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a b s t r a c t

Titania (TiO2) nanopowders called PC 500, synthesised by the sulphate process, were annealed in air at
temperatures of up to 1022 K for 30 min. The X-ray Diffraction (XRD) indicates that the thermal anneal-
ing resulted in coarsening of the average crystallite size from 13 to 72 nm. However, Scanning Electron
Microscopy (SEM) reveals persistence of platelet-like structures which survive up to temperatures around
900 K. This implies that the crystals at least partially grow within the plates in 2D confinement. This
implies that direct usage of Scherrer equation in this case should be approached with care. Raman spectra
peak positions and the Full-Width-at-Half-Maximum (FWHM) values changed considerably after calci-
nations crystal growth, while, material composition and oxygen content remain unchanged. The Raman
peak behaviour can be cautiously attributed to the first order phonon confinement phenomena, but both,
alcination

ye fading 2D and 3D models of confinement should be accounted. The highest photoactivity, as indicated by pho-
f a m
aman toinduced degradation o

treated at 773 K.

. Introduction

Titania (TiO2) is widely used in a variety of industrial applica-
ions and products, such as catalysis, charge separating devices,
hemical sensors, solar cells, microelectronics, electrochemistry,
oods and pharmaceuticals [1]. The high refractive index, dura-
ility and non-toxic nature of titania, together with its capability
o reflect or scatter light, has led to its extensive use in paints,
lastics, inks and paper as a white pigment [2]. Titania is also
ne of the most studied semiconductors for photocatalytic reac-
ions due to its low cost, simplicity of handling and resistance to
hotoinduced decomposition. Titania exists in various crystalline
hases, three of which—rutile, brookite, and anatase can be con-
idered as most studied. The titanium ion coordinates with six
xygen atoms in each form. Anatase and rutile are tetragonal, while
rookite is orthorhombic. Anatase and brookite are relatively ther-
odynamically unstable forms and transform at high calcination

emperatures to rutile.
Due to its commercial importance, the synthesis and character-

zation of TiO2 nanopowders has attracted much interest in the last

ew years, and have given rise to a diversity of preparation methods,
hich influence the morphology and size of the nanoparticles [1,3].

he morphology of a powder controls its ability to flow and blend
ith other particles and the crystallite size controls the specific sur-
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ono azo dye methyl-orange (C14H14N3SO3Na), was observed in material
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face area, which is important in catalysis. It is therefore important
to study the morphology and characteristics of TiO2 powders [4,5].
The anatase nanopowders used in the present study were synthe-
sised by the sulphate process and are referred to as ‘PC 500’. These
powders have been annealed in air at temperatures up to 1022 K
for 30 min. In this paper, we report on the changes in crystallite size
due to this thermal treatment and the influence this treatment had
on the micro-Raman spectra of the powders. Crystallite size esti-
mates were made from broadening peaks, and these measurements
were supported by low energy SEM analysis.

The photocatalytic activity of titania depends on crystal phase,
particle size and degree of crystallinity. It is widely accepted
that from the known crystalline forms of titania, anatase and
anatase/rutile mixtures are the most active compositions, com-
pared to the pure rutile and brookite phases. In terms of particle
size, photocatalytic activity would also be expected to depend on
surface to volume ratio. Consequently in order to correlate phase
and crystallite size to the photocatalytic activity of titania, the pho-
tocatalytic oxidation of a mono azo methyl-orange (MeO) dye by
titania nanopowder samples under UV irradiation has also been
studied [6–9]. In the photodegradation of MeO, illumination of tita-
nia by photons of energy greater than the band gap energy creates
pairs of electrons (e−) and holes (h+) following the reaction [10–13]:
TiO2 + h� → TiO2(e−, h+)

The photogenerated holes migrate to the interface and react
with OH− adsorbed onto the TiO2 to create hydroxyl radicals (•OH):

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:n.S.allen@mmu.ac.uk
dx.doi.org/10.1016/j.jphotochem.2010.02.002
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Table 1
XRD Crystallite size of the powder at different calcinations temperatures.

PC 500 Calcinations temperature (K) XRD crystallite size (nm)

As synthesised Non-determined (ND)

PC 500 572 K 572 13
PC 500 672 K 672 ND
PC 500 772 K 772 20

determined by a private company).
Selected SEM images of some of the thermally treated anatase

powders are shown Fig. 3; PC 500 at room temperature, powder A
treated at 297 K, 597 K, 897 K and 1022 K. For all but the highest cal-
Fig. 1. Structure formula of methyl-orange.

TiO2)· · ·OH− + h+ → •OH

The •OH radicals have extremely strong oxidising properties and
re able to decompose MeO dye. The probability to decompose is
hen linked to efficiency of hole generation, hole mobility, trans-
ort phenomena and, ultimately, crystalline size The paper aims to

nvestigate of effects of thermal annealing (calcinations) on man-
festation of crystalline structure and variation of photocatalytical
ctivity.

. Experimental

.1. Titania nanopowder preparation

The samples analysed in this work were prepared by the
ulphate process and were provided by a private company, con-
equently detailed of synthesis and selection were not provided.

.2. Material characterization

The titania samples were characterised by XRD, SEM and micro-
aman spectroscopy. Nano-crystallite sizes were estimated from
RD spectra by use of Scherrer’s equation:

= k�

ˇ cos �

here D is the grain size; k is a constant (shape factor), � is the
-ray wavelength, ˇ is the Full-Width-at-Half-Maximum (FWHM)
f a characteristic diffraction peak and � is the diffraction angle.

Micro-Raman analysis was carried out using an Invia-
icroscope from Renishaw with a micro-Raman spot size of

.8 �m. Spectra were taken from each sample in 5–6 places and the
esults were averaged. The spectra were taken at room temperature
ith a 514 nm Argon laser. SEM micrographs were taken at room

emperature with a Field Emission Gun (FEG) Zeiss Supra 40VP sys-
em. The images were made at short working distance (3 mm) with
small spot size (1.2 nm) in order to obtain better resolution.

.3. Reagents and photocatalysis mechanism

The measurements of photocatalytic activity were based on the
egradation of the methyl-orange (MeO) reagent. Methyl-orange
MeO) analytical grade (99.9%) purity) from Aesar Alfa was used
s a simple model of a series of common azo dyes largely used
n the industry. This material is known as an acid–base indicator,
range in basic medium and red in acidic medium. Its structure is
haracterised by sulphonic acid groups, known to be responsible
or the high solubility of these dyes in water is presented Fig. 1.

When it is dissolved in distilled water, the MeO UV–vis spectrum
howed two absorption maxima (see for example Fig. 6). The first
and is observed at approximately 270 nm and the second, much
ore intense band is observed at approximately 458 nm. Changes
n these reference bands were used to monitor the photocatalytic
egradation of MeO by the nanopowders catalysts. Experiments
ere carried out at room temperature in a static batch photo reac-

or consisting of a pyrex cylindrical flask open to air. The use of
magnetic stirrer ensured oxygenation from atmospheric air and
PC 500 872 K 872 26
PC 500 972 K 972 43
PC 500 1022 K 1022 72

a satisfactory mixing of the solution with the nanopowders. The
irradiation of the mixture was performed by using artificial UV–vis
polychromatic light source emitting at a wavelength of 365 nm with
an intensity of 0.6 W/m2 (the instrument used was a “Rank Aldis
Tutor 2”).

0.1 L of the reacting mixture was prepared by adding 0.3 g of TiO2
catalysts into distilled water containing some amount (1 mL) of
MeO (0.06 M). The mixture was stirred and irradiated for 3 h; sam-
ples of 5 mL were then withdrawn from the reactor every 30 min
and separated from the TiO2 particles using filtering syringe. The
MeO removal of the dye solution was determined by measuring
the absorbance value at 458 nm, using a UV–vis spectrophotometer
calibrated in accordance with the Beer–Lambert’s law.

3. Results and discussion

3.1. Size determination from XRD and SEM

X-ray Diffraction (XRD) spectra taken in 2� configuration have
exhibited peaks characteristic of the anatase phase. The averaged
anatase grain sizes were determined using Scherrer’s equation. The
estimated crystallite sizes are listed in Table 1 and are shown in
Fig. 2.

From this data it is possible to see that the crystallite size
increases consistently with the temperature of calcination, from
13 nm as synthesised powder up to 72 nm at 1022 K (values were
Fig. 2. XRD crystallite size/nm against the temperature of calcinations/K.
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a) as-prepared room temperature 297 K, (b) 597 K, (c) 897 K and (d) 1022 K.
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Table 2
Peak positions/cm-1 of the vibrational modes of pure anatase.

A1g B1g c Eg

515(m) 399(s) 320(vs) 144(vs)
795(w) 197(w)

639(m)

vs, very strong; s, strong; m, medium; w, weak; sh, shoulder band; c, combination.
Fig. 3. SEM images of TiO2 PC 500 powders thermal treated in air at; (

ination temperature the images show what appears to be rather
arger particles than those suggested by direct usage of Scher-
er equation particles. It is possible that some particles are in an
morphous form. More detailed image analysis also suggests that
significant portion of the particles appear to be in a platelet form,
.g. the particles have in one direction a size at around 10 nm, while
wo other dimensions are much larger and are at around 30–60 nm.
his effect cannot be accounted by direct use of Shrerrer’s equa-
ion. The platelet particles are still present after calcination at 972 K.
nly after calcination at 1022 K does the powder structure change
ompletely and the platelet particles vanish. Nevertheless, a com-
ination of XRD results with SEM data allows us to speculate that
he initial small crystallites are at least partially imbedded into the
latelet structures and at calcination temperatures below 1022 K
row within the platelet. While two dimensions of the crystal in
his case will be in excess of 40 nm at a temperature 972 K, the
hird dimension will be limited to a smaller 10 nm region.

.2. Raman spectroscopy

The Raman spectra for all the samples reveal characteristic peaks
hat are broader and shifted with respect to those of a bulk anatase
rystal [14]. Table 2 shows the peak positions (cm−1) of the vibra-

ional modes of pure anatase. Fig. 4 shows Raman spectra of PC 500
nnealed at 572 K, 872 K and 1022 K.

The peak position and width were determined by spectral
econvolution. The peak width (FWHM) is drawn against calcina-
ion temperature and XRD crystallite size on Fig. 5. The observed

Fig. 4. Raman spectra of the PC 500 TiO2 nanopowders; at 572 K (13 nm), at 872 K
(26 nm), and at 1022 K (72 nm).
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Fig. 6. Peaks position/cm−1 against XRD crystallite size/nm. (a) E1g (151 cm−1)
Fig. 5. FHWH/cm−1 of each peaks against XRD crystallite size/nm.

ine broadening can be understood with the breakdown of the
honon momentum selection rule q = 0, characteristic of the Raman
cattering in ordered systems. If the crystals are very small the
election rule is not valid anymore, since the phonons are con-
ned and all the phonons over the Brillouin zone will contribute to
rst order Raman spectra. The weight of the “off-center” phonons

ncrease as the crystals size decrease and the dispersion of the
honon involve an asymmetrical broadening and a shift of the
aman peaks. As expected from the confinement theory all peaks
et narrower as the crystallite size increases [15,16]. There are two
ypes of confinement model; the 3D and the 2D. According to the
EM images acquired, significant numbers of crystals are confined
nto platelets during initial stages of growth. It is most probable to
ave in this case a mixed asymmetrical confinement which could
e assessed in some combined model by weighting the contribu-
ions of the 3D and 2D confinement model. However, at the moment
here is not enough data to pursue this goal.

Concerning the peak positions, Fig. 6 shows the variation of
osition (cm−1) with the crystallite size (nm−1). For the lowest
requency mode E1g (151 cm−1), the peak shift to lower frequen-
ies with calcination temperature and, therefore, the grain size
ncreases. In contrast, the B1g (396 cm−1) peak shifts to higher fre-
uency with increasing temperature and the second mode E1g at
39 cm−1 does not seem to be significantly affected by temperature.

It has been shown in a previous study that anatase thermally
reated in a purely N2 environment is deficient in oxygen, although
articles thermally treated in an oxidising environment maintain
heir stoichiometry [1]. Our samples were calcinated in air and
hould maintain their oxygen content. The sample composition was
easured by Energy Dispersive X-ray analysis (EDX) and while the

ccuracy of the method in this case is at around 1%, no variation
n oxygen content was found. On this basis it is believed that there
s no measurable oxygen loss during calcination and all observed
eak variation phenomena is purely attributed to crystal growth.

In summary, the low energy Eg peak shifts from 146 to 154 cm−1

fter temperature treatment at 1022 K and the peak FWHM changes
rom 29 to 11 cm−1. The low energy B1g peak shows a blue shift
rom 396 to 397 cm−1 and changes FWHM from 31.5 to 22 cm−1.

he high energy Eg peak changes position from 641 to 638.5 cm−1

nd FWHM from 35 to 22 cm−1. The broadening and shifts of the
aman line shapes can be explained by the phonon confinement
odel [16–17].

peak position/cm−1 against XRD crystallite size/nm. (b) E1g (639 cm−1) peak
position/cm−1 against XRD crystallite size/nm. (c) B1g (396 cm−1) peaks
position/cm−1 against XRD crystallite size/nm.
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ig. 7. Example of UV–vis spectra of MeO absorption for PC 500 nanopowders as-
repared (RT).

.3. Photocatalytic activity

It is known that the colour of azo dyes such as MeO is deter-
ined by the azo bonds (–N N–) and their associated chromophore

nd auxochromes. Decolouration of the dye indicates that it has
een photochemically oxidised in a reaction. The MeO absorption
hown in Fig. 7 highlights the phenomenon of degradation by the
natase nanopowders. As can be seen, the intensity of the peaks at
70 nm in the UV region and 480 nm in the visible region decrease
rogressively according to the time of irradiation.

Fig. 8 shows the normalised MeO concentration (%) as a function
f irradiation time, for all investigated samples. It has been calcu-
ated by integrating the peak area of 472 nm diminishes. It can be
een that the powder activity significantly varies during calcination.
elatively high initial activity drops to low values at low annealing
emperatures just to come though the peak activity for the sample
s-prepared (at RT).
Complicated dependence of material activity on calcination
emperature suggests that few different mechanisms are affected
y the calcinations process. As was concluded earlier, low anneal-

ng temperatures lead to higher crystallinity in the powder. One

ig. 8. Reduction of adsorption at 472 nm for solutions with nanopowders calcined
t different temperatures/K.

[

[

hotobiology A: Chemistry 211 (2010) 59–64 63

can reasonably expect that the light absorption by the powder will
decrease as the bandgap widens due to a reduction in absorption
by the amorphous material. On the other side electrons and holes
will have less scattering and recombination in a material with big-
ger crystallites. This will lead to a higher probability of excitations
reaching the nanoparticle surface. On the other hand further crys-
tal growth will inevitably reduce effective transportation to the
surface and reduce surface-to-volume ratio, thus reducing photo
activity. This description is speculative but probably is correct in
general and more studies are needed to uncover particular mech-
anisms. The fact is that there is an optimum temperature which
creates the most active nanopowder.

4. Conclusion

Anatase TiO2 nanopowders were synthesised by the sulphate
process, and then annealed in air at temperatures up to 1022 K for
30 min. XRD study of nanopowders show that crystal size increases
with annealing temperature. SEM revealed powder morphology
and shows that some part of particles confined in platelet-like
structures which is stable up to 972 K. Observed calcinations crys-
tal coarsening is happening within platelets and is limited in one
dimension by platelet thickness. Peaks in Raman Spectra get nar-
rower as the result of calcinations and this can be described in
broad terms on the basis of phonon confinement theory. How-
ever, the growth of crystals inside the platelets will require the
combination of weighted combinations of 3D and 2D confinements
in further studies The dependence of the size of the particles and
the peak positions is even more complex and should be analysed
with additional involvement of symmetry theory. The photocat-
alytic oxidation of a mono azo dye methyl-orange by the titania
anatase nanopowders indicated that sample at its as-prepared con-
ditions has the highest photocatalytic activity. The existence of
peak activity can be understood on the basis of competing pro-
cesses of efficiency of charge transportation to the surface and a
relative reduction in the surface area due to the larger crystallites
induced by the calcinations process.
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