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l–gel synthesis through a low-
temperature solvothermal process of anatase
showing visible-light photocatalytic activity†

Mohamed Karmaoui,*a David M. Tobaldi,b Andrijana Sever Skapin,c Robert C. Pullar,bd

Maria P. Seabra,b João A. Labrinchab and Vitor. S. Amarala

A novel, facile method based on a non-aqueous sol–gel solvothermal process has been developed to

synthesise spherical TiO2 nanoparticles (NPs) in one pot. The reaction between titanium(IV) tert-butoxide

(Ti[OC(CH3)3]4) and benzyl alcohol was a simple process, which resulted in the formation of highly

crystalline titania NPs with a small size of only 6 nm, and with a correspondingly high surface area. The

chemical formation mechanism of the metal oxide NPs has been proposed, and the degree of surface

hydroxyls (–OH groups) has been examined. The products of the synthesis were characterised by X-ray

powder diffraction (XRPD) using the advanced whole powder pattern modelling (WPPM) method, high-

resolution transmission electron microscopy (HR-TEM), thermo-gravimetric analysis (TGA), UV-visible

diffuse reflectance spectroscopy (DRS), Fourier transform infrared spectroscopy (FT-IR), and nuclear

magnetic resonance (NMR) spectroscopy. The photocatalytic activity (PCA) was evaluated in both the

liquid–solid phase, by monitoring the degradation of an organic dye (methylene blue (MB)) under

UV-light irradiation, and in the gas–solid phase, by following the degradation of 2-propanol under UV-

and visible-light exposures. The synthesized titania powders not only exhibited excellent photocatalysis

in the liquid–solid phase (under UV irradiation), but also possessed a superior PCA in the gas–solid phase

under a visible-light exposure. The effects on the PCA of the very small crystalline domain size, surface

composition and the presence of organic molecules due to the synthesis process of the TiO2 NPs were

shown to account for this behaviour.
Introduction

Aer the discovery of the “Honda–Fujishima effect” in titania in
1972, semiconductor photocatalysis has continuously attracted
a growing interest. This effect was rst observed for photo-
electrochemical water splitting using a single-crystal titania
electrode and a Pt counter-electrode.1 Semiconductor photo-
catalysis are currently applied in anti-pollution and self-
cleaning materials, hydrogen generation, solar energy conver-
sion, sensors, photochromic devices and antibacterial agents.2–5

The photocatalytic reactions occur via the action of light of a
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suitable wavelength.6,7 When a semiconductor is irradiated with
photons having energies higher than, or equal to, its energy
band gap (Eg), an electron (e�) is able to migrate from the
valence band to the conduction band, leaving a hole (h+)
behind. This photogenerated couple (e�–h+) is able to reduce
and/or oxidise a pollutant that is adsorbed on the photocatalyst
surface.6 Amongst semiconductors, titanium dioxide (titania,
TiO2) is the most widely used photocatalyst for several reasons:
the reactions take place at mild operating conditions (i.e. at a
low level of solar or articial illumination, room temperature
(RT) and atmospheric pressure); chemical additives are not
necessary; it has a high chemical stability; the possible inter-
mediates of the reactions are not dangerous, or they are less
dangerous than the original pollutant;8 and very persistent
pollutants also can be degraded.9 In addition, TiO2 is a relatively
low-cost, commercially available and non-toxic product.

Crystallised TiO2 have large number of polymorphs. The
most common, in order of abundance, are the rutile, anatase
and brookite phases;10 however, other TiO2 polymorphs also
exist, including the high-pressure columbite-like,11 baddeleyite-
like,12 and cotunnite-like (c-TiO2) structures.13 Among these
polymorphs, anatase and rutile are the most utilised ones in
photocatalytic applications, although anatase is believed to be
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 XRPD pattern and output of the WPPM (the black open squares
represent the observed data, the red continuous line is the calculated
data and the blue continuous line at the bottom is the residual curve).
The inset shows the crystalline domain size distribution from the
WPPM. The agreement factors of the WPPM are as follows: Rwp ¼
2.85%, Rexp ¼ 2.01%, c2 ¼ 1.42.
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more photocatalytically active than the rutile because of its
stronger reducing power and better hole-trapping ability.14

There are a wide range of potential environmental heteroge-
neous photocatalytic applications for TiO2. These include not
only the decontamination and disinfection of polluted waters,15

but also interior (indoors) and exterior (outdoor) air treatments.
Interior air treatments are attracting increasing interest in order
to reduce the contaminants that cause sick building syndrome
(SBS), which is attributed to the presence of volatile organic
compounds (VOCs) that are oen present in modern indoor
environments.16–18 Moreover, titania also has a high antibacte-
rial activity. If the TiO2 photocatalysts are irradiated by a light
exceeding the band-gap wavelength, they can also be used to
inactivate/kill the bacteria that are present on the photocatalyst
surface, making those surfaces self-sterilising. These reactions
are based on the strong oxidising power of TiO2, which are
usually under UV irradiation. TiO2 is unlike the usual chemical
antibacterial reagents that inactivate the cell viability but
continue to release pyrogenic and toxic ingredients (such as
endotoxins) even aer the bacteria have been killed. The pho-
tocatalytic self-sterilising surfaces operate in a passive mode
that is without needing any electrical power or chemical
reagents; only light and oxygen are required. Moreover, they do
not release toxic compounds.19,20 Titanium dioxide nano-
particles have been synthesized using several methods, which
are summarised and well documented in the literature.21,22

Depending on the method of synthesis, different properties can
be tailored, and can be easily changed. Amongst the reported
processes, the most common are the hydrothermal and sol-
vothermal methods, which involve the precipitation of
precursor in water, organic solvents or ionic liquids, and the
precipitate is crystallised by thermal treatment.23,24 The sol-
vothermal route is one of the most extensively applied methods
for the synthesis of NPs. Buonsanti et al. developed a novel
method to prepare unique TiO2 NPs with branched
nanocrystal structures by mixing titanium carboxylate
complexes with mixtures of oleic acid and oleyl amine at 240–
320 �C.25 One of the major advantages of the non-aqueous sol–
gel (NASG) route is that it provides a practical route to prepare
crystalline inorganic oxide nanoparticles in water-free systems,
and it has been used to prepare a large variety of metal oxide
nanoparticles.26

Here, we use a novel “benzyl alcohol route” with the aim of
producing nanosized titania particles. The as-synthesized
undoped TiO2 NPs were designed to be a photocatalyst that
gets activated under the visible-light. Their photocatalytic
activity (PCA) was assessed in both the liquid–solid and
gas–solid phase by monitoring the degradation of an organic
dye and 2-propanol, respectively. The enhanced visible-light
PCA of the synthesized NPs is discussed in detail. The
photocatalytic properties of the nanoparticles were tested
under optimised experimental conditions, and we
compared the PCA of the as-prepared TiO2 NPs via the
NASG route with that of the commercial Evonik Aeroxide
P25 (P25) titania photocatalyst. The NASG synthesized NPs
showed a good efficiency compared to the commercially
used P25.
This journal is © The Royal Society of Chemistry 2014
Results and discussion
Synthesis and structural and morphological characterisation

The solvothermal method is one of the most robust procedure
for the fabrication of various metal oxide nanostructures.27

Here, the TiO2 NPs have been synthesized via a non-aqueous
sol–gel route by the condensation of a titanium precursor
with alcohol. In a simple one-pot reaction process, highly
crystalline anatase TiO2 NPs are obtained by the condensation
of titanium(IV) tert-butoxide and benzyl alcohol at 180 �C.

The X-ray powder diffraction (XRPD) pattern is shown in
Fig. 1 (XRPD results of the commercial reference are reported in
Fig. S1†). All the diffraction peaks for the synthesized TiO2 NPs
can be readily indexed to be of tetragonal TiO2 anatase phase
(ICDD PDF-2 card no. 21-1272), and no impurity phases are
detected, conrming the high purity of the obtained product.
The patternmatches the space group I41/amd (D19

4h), and the unit
cell parameters were found to be a ¼ b ¼ 3.7865 � 1 � 10�4 Å,
and c ¼ 9.4999 � 1 � 10�4 Å. The average crystalline domain
size – obtained by the whole powder pattern modelling (WPPM)
method28–30 – was estimated to be 6.4 � 0.1 nm, with a little
dispersion around the tail. The mode of the lognormal size
distribution was found to be 5.3 � 0.1 nm (Fig. 1). In regards to
the dislocation density, this synthesis method obtained an
anatase with approximately same number of edge and screw
dislocations, with values of re¼ 1.1� 0.1� 1015 m2 and rs¼ 1.0
� 0.1 � 1015 m2, respectively.

These values are comparable with those reported by the
authors for an unmodied anatase that has been thermally
treated at 450 and 600 �C.31 However, these are lower than the
dislocation values reported by Ghosh et al. for an anatase made
via ame combustion chemical vapour condensation and
annealed at 400 �C.32 Moreover, the titania prepared with this
NASG method gave a screw dislocation number that is approx-
imately 15 fold lower than that of the P25 reference sample
(1.0 versus 15.7, respectively).33
RSC Adv., 2014, 4, 46762–46770 | 46763



Fig. 3 FT-IR spectra of the as synthesized titanium dioxide NPs (fresh
and after 24 h of UV irradiation), and the commercial P25 TiO2.
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Transmission electron microscopy (TEM), and high resolu-
tion TEM (HR-TEM) were used to study the morphology of the
TiO2 NPs (the size, shape and arrangement of the particles) to
obtain crystallographic information, which are shown in Fig. 2.
An illustrative TEM micrograph of the TiO2 nanoparticles is
depicted in Fig. 2a. The HR-TEM observations (presented in
Fig. 2b–d) reveal that the as-obtained TiO2 NPs have a single
crystalline structure.

Some of the NPs are almost spherical (Fig. 2b), whereas
others are faceted and more elongated (Fig. 2c). The TEM image
indicates size of approximately 6 nm, conrming the results
obtained via the WPPM method. In Fig. 2d, the HR-TEM image
shows well dened lattice fringes with a d-spacing of �3.6 Å,
corresponding to the (101) lattice plane of the anatase TiO2

crystal structure.
In order to identify the functional groups that are present on

the surface of the prepared TiO2 NPs aer the reaction, Fourier
transform infrared spectroscopy (FT-IR) and liquid nuclear
magnetic resonance (NMR, 13C) analyses were performed.

In the FT-IR spectra (Fig. 3), a broad adsorption can be noted
at 3426 cm�1 corresponding to the vibrational frequencies of
OH groups that are terminated on the TiO2 surface. A series of
small sharp bands in the regions of 1400, 1408, 1451, and 1635
cm�1 can be attributed to the C]O stretching vibration and
bending vibrations of OH groups.34

The obtained FT-IR spectra of both the freshly synthesized
TiO2 and the as-synthesized TiO2 aer 24 h of UV irradiation are
very similar. Thebandsobservedat 1635 cm�1 and1451 cm�1 can
be attributed to the asymmetric (nas) and symmetric (ns) stretch-
ing frequenciesof carboxylate groups, respectively. The frequency
separation of these bands (Dn z 184 cm�1) suggests a bridging
bidentate coordination, showing that only benzoate (C6H5COO

�)
Fig. 2 TEM image of the TiO2 NPs synthesized at 180 �C (a). HR-TEM
images of the assemblies of TiO2 NPs (b–d). The parallel red lines in (d)
show a d-spacing of 3.6 Å for the (101) lattice plane.

46764 | RSC Adv., 2014, 4, 46762–46770
species are adsorbed on the surface of these TiO2 NPs.35 The low
wavenumber regionmainly showsabroadbandat 1000 cm�1 and
below that corresponds to the metal–oxygen–metal (Ti–O–Ti)
stretching and bending vibrational modes. For the commercial
TiO2 samples, the same bands were observed as those for the
synthesized titania at around 3420 and 1635 cm�1, correspond-
ing to the surface-adsorbedwater andhydroxyl groups, and to the
bending vibrations of OH, respectively. These bands are stronger
for the commercial sample than for the synthesized titania,
suggesting that the commercial P25 photocatalyst has more
hydroxyl groups adsorbed on its surface. The Ti–O–Ti stretching
modes are in the 400–600 cm�1 wavelength range.

In order to thoroughly understand the procedure of the
crystal growth, the following mechanism was developed that
explains the chemical formation process of the TiO2 NPs. It is
expected that the condensation between R–OH and Ti–OR will
lead to the formation of Ti–O–Ti bridges with ether elimination.

In order to assess the nature of the reaction mixture and the
species that are observedaer the reaction, 13CNMRstudieswere
performed on the sample (aer removal of the TiO2 NPs by
centrifugation),whichare shown inFig. S2.† In addition tobenzyl
alcohol, signicant amounts of other organic solvents, such as
tert-butyl alcohol, di-tert-butyl ether andbenzyl ether,were found.

Interestingly, alcohol and dibenzyl ether are the only species
that are observed to be dominant organic compounds on the
This journal is © The Royal Society of Chemistry 2014



Paper RSC Advances
surface. A similar mechanism was proposed by Garnweitner
et al. to describe the synthesis of HfO2 nanocrystals.36 Based on
the HfO2 mechanism, the mechanism of TiO2 formation was
expected to consist of two steps: the rst step is the initial attack
of phenyl methanol group on the Ti metal centre, leading to the
formation of (benzyloxy)tri-tert-butoxytitanium intermediate
(titanium alkoxide complex); this is followed by the production
of butanol (alcoholysis, Scheme 1 in Fig. 4). The second step is
the condensation of two titanium complexes leading to an
elimination of ether ((oxybis(methylene))dibenzene) (conden-
sation, Scheme 2 in Fig. 4).

The product of this reaction is the eliminated ether; similar
products have been already observed for various metal oxides
synthesized in benzyl alcohol.

With the aim of dening the thermal stability of the NPs, the
thermal behaviour of the sample was investigated by TGA
measurement from RT to 800 �C, which is shown in Fig. S3.†
The TG curve, obtained under air, shows that there is a three-
step weight loss process. A rst sharp weight loss occurred in
the temperature range between room temperature and 100 �C,
indicating the loss of water molecules (2 wt% loss), and then the
more gradual removal of the excess solvent and other organic
species up to 350 �C (benzyl alcohol is known to start desorbing
at around 150 �C)37 accounted for the loss of further 3 wt%.

The third step occurred in the temperature range �400–
600 �C, involving a 6% weight loss that can be attributed to the
decomposition of the remaining organic species, such as
Fig. 4 Proposed reaction mechanism occurring during the non-
aqueous synthesis of TiO2 oxide nanoparticles in benzyl alcohol.

This journal is © The Royal Society of Chemistry 2014
benzoate molecules, which were observed to be present at room
temperature in the FT-IR spectra. There is no obvious weight
loss when the temperature is higher than 630 �C, indicating that
the product is thermally stable between 630–800 �C.

The transformed reectance spectra as a function of the
photon energy are depicted in Fig. 5. The resulting optical band
gap of the sample was found to be equal to 3.24 eV (382 nm) (cf.
Table 1), which is in well accordance with the expected Eg value
of anatase of 3.22 eV (385 nm).38

Moreover, the results of the FT-IR analysis in Fig. 3 and DRS
analysis in Fig. 5 show that the phenyl rings of the benzoate
complex attached to the surface of TiO2 NPs are responsible for
the enhanced absorption in the visible region, as shown in Fig. 5.
Photocatalytic activity (PCA) results

The PCA results for the powders are depicted in Table 1
(all data) and Fig. 6 (liquid–solid phase only). The results in
both the liquid–solid and gas–solid phase showed a good
reproducibility; however, they are not directly comparable
because they involve different target pollutants that are in
different phases and different initial concentrations, and
involve the different initial amounts of photocatalyst. Moreover,
different lamps and reactors were used. Therefore, they will be
separately discussed.

In the liquid–solid phase, under UV-light exposure, the
prepared titania completely degraded an organic compound
(methylene blue, MB) aer 3 h of irradiation time (x ¼ 100%,
with a calculated averaged rate constant of 1.71 h�1). Fig. S5†
shows the three individual results of the PCA, highlighting the
signicant reproducibility of this photocatalyst without the
need of any oxygen supply. It is well known that under these
conditions MB undergoes mineralisation forming nal prod-
ucts such as CO2, SO4

2�, NH4
+ and NO3

�.39 However, the
reference commercial sample required 4 h of irradiation time to
achieve a photocatalytic efficiency value of x equal to 100, and
Fig. 5 Kubelka–Munk elaboration versus energy for the titania powder
(as-synthesized and after 24 h of UV irradiation) the reference
commercial sample, P25. The short-dashed black line represents the
x-axis intercept of the line that is tangent to the inflection point of the
curve for synthesized anatase (apparent optical Eg) calculated using
the Tauc procedure.

RSC Adv., 2014, 4, 46762–46770 | 46765



Table 1 Photocatalytic activities under UV-light exposure – in the liquid– and gas–solid phases and under visible-light exposure – in the gas–
solid phase, specific surface areas (SSA) and optical energy band gaps (Eg), calculated using the Tauc procedure of the tested titania samples

Sample

Activity under UV-light irradiation Activity under visible-light irradiation

Eg (eV)

Liquid–solid phase
Gas–solid
phase Gas–solid phase

x (%) k 0
app (h�1) R2

Acetone formation
(ppm h�1)

Acetone formation
(ppm h�1) SSABET (m2 g�1)

TiO2 100 1.71 � 0.11a 0.98 102 30 95.0 3.24 � 0.01
P25 100 1.17 � 0.12b 0.95 533 23c 52.5 3.10 � 0.02
TiO2 24 h UV — — — 193 23 — —

a The total reaction time was 3 h. b The total reaction time was 4 h. c From ref. 44.

Fig. 6 Photocatalytic activity of the synthesized titania nanopowder,
and of the reference commercial sample, P25, tested in the liquid–
solid phase under UV-light irradiation. In the inset is reported the ln
(C0/C) versus reaction time.

RSC Advances Paper
the rate constant was only 1.17 h�1. It is also clear that the TiO2

NPs prepared via the NASG route were considerably more effi-
cient in removing MB aer 1 and 2 hours of irradiation. Pho-
tocatalytic activity is affected by several factors, such as the
phase composition, size of the photocatalyst, level of crystal-
linity, and surface properties (i.e. SSA, and/or surface hydroxyl
groups).40–43 The P25 sample had a lower but comparable PCA
and it degraded the model pollutant in 4 h of irradiation time
versus 3 h for the as-prepared TiO2 NPs. P25, which is a mixture
of anatase, rutile and amorphous phases, has an anatase mean
crystalline domain size of 15.5 nm, whereas that of the rutile is
19.3 nm.33 This is considerably larger than the as-prepared TiO2

NPs of 6 nm. Moreover, P25 also has a lower SSA that is
approximately half of our TiO2. These above mentioned
parameters along with the larger hydrodynamic diameter of P25
(cf. Fig. S4†) should explain its lower activity in the liquid–solid
phase compared to our NASG-derived TiO2 NPs.

In the gas–solid phase under UV-light exposure, the reference
commercial titania sample had a higher PCA compared to the
synthesized anatase, which can be attributed to the greater
number of surface hydroxyl groups adsorbed on the photo-
catalyst surface, as detected by FT-IR analysis. Moreover, in the
gas–solidphase, the experimental conditionswere different than
46766 | RSC Adv., 2014, 4, 46762–46770
those in the liquid–solid phase: the powders were not stirred in a
liquid medium, but they were constrained in the form of a thin
layer (cf. the section: Evaluation of photocatalytic activity).

However, under the visible-light irradiation, an opposite
behaviour was observed. The synthesized titania was observed to
have a slightly greater PCA compared to the control P25 powder
in the studied system, with an acetone formation rate of 30 ppm
h�1 against 23 ppm h�1, respectively. P25 is known to be
responsive in the visible-light because of the presence of small
rutile domains among the anatase. The points of contact
between the anatase and rutile crystals allow a rapid electron
transfer from rutile to anatase, and thus the rutile acts as an
“antenna” that is able to extend the PCA in visible wavelengths.45

Although the Eg of the prepared powder – 3.24 eV (382 nm) – is
consistent with that expected for anatase, the presence of
benzoate that was detected by the FT-IR andDRS analyses clearly
extended the absorption edge into the visible region. This
enables TiO2 to absorb photons in the visible-light range, thus
making it photocatalytically activeunder visible-light irradiation.

Moreover, with the aim of verifying the stability of the
prepared photocatalyst (i.e. the degradation of the attached
phenyl rings of the benzoate complex because of photocatalysis
under UV-light exposure), the prepared sample was subjected to
UV-light irradiation for consecutive 24 hours (the light intensity
reaching the samples was equal to 22Wm�2). Subsequently, the
PCA in the gas–solid phase under visible light irradiation was
measured again using the same experimental procedure as that
for the as-prepared TiO2 sample. As depicted in Fig. 3, the
phenyl rings of the benzoate complex attached to the surface of
the TiO2 NPs are still present. In addition, 24 h of UV-light
irradiation led to a decrease in the adsorption of OH groups
on the surface of the photocatalyst, making the adsorption band
at around 3426 cm�1 less intense. Furthermore, as observed in
Fig. 5, aer 24 h of UV-light exposure our TiO2 sample main-
tained the same visible absorption (though it was a bit less
intense compared to the as-synthesized sample), conrming
that most of those phenyl rings are still attached to the TiO2

surface despite the 24 h UV exposure. In addition, this is also
conrmed by the PCA results, as shown in Table 1. Even aer
24 h of UV irradiation, TiO2 synthesized via the NASG method
still had an appreciable PCA, which was considerably similar to
the commercial P25 sample.
This journal is © The Royal Society of Chemistry 2014
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Thus, it can be concluded that the presence of the phenyl
rings of the benzoate complex that are attached to the surfaces
of TiO2 NPs plays an important role in the visible range of the
synthesized TiO2 compared to the commercial sample, as seen
in the FT-IR and DRS spectra of the powder (cf. Fig. 3 and 5).
This gives the anatase nanopowder produced by the sol–gel
route a superior PCA under the visible-light irradiation.

Conclusions

Monophasic anatase nanocrystals were obtained by a non-
aqueous sol–gel chemical route. The solvothermal reaction in
alcohol, at a low temperature of 180 �C, provides a suitable non-
aqueous process to achieve highly nanocrystalline TiO2 with a
uniform shape with an average crystalline domain size of
�6 nm. The chemical formation mechanism of these TiO2 NPs
involves the condensation of metal alkoxides, leading to the
formation of Ti–O–Ti bridges.

The non-aqueous sol–gel route played a signicant role in
tuning the visible light photocatalytic properties of the TiO2

NPs. Benzoate molecules attached to the surface of the TiO2

NPs, as observed by FT-IR analysis, greatly enhanced the pho-
tocatalytic properties of the TiO2 particles under visible-light
exposure in the gas–solid phase, without the use of doping
agents and without compromising the natural PCA of the titania
under UV-light irradiation in both the gas– and liquid–solid
phases.

Experimental
Chemicals and materials

Titanium(IV) tert-butoxide Ti[OC(CH3)3]4 (97%) and anhydrous
benzyl alcohol (99%) from Aldrich were used.

Synthesis of TiO2 nanoparticles

The synthesis was carried out in a glove box (O2 and H2O < 1
ppm). In a typical procedure, 1 mmol (0.34032 g) of titanium
tert-butoxide(IV) Ti[OC(CH3)3]4 was added to 20 mL of anhy-
drous benzyl alcohol. Subsequently, the reaction mixture was
transferred into a stainless steel autoclave and carefully sealed.

The autoclave was taken out from the glove box and heated
in a furnace at 180 �C for 1 day. The resulting milky suspensions
were centrifuged, and the precipitates were thoroughly washed
with ethanol and dichloromethane, and dried in air at 60 �C.

Characterisation of TiO2 nanoparticles

With the aim of detecting any agglomerations in the liquid-
phase of the synthesized and commercial titania samples,
their size distributions were measured via photon correlation
spectroscopy (PCS), also known as dynamic light scattering
(DLS), using Zetasizer Nano ZS (Malvern Instruments, UK). A
small amount of the powder was added into a cuvette lled with
distilled and ltered water, which was ultrasonically dispersed
for 10 min, and measurements were performed at RT aer
allowing it to stabilise for 10 min. The scattering was measured
at an angle of 173�, using a 633 nm laser and under the
This journal is © The Royal Society of Chemistry 2014
assuming that the refractive indexes of water and the TiO2

particles are 1.33 and 2.50, respectively.
XRPD measurements for the crystalline domain size evalu-

ation were performed at room temperature on the dried nano-
powders using a PANalytical X'Pert-MPD q/2q diffractometer
equipped with a fast RTMS detector using monochromated
CuKa radiation in the 2q range of 20–115� with a virtual step
scan of 0.013�, and a virtual integration time of 1300 s per step.
The incident beam optics included a 0.04 rad Soller slit, a 10
mm xed mask, a 0.5� xed divergence slit and a 1� anti-scatter
slit. The diffracted beam optics included a 0.04 rad Soller slit
and a 6.6 mm anti-scatter slit. The WPPM method28–30 was
employed using the PM2K soware46 for the microstructural
analysis of the powders. The diffraction peak prole results
from a convolution of instrumental and sample-related physical
effects, and thus WPPM allows one to extract microstructural
information from a diffraction pattern in order to t the
experimental peaks without the use of arbitrary analytical
functions (i.e. Gaussian, Lorentzian, or Voigtian).

In this way, the analysis is made directly in terms of the
physical models of the microstructure and/or the lattice
defects.27,31,41 The instrumental contribution was obtained by
modelling a large set of peak proles from the NIST SRM 660b
standard (LaB6) according to the relationship proposed by
Caglioti et al.47 The background (modelled using a 4th-order of
the shied Chebyshev polynomial function), peak intensities,
specimen displacement and anatase lattice parameters were
then rened. Crystalline domains were assumed to be spherical
(as detected by TEM/HR-TEM observations), and distributed
according to a lognormal size distribution. We also assumed
that dislocations were the principal source of anisotropy, and
thus they were the major defect present in titania. Therefore,
the presence of both edge and screw dislocations (with densities
of re and rs, respectively) have been presumed in this work in
the h10�1i{101} slip system (Burgers vector being equal to (a0

2 +
c0

2)1/2, with a0 and c0 as the lattice parameters).31,48

Transmission electron microscopy (TEM) was performed
using a Jeol-2000 FXII microscope, with point-to-point and line-
to-line resolutions of 0.28 nm and 0.14 nm, respectively. High
resolution TEM (HR-TEM) was performed using a JEOL 2200FS
microscope with a eld emission gun operated at 200 kV.
Samples for TEM/HR-TEM observations were prepared by
dispersing the nanoparticles in ethanol and evaporating the
suspension drops on carbon-coated copper grids.

Fourier transform infrared spectroscopy (FT-IR, Mattson
5000) was carried out in the range of 4000–450 cm�1 in trans-
mission mode. The pellets were prepared by the addition of 1–2
mg of the nanopowder to 100 mg of KBr. The mixture was then
carefully mixed and compressed at a pressure of 10 kPa to form
transparent pellets.

To evaluate the formation mechanism, the reaction solution
obtained by the centrifugation of the solid material was sub-
jected to nuclear magnetic resonance (NMR) spectroscopy
analysis. NMR was performed on a Bruker instrument at 300
MHz using CDCl3 as the solvent.

The thermal behaviour of the nanopowders was investigated
with a thermoanalyser (Netzsch Sta 409C/CD). The sample was
RSC Adv., 2014, 4, 46762–46770 | 46767
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recorded at a scan rate of 10 �C min�1 from RT to 800 �C under
the air atmosphere.

Optical spectra of the samples, followed by their Eg values,
were acquired on a Shimadzu UV 3100 spectrometer in the UV-
vis range (250–700 nm) with a step-size of 0.2 nm using BaSO4 as
the reference. The Kubelka–Munk function was applied with
the aim of converting the diffuse reectance into the absorption
coefficient a as follows:

az
K

S
¼ ð1� RNÞ2

2RN

hFðRNÞ (1)

where K and S are the absorption and scattering coefficients and
the reectance RN is equal to Rsample/Rstandard.49

The Eg of the samples was calculated using a Tauc plot. The
method assumes that the absorption coefficient a (eqn (1)) of a
semiconductor can be expressed as follows:

(ahn)g ¼ A(hn � Eg) (2)

where A is a material constant, h is the Planck's constant, n is the
frequency of the light, Eg is the energy band gap of the allowed
transitions, and g is the power coefficient characteristic for the
type of transition. For nanoscale semiconductor materials, the
value of g is accepted to be equal to 1/2 because for such
materials, the transition is assumed to be indirectly allowed.50

Therefore, by plotting [F(RN)hn]0.5 against hn, the energy band
gap of the semiconductor material from the x-axis (a ¼ 0)
intercept of the line that is tangent to the inection point of the
curve can be obtained. This was found by tting the trans-
formed Kubelka–Munk equation [F(RN)hn]0.5 versus the photon
energy (hn) with a sigmoidal Boltzmann function. The Eg value
was subsequently obtained from the x-axis intercept of the line
that is tangent to the inection point of that curve.

The specic surface area (SSA) of the prepared samples was
evaluated by the Brunauer–Emmett–Teller (BET) method
(Micromeritics Gemini 2380, US) using N2 as the adsorbate gas.

Evaluation of photocatalytic activity (PCA)

The PCA of the prepared TiO2 was evaluated under both
UV-light and visible-light irradiation. Both liquid–solid and
gas–solid tests were performed in triplicate, and the reported
results are the averaged values.

The experiments under the exposure of UV-light were carried
out in both the liquid–solid and gas–solid phases by monitoring
the degradation rates of an organic dye (methylene blue, MB)
and 2-propanol, respectively. The tests using the visible-light
irradiation were carried out in only the gas–solid phase by
monitoring the degradation of 2-propanol. This was employed
as the model pollutant because its degradation rate is more
reliable than the degradation rates of the organic dyes that were
used in the tests to evaluate the PCA in the visible light region.
In fact, dyes can be excited by visible-light irradiation, which
can consequently act to be a sensitizer with electron injection
from the photo-excited dye to the photocatalyst.51,52 Thus, this
electron transfer may destroy the regular distribution of
conjugated bonds within the dye molecule, and cause its
decolourisation, but not its mineralisation.53,54
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The photocatalytic tests in the liquid–solid phase were
assessed by monitoring the degradation of MB (Aldrich) using a
spectrometer (Shimadzu UV 3100, JP).

The tests were performed at RT in a cylindrical photo-
catalytic reactor (100 mm in diameter) containing an aqueous
solution of the dye (1 L) at an initial concentration of 5 mg L�1.

The concentration of the photocatalyst in the slurry was
0.25 g L�1. To thoroughly mix the solution, the slurry was
magnetically stirred throughout the reaction, and the reactor
was covered with a watch-glass in order to avoid the evaporation
of the solution.

The reacting system was illuminated by placing two lamps
on the either side of the reactor; the distance between the lamps
and the reactor was 5 cm. The UV-light source was a germicidal
lamp (Philips PL-S 9W, NL) having an irradiance of approxi-
mately 13 W m�2 in the UVA range. In the experiments, the
photocatalytic degradation of MB was monitored by sampling
about 4 mL of the slurry from the reactor at regular time
intervals.

Before switching on the lamps, the suspension was stirred in
the dark for 30 min to allow the adsorption/desorption of MB
onto the powder. The powder in the samples was separated by
centrifugation, and the MB concentration in the liquid was then
determined using the Lambert–Beer law. The absorbance was
measured by a spectrometer at a wavelength of 665 nm using
distilled water as the reference. The extent of MB photocatalytic
degradation x was evaluated by the following equation:

x% ¼ C0 � CS

C0

� 100 (3)

where C0 is the initial MB concentration and CS is the concen-
tration aer a certain UV irradiation time. Control experiments
to detect the photolysis of the MB dye under direct UV-light
irradiation were performed prior to the testing of the PCA of
the prepared samples.

The MB photolysis was considered to be negligible, with a x

value equal to�3% aer 7 h of UVA irradiation time (datum not
reported in the graph of Fig. 5).

The device employed for the gas–solid phase tests was a
cylindrical reactor (1.4 L in volume) covered by quartz glass and
connected by Teon tubes to the FT-IR spectrometer, and the
whole system was hermetically sealed. A more detailed
description of the method has been presented elsewhere.55,56

The light source was a 300 W Xenon lamp (Newport Oriel
Instruments, US), having a light intensity of approximately 30W
m�2 in the l range of 300–400 nm, and 300Wm�2 in the l range
of 400–800 nm. Visible light irradiation was achieved using a
lter at 400 nm. The light intensity was approximately zero in
the l range of 300–400 nm and 160Wm�2 in the l range of 400–
800 nm. The samples were prepared in the form of a thin layer
of powder, with a constant mass (about 50 mg) and thus with an
approximately constant thickness, in a Petri dish with a diam-
eter of 6 cm. The working distance between the Petri dish and
the lamp was 6 cm. The relative humidity in the reacting system
was kept constant in the range of 25–30% using an air ow
through molecular sieves until a pre-dened humidity was
attained.
This journal is © The Royal Society of Chemistry 2014
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Each experiment was performed by injecting 5 mL of 2-
propanol (�1100 ppm in the gas phase), which was used as a
model VOC species, into the reacting system through a septum.
The total reaction time was set at 20 h, and the lamp was turned
on aer a certain period of time of the 2-propanol injection to
allow an equilibration of 2-propanol adsorption/desorption
onto the powder.

The 2-propanol degradation and the acetone formation–
degradation processes were followed by monitoring the calcu-
lated area of their characteristic peaks at 951 cm�1 and 1207
cm�1, respectively, using a FT-IR spectrometer (Perkin Elmer
Spectrum BX, US). The PCA was evaluated using the rate
constant of the initial acetone formation because at RT the
photocatalytic oxidation of 2-propanol to form acetone is fast,
whereas the subsequent oxidation of acetone to CO2 and H2O is
slower. Thus, the degradation path of 2-propanol can be given
as 2-propanol / acetone / CO2 + H2O.57 Therefore, the
formation of acetone characteristic and can be distinguished
from the subsequent photo-oxidation.58 The accuracy of the
employed method was estimated to be 0.5 ppm h�1.

The commercial photocatalytic powder Evonik Aeroxide P25,
which is a mixture of anatase (76.3 wt%; average crystalline
domain diameter of 15.5 nm), rutile (10.6 wt%; 19.3 nm), and
amorphous phases (13.0 wt%)33 with a specic surface area of
52.5 m2 g�1, was used for comparison in all the PCA tests.
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C. K. Weiss, R. J. Behm, N. Hüsing, U. Kaiser, K. Landfester
and M. Wohlfahrt-Mehrens, Chem. Soc. Rev., 2012, 41, 5313.

23 L. Chen, K. Rahme, J. D. Holmes, M. A. Morris and
N. K. Slater, Nanoscale Res. Lett., 2012, 7, 297.

24 K. Sabyrov, N. D. Burrows and R. L. Penn, Chem. Mater.,
2013, 25, 1408–1415.

25 R. Buonsanti, E. Carlino, C. Giannini, D. Altamura, L. De
Marco, R. Giannuzzi, M. Manca, G. Gigli and P. D. Cozzoli,
J. Am. Chem. Soc., 2011, 133, 19216–19239.

26 M. Niederberger and G. Garnweitner, Chem.–Eur. J., 2006, 12,
7282–7302.

27 N. Pinna and M. Niederberger, Angew. Chem., Int. Ed., 2008,
47, 5292–5304.

28 P. Scardi and M. Leoni, Acta Crystallogr., Sect. A: Found.
Crystallogr., 2002, 58, 190–200.

29 P. Scardi, M. Leoni and M. D’Incau, Z. Kristallogr., 2007, 222,
129–135.

30 P. Scardi and M. Leoni, in Diffraction Analysis of the
Microstructure of Materials, ed. E. J. Mittemeijer and P.
Scardi, Springer-Verlag., Berlin, 2004, pp. 51–92.

31 D. M. Tobaldi, R. C. Pullar, M. Leoni, M. P. Seabra and
J. A. Labrincha, Appl. Surf. Sci., 2013, 287, 276–281.

32 T. B. Ghosh, S. Dhabal and A. K. Datta, J. Appl. Phys., 2003,
94, 4577.

33 D. M. Tobaldi, R. C. Pullar, M. P. Seabra and J. A. Labrincha,
Mater. Lett., 2014, 122, 345–347.
RSC Adv., 2014, 4, 46762–46770 | 46769



RSC Advances Paper
34 K. D. Dobson and A. J. McQuillan, Spectrochim. Acta, Part A,
2000, 56, 557–565.

35 G. Deacon, Coord. Chem. Rev., 1980, 33, 227–250.
36 G. Garnweitner, L. M. Goldenberg, O. V. Sakhno,

M. Antonietti, M. Niederberger and J. Stumpe, Small, 2007,
3, 1626–1632.

37 M. Niederberger, M. H. Bartl and G. D. Stucky, Chem. Mater.,
2002, 14, 4364–4370.

38 S.-D. Mo and W. Y. Ching, Phys. Rev. B: Condens. Matter
Mater. Phys., 1995, 51, 13023–13032.

39 A. Houas, H. Lachheb, M. Ksibi, E. Elaloui, C. Guillard and
J.-M. Herrmann, Appl. Catal., B, 2001, 31, 145–157.

40 Z. Zhang, C.-C. Wang, R. Zakaria and J. Y. Ying, J. Phys. Chem.
B, 1998, 102, 10871–10878.

41 G. Balasubramanian, D. Dionysiou, M. Suidan, I. Baudin and
J. Laine, Appl. Catal., B, 2004, 47, 73–84.

42 A. R. Liu, S. M. Wang, Y. R. Zhao and Z. Zheng,Mater. Chem.
Phys., 2006, 99, 131–134.

43 A. G. Agrios and P. Pichat, J. Photochem. Photobiol., C, 2006,
180, 130–135.

44 D. M. Tobaldi, R. C. Pullar, A. S. Škapin, M. P. Seabra and
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