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atase titania microspheres with
high-thermal stability and large pore size (�80 nm)
as efficient photocatalysts†

Lu Cao,a Dehong Chen,*a Wu-Qiang Wu,a Jeannie Z. Y. Tanab

and Rachel A. Caruso*ab

To fabricate an effective antibacterial coating on the surfaces of diverse sanitary ceramic utensils, efficient

titania photocatalysts with integrated features including high temperature anatase phase stability (>800 �C),
excellent particle mobility for the formation of uniform thin coatings, high crystallinity and narrow particle

size distribution are desirable. In this study, monodisperse dopant-free titania microspheres were

synthesized with large pore size (�80 nm) that remain anatase even after calcination at 900 �C. These
titania microspheres were fabricated via a facile solvothermal treatment of amorphous spheres in the

presence of 4.5 wt% ammonia solution and consisted of well-crystallized and faceted anatase

nanocrystals with a uniform size of 24 nm. The anatase nanocrystals with high crystallinity and narrow

crystal size distribution are responsible for their high temperature stability. The resulting anatase titania

microspheres exhibited enhanced photocatalytic performance even after calcination at high temperature

due to the retention of the anatase phase and the enhanced crystallinity. Such monodisperse anatase

microspheres have potential to be applied as smart coating materials for antibacterial and self-cleaning

applications.
Introduction

Titania (TiO2) has been one of the most widely investigated
semiconductor materials in the past few decades due to its
unique properties such as low-cost, nontoxicity, and high
chemical and optical stability, and its diverse promising appli-
cations in environmental and energy areas ranging from pho-
tocatalysis, to photovoltaics and lithium ion batteries.1–15 For
the application of photocatalysis, it has shown promise in water
splitting and purication since the discovery of its photo-
catalytic activity under UV light.3 Recently, research has been
conducted to control the morphology of nanostructured titania
materials via different synthesis strategies to enhance the
photocatalytic performance.16–29 Among the various morphol-
ogies, of particular interest are titania microspheres with sub-
micro- or micrometer-sized diameter, because of the relatively
high refractive index and comparable particle size to the wave-
lengths of sunlight, which make them ideal candidates for
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natural light-driven photon-related applications. Moreover,
microspheres have been regarded as the optimal morphology in
high-quality thin lm coating because such microspheres
possess high packing density as well as good particle
mobility,30–33 which is benecial for the fabrication of a uniform
and compact coating layer in a highly reproducible manner. The
porosity of the titania nanostructure also affects its perfor-
mance when applied as a photocatalyst.16,34,35 The presence of
large pores can enhance light harvesting and ensure fast mass
diffusion, consequently giving rise to high photocatalytic
performance.16,34,35

Among the three most common polymorphs of titania
(anatase, brookite and rutile), anatase is considered to be the
most photoactive phase for both antibacterial coatings and
degradation of organic pollutants because of the low recombi-
nation rate of the photogenerated charge carriers and the high
surface adsorptive innity towards the organic compounds.36,37

However, anatase is a metastable phase and can be readily
transformed to the thermodynamically stable rutile phase at
temperatures from 500 to 700 �C,23,38–41 and this phase trans-
formation is irreversible. This restricts the use of anatase pho-
tocatalysts for some important applications (e.g., self-cleaning
and antibacterial coatings on sanitary ceramic ware) that need
to be processed at high temperature (usually >800 �C).42

Therefore, the development of a high performance anatase
photocatalyst that tolerates the high sintering temperature of
diverse ceramic substrates has become a challenge in smart
J. Mater. Chem. A, 2017, 5, 3645–3654 | 3645
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coating technology. In recent years, rational control of the onset
temperature of the anatase-to-rutile transformation has been
researched. The presence of certain cationic dopants, such as
Zr, Al, La and Si, could effectively stabilize the anatase phase at
elevated temperatures due to the formation of Ti intersti-
tials.39,43–46 However, secondary impurity phases (e.g., Al2TiO5)
may be produced at high temperatures,46 which will generate
additional charge carrier recombination sites and thus reduce
the photocatalytic activity.39,43–46 High temperature stabilization
of the anatase phase through anion doping (S, F, N, etc.) has
also been widely investigated.47–49 In this case, the concentration
of oxygen vacancies may be increased, which could enhance
recombination between photogenerated electrons and holes
and therefore deteriorate the photocatalytic activity of the
titania photocatalyst. Moreover, excess anion doping can
inhibit interfacial charge transfer, which is detrimental to the
photocatalytic activity as well.47 A sol–gel templating method
has been reported to retard the phase transformation by
creating hierarchically porous structures to reduce the inter-
faces between the titania nanocrystals in porous titania
networks. The reduced interfaces can signicantly decrease
interface nucleation of the rutile phase and effectively retard the
anatase to rutile phase transformation.23 The effect of the
heating atmosphere on the anatase to rutile transformation was
also investigated:50,51 the phase transformation rate was
decreased under vacuum or oxygen and increased in reducing
atmospheres, which could be due to the formation of Ti inter-
stitials and oxygen vacancies, respectively. Although an increase
in the onset temperature of phase transformation has been
achieved, it is still lower than the sintering temperature for
ceramic coatings. Another important issue that should be
considered is the thermal stability of the porous structures. In
most cases, the pores collapsed and most of the porosity was
lost aer being sintered at high temperature. Therefore, prep-
aration of anatase titania photocatalysts with spherical
morphology, large pore size and high temperature stability
(>800 �C) without any chemical modication would be of
considerable interest.

Herein, a facile route is reported for the synthesis of mono-
disperse anatase titania microspheres with a large pore size and
high thermal stability by combining sol–gel chemistry and
a solvothermal treatment process. In the absence of any doping
strategy or surface modication, the anatase-to-rutile phase
transformation was effectively inhibited at high temperatures
giving rise to high thermal stability (up to 900 �C) and highly
crystallized anatase titania microspheres. The anatase micro-
spheres possess a uniform and large pore size, �80 nm. The
possible reasons for the superior thermal stability were inves-
tigated and discussed. The photocatalytic activity was evaluated
by degrading methylene blue under UV illumination.

Experimental
Chemicals

Titanium(IV) isopropoxide (TIP, 97%), hexadecylamine (HDA,
90%), and methylene blue (MB) were obtained from Sigma-
Aldrich. 1-Butanol (99.8%, Chem-Supply), absolute ethanol
3646 | J. Mater. Chem. A, 2017, 5, 3645–3654
(>99.5%, Chem-Supply), potassium chloride (AR, BDH),
aqueous ammonia solution (25 wt%, Merck) and Milli-Q water
(18.2 MU cm�1) were used for the materials preparation. All
chemicals from commercial sources were used as received
without further treatment.

Synthesis

Amorphous precursor spheres (APS) were prepared in 1-butanol
containing an HDA and KCl aqueous solution according to
a previously reported procedure.17 In a typical synthesis of
monodisperse titania microspheres (MTS) with 22.0 nm crystal
size (estimated by Scherrer equation based on XRD pattern),
1.6 g of APS was added to a 4.5 wt% ammonia solution con-
taining 20 mL ethanol, 5 mL Milli-Q water and 5 mL 25 wt%
ammonia. The resulting mixture was sealed within a Teon-
lined autoclave (50 mL in volume) and heated at 220 �C for 16 h.
Aer the autoclaves were cooled to room temperature, the
products were collected by ltration, washed with ethanol three
times and dried at 60 �C for 2 h to obtain the solvothermally-
treatedMTS. To study their high temperature stability, the dried
MTS samples were calcined at elevated temperatures at a heat-
ing rate of 1.6 �C per minute (to ensure removal of the organic
species) and held at these temperatures for 2 h in air. The
calcined titania were denoted as MTS-x �C. For instance, MTS-
800 �C refers to the titania synthesized using a 4.5 wt%
ammonia solution via solvothermal treatment and followed by
a calcination at 800 �C. Additionally, in order to investigate the
effect of crystal size on the thermal stability, crystallized titania
microspheres with tunable crystal sizes were also prepared
using a similar solvothermal treatment procedure. In this case,
0 wt% and 17.4 wt% ammonia solutions were employed during
the solvothermal process and the resulting samples were
denoted as MTS-0 wt% and MTS-17.4 wt%, respectively. For
comparison, Degussa (Evonik) P25 nanoparticles and amor-
phous precursor spheres were also calcined at temperatures
between 500 and 1000 �C and the resulting materials were
denoted as P25-x �C and APS-x �C, respectively.

Photocatalysis

Photocatalytic experiments in this study were carried out in
a jacketed beaker under UV light irradiation as shown in Fig. S1
(in ESI†). The light, generated from a 500 W Hg (Xe) globe
(Oriel) with a dichroic mirror (66226, Oriel, 280 < l < 400 nm),
was vertically delivered onto the reaction mixture through
a quartz reactor lid. The UV radiation intensity at the surface of
the suspension was 16.7 � 0.2 mW cm�2. The reaction was kept
at 20 � 0.5 �C by circulated chiller water. Titania photocatalyst
(0.5 g L�1) was suspended in 160 mL of MB (25 mg L�1) by using
a magnetic stirrer. The pH values of the titania suspensions
were 5.92� 0.08. Before monitoring the photocatalytic reaction,
the photocatalysts were placed in MB solution in the dark for
1 h to reach adsorption–desorption equilibrium. Degradation
was monitored by taking 1.5 mL aliquots at 15 min intervals up
to 60min. The aliquots were centrifuged and absorption spectra
of the supernatant uids were recorded using a UV-vis spec-
trophotometer (Varian Cary 50 Bio, USA). The main absorption
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 SEM images of the monodisperse titania microspheres (MTS)
solvothermally treated at 220 �C in the presence of 4.5 wt% ammonia
solution (a and b) and following calcination at 800 �C (c) and 900 �C (d)
in air. SEM images were taken without metal sputter coating of the
sample.
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peak of MB at 665 nm was recorded to evaluate the degradation
kinetics of the photocatalysts. The rate of degradation was
assumed to obey pseudo-rst-order kinetics and hence the rate
constant for degradation, k, was obtained from the rst-order
plot according to the equation: ln(C/C0) ¼ �kt, where C0 is the
initial concentration, C is the concentration of MB aer a reac-
tion time (t), and k is the rst-order rate constant. Three
degradation experiments were run for each sample to obtain an
average.

Characterization

Anatase and rutile contents, as well as their average crystal
sizes, were determined using a Bruker D8 Advance diffractom-
eter (Germany). Diffraction patterns were collected by using Cu
Ka radiation (l ¼ 1.5406 Å, 40 kV, 40 mA) in the continuous-
scanning mode. The step size and scan speed were 0.02� and 1 s
per step, respectively. The average crystal size of the anatase was
calculated using the Scherrer equation (D ¼ 0.9l/b cos q, where
l is the wavelength of the X-ray; b is the full-width at half-
maximum height; and q is the diffraction angle). The weight
fraction of rutile (WR), is calculated from the following
equation:52

WR ¼ AR/A0 ¼ AR/(AR + 0.884AA)

where AA and AR are the integrated intensity of the anatase (101)
and rutile (110) peaks, respectively. A0 is the total integrated
intensity of the anatase (101) and rutile (110) peaks.

A high resolution eld emission environmental scanning
electron microscope (SEM, Quanta 200 FEI) was used to observe
the morphologies of the samples without metal sputter coating
pretreatment. The transmission electron microscopy (TEM)
images and selected area electron diffraction (SAED) patterns of
the resulting samples were obtained on a FEI Tecnai F20
microscope (USA) operating at 200 kV. Nitrogen gas sorption
isotherms at 77 K were collected on aMicromeritics Tristar 3000
surface area and porosity analyser (USA). All the samples were
degassed under vacuum at 160 �C for at least 18 h prior to
measurement. The Brunauer–Emmett–Teller (BET) equation
was used to calculate the specic surface area. Pore size distri-
butions were obtained using the Barrett–Joyner–Halenda (BJH)
method from the adsorption branch of the isotherms. Diffuse
reectance spectroscopy (DRS) was measured on a UV-vis-NIR
diffuse reectance spectrophotometer (Perkin-Elmer lambda
1050) with an 150 mm integrating sphere attachment in the
range of 200–800 nm. The band gap of the materials was esti-
mated by extrapolating a linear part of the plots to (ahn)2 ¼ 0.
Raman spectroscopy was performed on a Renishaw inVia
confocal microscope system. Specimens were illuminated with
an argon laser (785 nm wavelength) through a 50� objective.
The spot was estimated to be in the range of 1 mm. Spectra were
collected over the wave number range of 100 to 700 cm�1 on the
surface of the sample. The UV light illumination intensity was
measured using a Tenmars TM-213 UV light meter. The pH
values of the aqueous suspensions were measured using an
Oakton pH/mV 11 meter. Prior to the measurement, the elec-
trode was calibrated using fresh standard pH buffer solutions.
This journal is © The Royal Society of Chemistry 2017
The X-ray photoelectron spectrometer (XPS) data were recorded
on a VG ESCALAB 220i-XL spectrometer (UK) equipped with
a twin crystal monochromated Al Ka X-ray source, which
emitted a photon energy of 1486.6 eV at 10 kV and 22 mA.
Samples were secured onto Al holders and were measured in the
analysis chamber at a typical operating pressure of �7 � 10�9

mbar. An electron ood gun was used to compensate the
charging effect of non-conductive materials. Spectra were ob-
tained at a step size of either 1.0 eV (survey scans) or 0.05 eV
(regional scans). Quantication and curve tting of XPS spectra
were performed using CasaXPS soware. The C1s peak at 285.0
eV was used as a reference for the calibration of the binding
energy scale.
Results and discussion

The morphologies of the monodisperse titania spheres (MTS)
solvothermally treated in the presence of 4.5 wt% ammonia
solution and their corresponding counterparts calcined at
temperatures ranging from 800 �C to 1000 �C (referred to as
MTS-800 �C, MTS-900 �C andMTS-1000 �C) were observed using
scanning electron microscopy (SEM), as shown in Fig. 1, S2 and
S3.† The corresponding size distributions of these samples are
displayed in Fig. S4.†

The solvothermally treated sample consists of individual
spherical entities with an average diameter of 2.23 � 0.12 mm,
Fig. 1a and S4a.† Each solvothermally-treated MTS is composed
of uniform titania nanocrystals of�22 nm in size (Fig. 1b). Aer
calcination at temperatures of 800 �C or higher, an obvious
shrinkage in the sphere diameter was observed (Fig. 1c and
d and S2†). The sphere diameter decreased to 1.97 � 0.09,
1.88 � 0.10 and 1.58 � 0.09 mm when the calcination
J. Mater. Chem. A, 2017, 5, 3645–3654 | 3647
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temperature increased to 800, 900 and 1000 �C, respectively
(Fig. S4†). As clearly illustrated by the higher magnication SEM
images (Fig. 1c and d), a crystal coarsening process occurred
when the solvothermally-treated MTS were calcined at 800 �C or
higher, giving rise to enlarged crystal sizes. A slight increase in
crystal size (50 to 60 nm) was observed when the calcination
temperature increased from 800 to 900 �C, Fig. 1c and d, and
then the crystal size increased further for the MTS calcined at
1000 �C in air (Fig. S2d†). Along with the increasing crystal size,
the pore size/void between the nanocrystals became larger as
a result of the increased calcination temperature (Fig. 1b–d).

The crystal phase and size of the MTS were studied by
powder X-ray diffraction (XRD); the corresponding XRD
patterns of the samples calcined at different temperatures are
displayed in Fig. 2a. The anatase content (as a weight
percentage) in each sample was calculated according to
a previously reported method,52 Fig. 2b. The XRD pattern of the
Fig. 2 (a) XRD patterns of the MTS, MTS-800 �C, MTS-900 �C, and
MTS-1000 �C samples (A¼ anatase and R¼ rutile phase titania) and (b)
anatase content of the MTS, amorphous precursor spheres (APS) and
Degussa (Evonik) P25 as a function of the calcination temperature.

3648 | J. Mater. Chem. A, 2017, 5, 3645–3654
solvothermally-treated MTS sample showed well-resolved
diffraction peaks that can be ascribed to anatase titania (JCPDS
card no. 21-1272). The anatase diffraction peaks for the MTS-
800 �C and MTS-900 �C were sharper compared to the sol-
vothermally-treated MTS sample. The crystal size of each
sample can be estimated from the full width at half maximum
of the (101) peak using the Scherrer equation, giving 22.0, 48.0
and 57.5 nm for MTS, MTS-800 �C andMTS-900 �C, respectively.
This is in a good agreement with the crystal coarsening
(increased crystal size) occurring with elevated calcination
temperature observed from the SEM images.

The physical properties of the MTS materials are summa-
rized in Table 1. It is worth noting that no rutile phase was
detected in the MTS-900 �C sample within the X-ray detection
limit. This result was further conrmed by the corresponding
Raman spectra (Fig. S5†), in which ve high-intensity peaks at
142, 196, 397, 514 and 640 cm�1 can be attributed to charac-
teristic Eg, Eg, B1g, A1g(B1g) and Eg modes of the anatase titania,
respectively.55,56 No other Raman peaks were observed, indi-
cating the pure anatase phase for this MTS-900 �C sample. Thus
the resulting anatase MTS materials possessed an excellent
thermal stability (up to 900 �C), which is much higher than
previous reports.23,35,38–40 Further increasing the calcination
temperature to 1000 �C (for 2 h in air) resulted in a phase
transformation from anatase to rutile, leading to the formation
of faceted titania particles (Fig. S3†) containing 7.1 wt% anatase
(Fig. 2b). In contrast, for the Degussa (Evonik) P25 nano-
particles, only 8.3 wt% anatase remained aer calcination at
800 �C for 2 h in air (Fig. 2b and S6†). When the temperature
was increased to 900 �C, P25 was completely converted to the
rutile phase. Phase transformation of the amorphous precursor
spheres (APS) derived from sol–gel synthesis was also investi-
gated (Fig. 2b and S7†): the anatase-to-rutile phase trans-
formation occurred above 600 �C and was almost complete at
800 �C (only 2.7 wt% anatase remained at this temperature).
UV-vis diffuse reectance spectra and the corresponding
Kubelka–Munk function (relationship of [F(R)hn]1/2 versus
photon energy) plots of the MTS and Degussa (Evonik) P25
samples calcined at diverse temperatures were recorded to
determine the band gaps of the resulting materials (shown in
Fig. S8†). Solvothermally-treated MTS, and calcined MTS-800 �C
and MTS-900 �C samples show a very similar band gap (3.20 �
0.01 eV) because of their similar anatase phase. In contrast, the
as-received P25 nanoparticles are a mixed phase titania with the
crystallized material consisting of 84.6 wt% anatase and
15.4 wt% rutile, and such mixed-phase titania possesses a rela-
tively low band gap of 3.10 eV, which is consistent with the band
gap values reported previously.57 Aer calcination at 900 �C, the
resulting P25-900 �C sample has been completely converted into
the rutile phase, giving rise to a reduced band gap of 2.99 eV.
These results clearly illustrate the excellent thermal stability of
the MTS materials.

Nitrogen gas sorption isotherms and pore size distributions
of the solvothermally-treated MTS and the MTS materials
calcined at various temperatures are shown in Fig. 3. Except for
the MTS-1000 �C sample, the samples showed characteristic
type IV isotherms with a sharp capillary condensation step at
This journal is © The Royal Society of Chemistry 2017
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Table 1 Anatase content and physical properties of the monodisperse titania microspheres (MTS) solvothermally treated at 220 �C in the
presence of 4.5 wt% ammonia solution and Degussa (Evonik) P25 samples treated at different temperatures

Sample name WA
a [wt%] SBET

b [m2 g�1] PDc [nm] Vsp
d [cm3 g�1] CSXRD

e [nm] Bandgapf [eV]

MTS 100 71.5 30.5 0.420 22.0 3.21
MTS-800 �C 100 17.0 65.9 0.191 48.0 3.20
MTS-900 �C 100 10.9 77.0 0.123 57.5 3.19
MTS-1000 �C 7.10 1.10 n/a 0.003 n/a 2.96
P25 84.6 50.1 n/a 0.164 n/a 3.10
P25-800 �C 8.30 14.1 n/a 0.042 n/a 3.00
P25-900 �C 0 7.10 n/a 0.019 n/a 2.99

a WA ¼ weight fraction of the anatase phase calculated using the integrated intensities of anatase (101) and rutile (110) peaks according to
a previously reported method.52 b SBET ¼ BET specic surface area obtained from adsorption data in the P/P0 range from 0.05 to 0.20. c PD ¼
pore diameter determined by BJH model from the adsorption data. d Vsp ¼ single-point pore volume calculated from the adsorption branch at
P/P0 ¼ 0.98. e CSXRD ¼ anatase crystallite size estimated from XRD data using the Scherrer equation. f Band gap estimated according to
Kubelka–Munk equation based on diffuse reectance data.53,54 ‘n/a’ indicates the corresponding methods are not applicable for the samples.

Fig. 3 (a) Nitrogen gas sorption isotherms and (b) the corresponding
pore size distributions of theMTS, MTS-800 �C,MTS-900 �C andMTS-
1000 �C samples.

This journal is © The Royal Society of Chemistry 2017
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relative high pressures (P/P0 ¼ 0.90–0.98), reecting the exis-
tence of large pores. Sharp H1 type hysteresis loops were
observed for solvothermally-treated MTS, and calcined MTS-800
�C and MTS-900 �C samples, indicating the narrow pore size
distributions (PSD) of these samples. For solvothermally-treated
MTS, a PSD centered at �30.5 nm was calculated from the
adsorption branch using the Barrett–Joyner–Halenda (BJH)
method. This sample has a specic Brunauer–Emmett–Teller
(BET) surface area of 71.5 m2 g�1 and a total pore volume of 0.42
cm3 g�1. Using this BET surface area, and assuming spherical
crystals, the crystal size of this solvothermally-treated MTS is
estimated to be 21.5 nm on the basis of the anatase titania
density (3.9 cm3 g�1), which is consistent with the result derived
from XRD calculation (�22.0 nm). The hysteresis loops of the
MTS-800 �C and MTS-900 �C samples shied to higher relative
pressure, illustrating an enlargement in pore size during the
calcination process. As shown in Fig. 3b, sharp PSDs centered at
65.9 and 77.0 nm for the MTS-800 �C and MTS-900 �C samples
were observed, respectively. It is worth noting that such uniform
large pores in titania spheres have rarely been reported. Aer
calcination at 1000 �C in air, as illustrated by nitrogen gas
sorption and SEM images, the porosity of the resulting MTS-
1000 �C materials disappeared, indicating a signicant crystal
growth and densication of the titania spheres (XRD results).

Specic surface areas of the MTS and P25 samples as
a function of the calcination temperature ranging from 500 to
1000 �C are presented in Fig. 4. For the MTS sample, the specic
surface area showed a slight decrease of 8.9% up to 600 �C. This
small drop in specic surface area could be attributed to the
high crystallinity of the samples induced by solvothermal
treatment at 220 �C. However, a signicant drop in specic
surface area from 64.0 to 17.0 m2 g�1 was observed when the
calcination temperature was increased from 600 to 800 �C. This
decrease is due to the coarsening of the anatase nanocrystals as
revealed by the corresponding XRD results (Fig. 2). With
a further increase in the calcination temperature to 900 �C, the
specic surface area decreased to 10.9 m2 g�1. The specic
surface area of the P25 sample calcined at varied temperatures
was also investigated. As P25 is produced by ame hydrolysis of
J. Mater. Chem. A, 2017, 5, 3645–3654 | 3649
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Fig. 4 Specific surface areas of the MTS solvothermally treated at
220 �C in the presence of 4.5 wt% ammonia solution and Degussa
(Evonik) P25 samples as a function of the calcination temperature. The
lines were added to guide the eye.

Fig. 5 (a) XRD patterns (A ¼ anatase and R ¼ rutile phase titania) and
(b–e) SEM images of (b and c) the titania microspheres solvothermally
treated at 220 �C in the absence of ammonia, and then calcined at (d)
800 �C and (e) 900 �C. SEM images were taken without metal sputter
coating of the samples.
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TiCl4 at elevated temperature (up to 1000 �C), it is reasonable
that only a slight drop in the specic surface area was observed
when the calcination temperature is raised to 700 �C. The
surface area dropped dramatically from 43.5 to 13.8 m2 g�1

when the calcination temperature increased from 700 to 800 �C.
Nevertheless, it is worth noting that the specic surface areas of
the calcined MTS are higher than those of P25 calcined at 800
and 900 �C.

XPS measurements were used to detect any N-doping in the
resulting MTS materials.6 As shown in Fig. S9,† the as-prepared
sample contained a small quantity of N (0.9 at%) and this N
peak disappeared aer washing with ethanol three times,
indicating that the N on the as-prepared sample was due to the
ammonia adsorbed on the surfaces of the sample and can be
readily removed by thorough washing with ethanol.

High thermal stability of the MTS sample

According to Penn and Baneld,58 the anatase-to-rutile phase
transformation is a reconstructive process that involves
breaking and reforming seven out of 24 Ti–O bonds per unit
cell.58 The difficulty to rearrange the Ti–O bonds (and thereby
obstruct phase transformation) can be signicantly affected by
the activation energy of the rutile nucleation. According to
a previously reported method,59 an activation energy of 468
kJ mol�1 was calculated using the Arrhenius equation for the
rutile nucleation in MTS (Fig. S10†). This relatively high acti-
vation energy reects that the rutile nucleation in the MTS
sample is dominated by a surface nucleation mode,60,61 which
relies on the thermal uctuation of atoms on the surfaces and
requires higher activation energy than that for an interface
nucleation process. As a result, it is observed that the MTS
sample shows phase stability at temperatures up to 900 �C.

It is documented that the thermal stability of anatase
depends on its crystal size,45,52,56,59,62 as the rate of surface
nucleation is proportional to the total number of anatase
3650 | J. Mater. Chem. A, 2017, 5, 3645–3654
crystals in a given sample volume.60 To investigate the crystal
size effect on the transformation from anatase to rutile phase,
monodisperse anatase titania microspheres (MTS-0 wt%)
consisting of smaller nanocrystals (11.6 nm in diameter esti-
mated by XRD) were prepared in the absence of ammonia
during the solvothermal treatment. The XRD patterns, Fig. 5a,
show an anatase to rutile transformation has begun by 900 �C.
The rutile content in the MTS-0 wt% samples was determined
as 19.6% and 100% aer calcination at 900 �C and 1000 �C,
respectively, indicating a phase transformation at lower
temperatures compared to the microspheres with larger crys-
tallite size (22.0 nm, Fig. 2; 0% and 92.9% rutile aer calci-
nation at 900 �C and 1000 �C, respectively). The spherical
morphology was maintained with shrinkage in diameter and
increasing crystal size as the calcination temperature increased
(SEM images, Fig. 5b–d).

In conjunction with XRD characterization, the MTS-0 wt%
and MTS samples were also ultramicrotomed to �90 nm thick
sections and observed by transmission electron microscopy
(TEM) to investigate the uniformity of the crystal size (Fig. 6a
and b). As clearly illustrated in Fig. 6a1–a3 and b1–b3, the
titania microspheres consisted of uniform crystals and the
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 TEM images and selected area electron diffraction (SAED) patterns of the ultramicrotomed sections of the solvothermally-treated titania
microspheres in the presence of varying ammonia concentrations: (a1–a4) 0 wt%, (b1–b4) 4.5 wt% and (c1–c4) 17.4 wt%.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
0/

2/
20

24
 9

:2
6:

25
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
sample prepared in the absence of ammonia possessed a rela-
tively small crystallite size (Fig. 6a2 and a3). The corresponding
selected-area electron diffraction (SAED) patterns (Fig. 6a4 and
b4) indicate that these microspheres are well crystallized
anatase phase titania. To statistically determine the equivalent
diameter of the anatase nanocrystals in the microspheres, these
titania microspheres were crushed using an agate pestle and
mortar and then dispersed in ethanol by sonication for 30 min.
The resulting colloidal suspension was then dropped onto Cu
grids and examined by TEM analysis, and the corresponding
crystal size distributions were summarized in Fig. S11.† The
crystal size is 12.0 � 2.5 and 24.1 � 5.7 nm for the titania
microspheres prepared in the absence (0 wt%) and presence
(4.5 wt%) of ammonia, respectively. This result is in agreement
with the XRD result. The resulting faceted anatase nanocrystals
had a truncated bipyramid crystal morphology, exposing the
(101) side and (001) top facets (Fig. S12 in ESI†).

Purpose-built titania microspheres (MTS-17.4 wt%)
featuring a bimodal crystal size distribution were prepared by
increasing the ammonia concentration to 17.4 wt% to verify the
crystal size effect on the phase transformation. As shown in
Fig. 6c1–c3 and S13c1 and c2,† these unique titania micro-
spheres were composed of two distinct anatase crystals (with
This journal is © The Royal Society of Chemistry 2017
relatively small anatase crystals (�20 nm) in the core and larger
anatase crystals (�60 nm) decorating the outer surface of the
spheres). As these small and large anatase crystals are located
within the same microsphere and therefore are in close prox-
imity (within a distance < 2.2 mm), these anatase nanocrystals
have been exposed to the same temperature during the calci-
nation. Thus, the variation in anatase and rutile phases can be
correlated to the size of the anatase nanocrystals within the
microspheres.

According to the corresponding XRD patterns (Fig. S14†),
a small portion of rutile (2.8%) was observed when this MTS-
17.4 wt% sample was calcined at 900 �C, which is believed to be
derived from the relatively ‘unstable’ small anatase crystals in
the core. When this MTS-17.4 wt% was calcined at 1000 �C,
about 63.1 wt% anatase still remained in this sample, which can
be attributed to the presence of relatively stable larger anatase
crystals located on the surface of the spheres. In contrast, the
titania spheres featuring monodisperse anatase crystals (12.0 or
24.1 nm shown in Fig. S11†) retained 0 wt% (Fig. 5a) or 7.1 wt%
anatase (Fig. 2a) when calcined at 1000 �C. On the basis of the
above results, it is clear that the crystal size is a key parameter in
determining the onset temperature of the anatase-to-rutile
phase transformation (thermal stability). This onset
J. Mater. Chem. A, 2017, 5, 3645–3654 | 3651
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temperature increased with increasing initial crystal size as
a result of the reduction in free surfaces and interfaces available
for the rutile nucleation.56,60
Photocatalysis

The photocatalytic performance of the resulting titania micro-
spheres was evaluated by monitoring the degradation of
methylene blue (MB, Fig. 7) via a reactive oxygen species
induced oxidation process under UV light illumination.63 For
comparison, the photocatalytic activity of the Degussa (Evonik)
P25 nanoparticles calcined at the same temperatures was also
measured under the identical conditions. The MB dye illumi-
nated under UV light in the absence of any photocatalyst shows
a very slow degradation rate (0.0010 min�1, Fig. S15†). Aer
calcination at 800 �C, MTS-800 �C displays higher photocatalytic
performance (k ¼ 0.1233 min�1) than P25-800 �C (k ¼ 0.0893
min�1). This sample retains the spherical morphology aer the
photocatalytic tests (Fig. S16 in ESI†), indicating good
mechanical stability. Upon increasing the calcination temper-
ature, MTS-900 �C still possesses a very high degradation
performance (k ¼ 0.1053 min�1), whereas the degradation rate
of the P25-900 �C control sample dropped dramatically to
0.0155 min�1, indicating a 6.8-fold greater photocatalytic
activity compared to the control sample. The enhanced perfor-
mance of MTS-800 �C andMTS-900 �C could be attributed to the
following synergistic effects: (1) the retention of the anatase
phase as the high thermal stability of MTS could lower the
recombination rate of the photogenerated charge carriers;36,37

(2) the presence of large pores (up to �80 nm) not only facili-
tates fast diffusion of the pollutants, but could also induce
multi-reection of the incident photons within the anatase
spheres to maximize the light harvesting and utilization effi-
ciency;16,34 (3) the high crystallinity induced by the solvothermal
treatment and subsequent high temperature calcination could
diminish the recombination rate of the photogenerated charge
carriers and prolong the electron lifetimes and diffusion
lengths; and (4) the higher surface area provides more active
reaction sites, contributing to an overall enhanced photo-
catalytic activity. The slight drop in photocatalytic activity of the
Fig. 7 Photocatalytic degradation kinetics of the methylene blue (MB)
probe under UV light in the presence of MTS-800 �C, MTS-900 �C,
P25-800 �C and P25-900 �C materials.

3652 | J. Mater. Chem. A, 2017, 5, 3645–3654
MTS-900 �C compared to the MTS-800 �C sample is probably
due to the decrease in surface area with the increased calcina-
tion temperature. With a further increase in calcination
temperature to 1000 �C, a signicantly decreased degradation
rate of 0.0058 min�1 was observed for the MTS-1000 �C sample.
The inferior performance of the MTS-1000 �C sample is mainly
ascribed to the dominant rutile phase (92.7%) and low surface
area (1.1 m2 g�1). The highly crystallized anatase phase reten-
tion, porous structure with large pore size and high specic
surface area are the three key factors for achieving higher
photocatalytic activity when using the anatase titania micro-
spheres to degrade the MB dye.
Conclusions

Monodisperse anatase titania microspheres with high thermal
stability have been fabricated via a facile solvothermal treat-
ment of the amorphous precursor spheres in the presence of
mild ammonia solution. The anatase microspheres possess
a uniform and large pore size up to 80 nm and high thermal
stability with a phase transformation onset temperature above
900 �C. The successful synthesis of such high temperature
stable anatase titania is primarily attributed to the solvothermal
treatment strategy that can effectively produce highly crystal-
lized anatase particles and thus prevents the Ti–O bond
cleavage during the high temperature calcination. The resulting
anatase microspheres exhibited impressive photocatalytic
performance even aer calcination at 900 �C due to retention of
the photoactive anatase phase. Coupled with its uniform size
and spherical morphology (which is desirable for forming high
quality thin lms via close packing), such photoactive mono-
disperse anatase titania microspheres have potential to be
employed in the fabrication of effective antibacterial coatings
on the surfaces of diverse sanitary ceramic utensils, in sun-
screen or as support materials for industrial catalysts in future.
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