metal ions is
30.8%, 33.9%, which was checked by EDX. It is found that the
surface become smoother as molar ratio of metal ions increase
(see the Supporting Information, SI-3). Moreover, the surface
roughness of hollow particles follows the order: 25.7% > 27.7%
> 30.8% > 33.9% > 37.8%. We also investigated surface
roughness of Cr**, Fe**, AI**, and Co*" doped hollow particles.
The molar ratio of metal ions is 24.3, 26, 33.9, 22%,
respectively. And the surfaces of all of samples are smooth
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(see the Supporting Information, SI-4 and S), although the
molar ratio of Co*" and Cr*" is smaller than 25.7%. Therefore,
these results show that different ions have different effect on
the phase transformation from anatase to rutile. So, we believe
that only when both doped metal ions and molar ratio of metal
ions are right, can hollow particle with hierarchical papilla
structures be obtained. Thereby, we suggest that the Co** ions
and Zn*" ions dopant greatly influence the phase trans-
formation from anatase to rutile and growth rate of TiO,
crystallization and further determine the surface morphology of
the hollow metal-ion-doped TiO, nanospheres.

We spin-coated the Co**/Zn*" modified PS/TiO, spheres on
glass substrate and then annealed them to fabricate hydrophilic
films. Figure 4 shows the SEM images of films. It is found that

Figure 4. SEM images of films consisting of Co*/ Zn2+—doped hollow
TiO, spheres: (a) Co*/ Zn** = 2:1, (b) low-magnification images
(Co*/ Zn* = 3:1), (c) detail structures (Co**/ Zn** =3:1), (d) detail
structures at the edge when Co**/ Zn** = 3:1, (e) Co**/ Zn** = 4:1,
the inset in e is the high-magnification SEM image of e.

the films at Co>*/Zn** = 3:1 are much rougher than that at
Co**/Zn*" =2:1 and 4:1. Films at Co?>*/Zn*" = 2:1 consist of
hollow spheres with smooth surface (Figure 4a) and films at
Co**/Zn*" = 4:1 are made of hollow spheres with a few papillas
on their surface (Figure 4e). The inset in Figure 4e shows the
detail papillas structures. Figure 4b shows the surface
morphology of films at Co**/Zn** = 3:1, which are porous
and rough. And the surfaces of hollow Co**/Zn*"-doped TiO,
spheres show abundant protuberant particles (Figure 4c).
These results are in agreement with Figure 2b. The edge image
of films (Figure 4d) shows that they consist of about 3—5 layers
of hollow spheres, which indicates that film’s thickness is
between 0.8 and 1.7 ym. The wettability of films were evaluated
using a water contact meter. The immediate average contact
angle (CA) on glass substrate is about 38°, shown in Figure Sa.
The advancing CA of films at Co**/Zn* = 2:1is 28°(Figure
Sb), which is comparable to that of polycrystalline TiO, film
(27.2°),* indicating that hollow Co**/Zn**-doped TiO,
spheres improve the wettability. In a sharp contrast, when the
ratio of Co*" ions to Zn** ions is 3:1, the CA becomes 0°,
showing that the obtained films have obvious superhydrophilic
properties (Figure Sc). But when the ratio is increased to 4:1,
the CA is 7° (Figure Sd), which is close to that of
polycrystalline TiO, film after UV irradiation.** From Figures
2 and 4, we know that the surface roughness of Co®'/Zn*"
doped TiO, nanospheres and films consisting of corresponding
hollow spheres follows the order: 3:1 > 4:1 > 2:1 (the ratio of
Co** ions to Zn*>* ions), which is in accordance with the
wettability of films. Therefore, the increase of surface roughness
can improve the wettability of films. After storing in a Petri dish
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Figure 5. Photographs of water droplet shape on different films: (a)
glass substrates, (b) hollow nanospheres coating (Co**/Zn** = 2:1),
(c) raspberrylike hollow nanospheres coating (Co®*/ Zn** = 3:1) (d)
hollow nanospheres coating (Co**/ Zn** = 4:1).

for more than 30 days, the identical CA is observed obviously.
Therefore, the superhydrophilic films show long-term stability
of superhydrophilicity, which is very desirable for applications.
It is well-known that the wettability of a solid surface is mainly
governed by chemical composition and surface topography and
increase of surface roughness can improve their wettability.***”
In our experiments, all conditions are same except the ratio of
Co® ions to Zn* ions. So the chemical composition of
hierarchically porous films composed of hollow TiO, is similar,
which can be confirmed by XRD data. Therefore, surface
topography is one of dominant factors for the intensified
wettability. Hollow spheres made of films can not only result in
rough morphology of films, but also nano/micropores which
can be used as nanochannel to spread water. Therefore, the
unexpected superhydrophilicity of the hollow-sphere films
could be attributed to its characteristic nanostructure with
both high surface roughness and high surface porosity.””*' The
nanoscale capillary effect due to high surface porosity facilitates
water spreading on the topmost surface at first. And then the
nanoscale surface roughness of films pulls water to transport
through nanopores between hollow spheres and in their shells,
and further initiate 3D liquid flow and invasion through nano/
micropores in 3D direction, which leads to superhydrophilicity
with water entirely. Bico et al. have emphatically investigated
the wetting of the superhydrophilic films with porous materials.
After a drop of water is deposited on porous films, a small
amount of liquid is sucked into the voids, and the remaining
drop sets on a patchwork of solid and liquid. If the imbibition
front progress by a quantity dx toward, the corresponding
change in interfacial energy writes per unit length, dF:

dF

dc = (YSL - st)(r - @g) + (1 — D) @)
where yg, 7sy, and y are surface tension of solid/liquid, solid/
vapor, and liquid/vapor, respectively. ®g stands for the solid
fraction remaining dry, (r — @) is the wetted area fraction, and
r is the surface roughness factor, which is defined as the ratio of
the actual surface area to the projected area. When dF is
negative, hemiwicking should occur. The Young contact angle
on an ideal film, ® is less than ®, which can be calculated from
the equation””**

1— @
r_®s

cos Oc =

()

where ©¢ is the critical contact angle. For the porous films
consisting of raspberry-like hollow nanoparticles (Co**/Zn** =

100

3:1), r is close unlimitedly to infinity. Therefore, ®: would be
nearly n/2. The contact angle of water on a planar and
polycrystalline TiO, surface is reported to be 50—70°*"* and
27.2°, respectively, which is less than 90°. Therefore, water can
spontaneously invade into the interstitial voids between hollow
TiO, spheres and the intrinsic hollow structure of the
raspberry-like nanospheres, leading to the immediate spreading
of water droplets as soon as they contacted the surface.
Therefore, the hierarchical roughness and the nanoporous
character of the raspberry-like hollow TiO, nanospheres
coating establish ideal conditions for the superhydrophilicity.
And for rough surface (r > 1, but not infinity), the critical angle
can vary from 0 to 90°. And the Wenzel effect takes place. The
apparent contact angle ®* can be calculated by the equation

(4)

The solid roughness makes the solid surface more wettable. As
the roughness increases, the wettability improves. Therefore,
the contact angle of films consisting of hollow TiO,
nanospheres (Co®*/Zn** = 4:1) is smaller than that of the
films consisting of hollow nanospheres (Co**/Zn*" = 2:1).

cos OF = rcos®

H CONCLUSION

We reported a new simple ion-induced method to prepare
hollow monodisperse hierarchical TiO, nanospheres. Protrud-
ing morphology of the hollow spheres can be programmed by
tuning the molar ratio of the Co*" ions to Zn>* ions. The
surface roughness of different hollow spheres follows the order:
3:1 > 41 > 2:1. The wettability of films consisting of
corresponding hollow spheres can be controlled from hydro-
philic to superhydrophilic and their contact angle is 28, 7, and
0° respectively. Our work will make great contribution to
knowing the law of superhydrophilic properties of films and
further designing antifogging and self-cleaning (superhydro-
philic) TiO, films.

B ASSOCIATED CONTENT
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Characterization details, XRD pattern of the TiO, hollow
particles without any dopants, EDX spectra of hollow Co/Zn-
doped TiO, spheres, ratio of Co*" ions to Zn>" ions is 3:1. This
material is available free of charge via the Internet at http://
pubs.acs.org/.
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