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a b s t r a c t
The synthesis of highly-crystalline porous TiO2 microspheres is reported using ultrasonic spray pyrolysis
(USP) in the presence of colloidal silica as a template. We have exploited the interactions between hot
SiO2 template particles surface and TiO2 precursor that occur during reaction inside the droplets, to control the physical and chemical properties of the resulting particles. Varying the SiO2 to titanium precursor
molar ratio and the colloidal silica dimension, we obtained porous titania microspheres with tunable
morphology, porosity, BET surface area, crystallite size, band-gap, and phase composition. In this regard,
we have also observed the preferential formation of anatase vs. rutile with increasing initial surface area
of the silica template. The porous TiO2 microspheres were tested in the photocatalytic degradation of
nitrogen oxides (NOx) in the gas phase. USP prepared nanostructured titania samples were found to have
signiﬁcantly superior speciﬁc activity per surface area compared to a commercial reference sample (P25
by Evonik-Degussa).
Ó 2012 Elsevier B.V. All rights reserved.

1. Introduction
The synthesis of nanomaterials with desired morphologies and
functionality remains a focus of intense current interest. Among
the various morphologies explored (e.g., nanotubes, nanowires,
nanorods, core–shell nanoparticles), hierarchically porous nanostructures have received substantial attention [1–6] not only for
their unique or enhanced physicochemical properties, but also
for their widespread potential applications, including uses for drug
delivery, photonic materials, batteries and membrane fuel cells,
and photocatalysis [7–15].
Titanium dioxide is a multifunctional material whose unusual
electronic properties make it an especially important material for
photoelectrochemical solar cell applications, hydrogen generation,
and environmental remediation. Nanostructured TiO2 exhibits
superior photocatalytic activity compared to traditional bulk materials, and numerous strategies have been developed to synthesized
hollow and porous TiO2 nano/micro spheres [16–28]. Control over
the physical and chemical properties of the resulting porous nanostructures, however, remains a scientiﬁc challenge.
As a synthetic tool, ultrasonic spray pyrolysis (USP) has several
advantages over other traditional methods: production of micronor submicron-sized spherical particles, high product purity,
continuous operation, facile scale-up process from small to large
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production, and thorough control over chemical and physical
compositions [21–23,29–48].
The oxides of nitrogen NO and NO2 (NOx) have a variety of negative impacts on human and environmental health ranging from
serving as key precursors for the respiratory irritant ozone to forming nitric acid, which is a key component of acid rain. Hence it is of
great interest to develop approaches that irreversibly remove NOx
from the atmosphere [49–54].
Here, we use USP as a phase-separated process for the synthesis
of porous TiO2 microspheres using colloidal silica nanoparticles as
a template, and we examine their photocatalytic activity for the
decomposition of NOx.
The production of porous inorganic particles through the use of
USP with a two-zone tube furnace has also been reported by Okuyama et al. Using pre-existing nanoparticles of silica [34–36] or titania (brookite [22], anatase [23] and Evonik-Degussa P25 [45],
respectively) together with an organic template (such as polystyrene latex, PSL) to create porosity, they were able to synthesize
spherical particles with controlled morphology and porosity. During evaporation of the solvent in the ﬁrst heated zone, they observed a spontaneous self-organization of the PSL particles took
place in the USP generated droplets. In the second heated zone,
they burned away the organic template to produce porous SiO2
or TiO2 powder. The silica or titania particles’ morphology and
porosity could be controlled by changing the weight fraction of
the PSL and the PSL particle diameter.
In order to design an efﬁcient titania photocatalyst, it is also
crucial obtaining the control over the physical properties, surface
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chemical character, and chemical composition of the desired materials. In the present work, we report the USP of an aqueous solution
of a commercially available titanium complex with colloidal SiO2
nanoparticles as a porosity generating template to obtain porous
titania microspheres with tunable properties. Exploiting the interactions at the interface between the silica surface and the titania
precursor solution, we obtain control over the morphology, porosity, and physical and chemical properties (BET surface area, phase
composition, band-gap, crystallite size, hydrophilicity vs hydrophobicity per unit surface area, photocatalytic activity per unit surface area) of the resulting porous titania materials.
2. Material and methods
2.1. Materials
All chemicals were handled in air and are available commercially. Silica colloid Ludox AS-30 (30 wt.% suspension in water;
12 nm diameter), titanium(IV) bis-(ammonium lactato) dihydroxide (50 wt.% water solution) were purchased from Aldrich Chemicals. Hydroﬂuoric acid (49 wt.%) was obtained from Acros
Organics. Two SNOWTEX silica colloids (ST-XL: 35–50 nm, and
ST-ZL: 70–100 nm) 40 wt.% water suspension were provided by
Nissan Chemical Industries (Japan), while TiO2 P25 was purchased
from Evonik-Degussa (Germany). Water was puriﬁed and ﬁltered
using a Barnstead Nanopure system.
2.2. Synthesis
2.2.1. Porous TiO2 microspheres
The precursor solution was composed by titanium(IV) bis(ammonium lactato) dihydroxide (0.02 mol), puriﬁed water
(50 mL, Barnstead Nanopure ion exchange) and colloidal silica variable in amount (Si:Ti molar ratio 1:1, 1:3 and 1:5) and particle size
(12 nm, 35–50 nm, 70–100 nm). A piezoceramic transducer operating at 1.65 MHz was used to nebulize the starting solution
through a polyethylene membrane into a glass apparatus. The mist
was then carried by an air ﬂow rate of 1 standard liter per minute
(SLPM) into a furnace where the temperature was set at 1000 °C.
After 8 h of collection into water-ﬁlled bubblers, the white colloidal particles were obtained by centrifugation at 9000g. The products were washed with puriﬁed water three times and sampled for
analysis.
2.2.2. Solid TiO2 microspheres (T_USP)
Titanium dioxide solid spheres were synthesized using the
same procedure as for porous titania microspheres but without
adding colloidal silica as template.
2.2.3. Etching procedure
For all etched microspheres, removal of silica was done with HF
10 wt.% in water at room temperature. After 75 min., the particles
were centrifuged and washed three times with puriﬁed water and
once with 100% ethanol. After the etching, we obtained always
about 350 mg of titania powder.
2.3. Characterization
Structural features of the prepared titanium dioxide microspheres have been determined by X-ray Powder Diffraction (XRPD)
on a Siemens-Bruker D5000 diffractometer operating at 40 kV and
30 mA using a Cu Ka radiation source (k = 1.5418 Å). In a typical
experiment, a scan rate of 1°/min. and a step size of 0.05°. was
used. All data was worked out using Jade X-ray analysis software
package.

The powder morphology was observed with a JEOL 7000F ﬁeld
emission SEM operating at an acceleration voltage of 15 kV. Samples were prepared for analysis by the deposition of an absolute
ethanol TiO2 suspension on a silicon wafer, which was subsequently sputtered with a Pd–Au alloy.
TEM micrographs were taken using a JEOL 2100 Cryo microscope operating at 200 kV.
X-ray Photoelectron Spectroscopy (XPS) was performed by a MProbe Instrument (SSI) equipped with a monochromatic Al Ka
source (1486.6 eV) with a spot size of 200  750 lm and pass energy of 25 eV, providing a resolution for 0.74 eV. With a monochromatic source, an electron ﬂood gun was used to compensate for the
build-up of positive charge on the insulator samples during the
analysis.
The surface area of materials was investigated by nitrogen
adsorption studies using the Brunauer–Emmett–Teller (BET) method. Measurements have been performed using a Nova 2200e Surface Area and Pore Analyzer (Quantachrome Instruments) at
liquid nitrogen temperature (196 °C).
Diffuse reﬂectance spectra of the powders were measured on
UV–vis spectrophotometer (PerkinElmer, Lambda 35), which was
equipped with a diffuse reﬂectance accessory, as reported previously [58].
2.4. Photocatalytic testing
In the photocatalytic oxidation of nitrogen oxides (NOx), immobilized particulate TiO2 layers (ca. 50 mg) were prepared on glass
sheets by deposition from a suspension of the samples in isopropanol [58]. The immobilized photocatalyst was placed into a Pyrex
glass reactor (with a volume of 25 L) and irradiated with a halogen
lamp (Jelosil, model HG500) emitting in the 340–400 nm wavelength range, with a nominal power of 500 W, at room temperature. The distance between the light source and the reactor was
properly adjusted so that the UV irradiance at the sample surface
is 10 ± 0.5 W/m2. The relative humidity was kept constant in all
runs (RH = 50%). Air, NOx (NO = 10%, NO2 = 90%), and N2 gas
streams were mixed to obtain the desired NOx concentration
(300 ppb) inside the photoreactor. The photodegradation products
concentrations (NO and NO2) were continuously monitored by an
online chemiluminescent analyzer (Teledyne Instruments
M200E). The NOx adsorption onto the TiO2 layer was determined
through dark experiments.
3. Results and discussion
Nanostructured TiO2 microspheres were prepared by USP
employing a modiﬁcation of the synthesis previously reported by
Suslick et al. [21]. In this work, aiming to study the possibility to
tailor physicochemical properties of TiO2 microspheres we used a
wider range of both SiO2/TiO2 molar ration and SiO2 nanoparticles
size [21]. In addition, a higher reaction temperature (1000 vs.
800 °C) was employed in order to study the role of SiO2 in the anatase to rutile phase transition. An aqueous solution of a TiIV bis(ammonium lactato) dihydroxide (which is air and water stable)
containing colloidal silica was nebulized using a home-made ultrasonic generator (1.65 MHz) (cf. Section 2 for details). The resulting
mist was carried into a furnace by an air ﬂow and the SiO2/TiO2
nanocomposite microspheres so produced were collected in
water-ﬁlled bubblers, isolated by centrifugation, and the silica
template ﬁnally removed by etching with aqueous hydrogen ﬂuoride (HF 10 wt.% in water). As a reference material, USP of the same
aqueous solution of the TiIV complex without colloidal SiO2 was
performed, generating solid TiO2 spheres (abbreviated T_USP; after
etching with HF, abbreviated T_USP_HF).
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characterized by meso- or macroporosity (Fig. 3) [20]. The BET
surface areas of the microspheres show a monotonic trend directly
related to surface area of the template silica originally present
(Table 1). If the silica content was too high (SiO2/Ti = 1:1, SiO2 size
12 or 35–50 nm), however, the superstructure was lost, presumably because of insufﬁcient contact and binding among the TiO2
nanoparticles (SI, Fig. S1).
For all samples, the microspheres’ composition was conﬁrmed
by bulk elemental analysis, which showed only about 0.3 wt.% of
Si left after etching. XPS analysis conﬁrmed the absence of Si on
the surface (SI, Fig. S2) and the presence of traces of surface ﬂuorine (F/Ti 6 0.12 at./at.%) as ﬂuoride (683.7 eV) [55] remaining
from the etching step. The F/Ti ratio for the non-porous control
sample T_USP_HF (see SI, Table S1) is much higher in comparison
to the porous microspheres; this is probably because for the porous
titania, HF selectively etched away the SiO2 before attacking the
remaining TiO2, whereas for the non-porous titania, HF directly
attacks the titania structure resulting in a higher remnant ﬂuorine
content.
There were no signiﬁcant differences among samples in the XPS
for the Ti 2p region; the peak Ti 2p3/2 was regular and the binding
energy (458.5 ± 0.1 eV) compared well with data for TiIV in TiO2
(TiL, Fig. 4a and c) [56]. The only exception was observed for the
non-porous T_USP microspheres, which present an additional species at 460.9 eV due to the unreacted precursor (TiP, Fig. 4c) [57],
TiIV bis-(ammonium lactato) dihydroxide. Analysis of the oxygen
peaks of porous TiO2 microspheres showed, as often reported in
the case of oxides, the presence of two components, attributed to
lattice oxygen (OL) in TiO2 (529.6 eV), and to surface OH (OOH) species (530.9 eV), respectively (Fig. 4b) [58]. The OH/Otot surface ratio
(SI, Table S1) correlates with the hydrophilicity of the TiO2 surface,
an important property affecting the samples photoactivity[56]. The
values are all quite similar for the porous microspheres and for P25
(average OH/Otot = 0.18), but the solid microspheres, T_USP and
T_USP_HF, have a high ratio (OH/Otot = 0.30 and 0.29, respectively)
from excess oxygen originating from the unreacted precursor. Indeed, the deconvolution of the O 1s peak reported in Fig. 4d clearly
shows the presence of OOH, OL, and two additional oxygen species
(OP, OOH0 ) that can be ascribed to the TiIV complex exploited in the
USP synthesis. Interestingly, the computed values of OH/Otot per
unit surface area (SI, Table S2) increase with decreasing amounts
of the initial SiO2 template surface area.
USP process is substantially different from batch reactions in
terms of the physicochemical interactions that occur during reaction. The USP process is unique in its continuous production of isolated sub-lm microreactors (i.e., each droplet formed by the

Fig. 1. Transmission electron micrograph of a USP-prepared porous TiO2 microsphere (T13M); inset at higher magniﬁcation showing two 20 nm TiO2 building
blocks.

The porous nanostructure of USP particles was conﬁrmed by
TEM analysis (Fig. 1); abbreviations for microspheres prepared under various conditions are given in Table 1, together with their relevant properties. The titania microspheres were a few hundreds of
nanometers in diameter; their nanostructure is built up of assembled individual nanoparticles between 20 and 40 nm in average
size (Table 1). The inter-aggregations of these building blocks are
due to condensation reactions among the hydroxyl groups on their
surface [20], which results in the formation of the porous
nanostructures.
Other authors have observed similar TiO2 morphologies running the USP process with TiIV bis-(ammonium lactato) dihydroxide [21,57]. Nevertheless, in the present study we use a wider
range of colloidal solid templates and a higher temperature
(1000 vs 800 °C) than in previous published papers. The elevated
temperature selected (1000 °C) shift the processes occurring inside
a USP droplet to a shorter time scale. As a consequence, the solvent
evaporation rate and the degree of supersaturation of the Ti precursor increase, which signiﬁcantly affects the chemical and physical properties of USP products.
For example, we can control the morphology of our porous titania spheres by varying colloidal silica to titanium precursor molar
ratio (Fig. 2). In addition, by using SiO2 nanoparticles with different
sizes (12, 35–50, 70–100 nm), we obtain porous TiO2 spheres

Table 1
BET Surface area, phase composition analysis*, anatase crystallite size, and band gap of solid and porous titania microspheres.

*
§

Sample

Si:Ti molar ratio

Silica size (nm)

P25
T_USP
T_USP_HF

–
–
–

–
–
–

T15L
T15M
T15S

1:5
1:5
1:5

T13L
T13M
T13S
T11L
T11M
T11S

Initial SiO2 surf. area§ (m2)

BET surf. area (m2/g)

Anatase %

Anatase crystallite size (nm)

Band gap (eV)

0
0
0

49
1
1

75
36
37

25
41
35

3.17
2.92
2.94

70–100
35–50
12

9
12
56

6
16
32

81
93
100

41
39
27

2.91
2.97
3.13

1:3
1:3
1:3

70–100
35–50
12

14
20
92

9
19
48

89
96
100

40
35
23

3.05
3.20
3.31

1:1
1:1
1:1

70–100
35–50
12

42
59
276

14
–
–

100
100
100

33
28
14

3.23
–
–

Anatase % determined from XRPD:Anatase Ref. JCPDS 21–1272, Rutile Ref. JCPDS 21–1276.
For further details, see SI Fig. S3.
Calculated by Sherrer’s equation applied to the anatase (1 0 1) peak.
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Fig. 2. Scanning electron micrographs (SEM) showing the effect of silica/titanium
molar ratio on the particles’ morphology. Sample abbreviations and SiO2/Ti ratios
are (a) T11L, 1:1; (b) T13L, 1:3; (c) T15L, 1:5; all with initial silica colloid template of
70–100 nm diameter.

Fig. 3. SEM micrographs showing the effect of silica colloid diameter (dSilica) on the
porosity of microspheres obtained with a Si:Ti molar ratio of 1:3. (a) Sample T13S
(dsilica = 12 nm), (b) T13M (dsilica = 35–50 nm), (c) T13L (dsilica = 70–100 nm).

nebulizer). Inside the droplets, after water evaporation, a further
heating leads to supersaturation, at which point precursor precipitation and decomposition take place [19–23,29–37]. At this stage,
the interactions between the hot SiO2 template particles surface
and the TiO2 precursor become crucial in the material formation
process, and especially in the preferential formation of anatase
vs. rutile.
TiO2 is the most common semiconductor used in photocatalytic
applications, due to its high oxidation potential, excellent chemical
stability, and relatively low cost.
There are three common crystalline forms of TiO2: rutile, brookite, and anatase. Brookite and anatase are thermodynamically
metastable and can be irreversibly transformed to the more stable

rutile form at high temperature. The most common source of TiO2
for photocatalytic studies is P25 titania from Evonik-Degussa,
which contains roughly a 3:1 wt. ratio of anatase to rutile. The anatase/rutile interface plays a critical role in enhancing the photogenerated charge carriers lifetime and thus the photocatalytic activity
of P25. However, it is well known that the photocatalytic activity of
pure anatase is roughly ten-fold more efﬁcient than pure rutile, at
least for the photo-degradation of cloﬁbric acid, a lipid regulator
drug [59]. There are theoretical suggestions that brookite might
be even more photocatalytically efﬁcient [60], but brookite is difﬁcult to obtain in a pure and stable form. Therefore, the control of
TiO2 nanostructures phase composition is an important requirement for obtaining efﬁcient photocatalysts.

A. Naldoni et al. / Ultrasonics Sonochemistry 20 (2013) 445–451
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Fig. 4. XPS spectra in the regions for O and Ti: (a and c) a representative porous TiO2 microsphere (T13S) vs (b and d) the non-porous control (T_USP). The different atomic
species present at the surface of the analyzed samples in each spectrum are indicated: TiL = lattice titanium; TiP = titanium from precursor; OL = lattice oxygen;
OOH = superﬁcial hydroxyl groups; OP = oxygen from precursor molecules residues; OOH0 = superﬁcial hydroxyl related to residue of the precursor molecule.

Fig. 5. Schematic illustration of the silica-induced steric hindrance on anatase
surfaces (rutile nucleation sites) inside a USP-generated water droplet.

We observe a striking increased concentration of anatase relative to rutile phases as a function of increasing silica surface area
in the initial formulations (Table 1). As determined from the XRPD
(SI, Fig. S3), the solid microspheres produced by USP in the absence
of a silica template are only 36% anatase. The porous microspheres,
however, have a much greater fraction of anatase, and importantly
the anatase fraction increases monotonically with increasing surface area of the added colloidal silica template (Table 1 and plotted
in SI, Fig. S4).
Bulk rutile is more stable thermodynamically than anatase at all
temperatures and pressures owing to its lower Gibbs free energy
However, the lower surface energy of the anatase planes relative
to those of rutile causes the former to be more stable in kinetically-regulated process (i.e., USP) [61]. It is well understood that
in the anatase to rutile transformation, the Ti–O bonds of the anatase phase structure break and rearrange to form rutile. This process is usually accelerated when defects (i.e., oxygen vacancies)
[62], dopants (metal or non-metal) or impurities are present to
some extent [61]. In the case of SiO2-assisted TiO2 synthesis, SiO2
precursors (e.g., TEOS) enhanced the phase stability of anatase in

Fig. 6. Chart representing the % NOx degradation at 30 min normalized by surface
area in comparison with the surface hydrophilicity (taken as the XPS-determined
surface OH concentrations normalized by the total oxygen atom concentrations,
Otot) per unit surface area. The values reported are for Evonik-Degussa P25 titania
and for each of the USP-generated porous titania microsphere samples.

batch reactions [63–67]. There are also a few studies of titania
growth on silica particles, yielding amorphous TiO2 coating [68],
anatase particles deposition [20], and ion-directed anatase
growth.[69–71] Nevertheless, in our USP set-up, colloidal SiO2
might play a different role. Banﬁeld et al. showed that in dried
TiO2 powder at temperatures higher than 600 °C, both rutile surface nucleation (on anatase particles) and interface nucleation (at
the anatase/anatase particles interface) govern the anatase to rutile
phase transformation [72]. In the T_USP titania (i.e., in the absence
of a silica template), the nanoparticles assembled in the microsphere structure are strongly associated by a high surface contact
thus promoting the expected rutile growth. Differently, in the presence of colloidal SiO2 (Fig. 5), we propose that the SiO2 surface creates a steric hindrance both for anatase/anatase interfaces and
surface sites for rutile nucleation thus decreasing dramatically its
formation probability.
The samples’ band-gap (Table 1) qualitatively reﬂected the rutile/anatase ratios found through XRPD data analysis. Diffuse
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reﬂectance data were converted to absorption coefﬁcient values
F(R) according to the standard Kubelka–Munk equation (Fig. S5)
[73,74]. As expected, the band-gap values so obtained correlate
with the anatase content in the samples: the larger the rutile component, the smaller the band gap, which ranges from 2.92 eV for
T_USP (36% anatase) to 3.31 eV for T13S (100% anatase). For comparison, titania nanoparticles of rutile and anatase have reported
band gaps of 3.00 and 3.21 eV, respectively, whereas thin ﬁlms of
titania on alumina show band gaps of 3.25 and 3.75 eV, respectively [75,76].
In order to test the chemical reactivity of our porous titania
microspheres, we examined the photocatalytic activities using
gas phase catalytic degradation of NOx as a probe reaction (cf. Section 2.4 for details) [74]. The porous microspheres showed generally higher activity relative to Evonik-Degussa P25 (SI, Fig. S6);
the T11L, T13S, T13 M, T15S, and T15L samples are in fact 25%
more active after 90 min than P25 on a mass basis and the remainder are comparable to P25.
In terms of photocatalytic activity per surface area (after
30 min), all of the microsphere samples show substantially higher
speciﬁc activities than P25 with T_USP and T_USP_HF being
roughly ﬁfty-fold more active (SI, Table S2).
The increased speciﬁc activity per surface area correlates almost
linearly with increasing surface hydrophilicity normalized by surface area (Fig. 6 and SI, Table S2). For a quantitative measure of
the hydrophilicity of the surface, we used the XPS-determined surface OH atomic concentrations normalized by the total oxygen
atom concentrations, Otot: the larger the value of OH/Otot per unit
surface area, the higher the observed photocatalytic speciﬁc activity per surface area (Fig. 6). Because the non-porous T_USP and
T_USP_HF have the most hydrophilic surfaces, they also have the
highest speciﬁc activity when normalized to surface area (Table
S2). We believe that the more hydrophilic titania surfaces adsorb
nitrogen oxides (which are small hydrophilic molecules) more
effectively at the semiconductor surface, which promotes the photocatalytic reactions resulting in NOx degradation.
4. Conclusions
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