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H I G H L I G H T S
� Comprehensive investigation on anatase–rutile phase transformation.

� Phase composition ratio can be controlled through annealing temperature.
� The effect of annealing temperature on physical and chemical properties were intensively investigated.
� The photocatalysis efficiency of TiO2 particles were evaluated.
� The results indicated the advantages of mixed phase anatase–rutile on photocatalysis mechanism.
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In the present work anatase–rutile transformation temperature and its effect on physical/chemical
properties as well as photocatalytic activity of TiO2 particles were investigated. The characterisation of
the synthesised and annealed TiO2 particles were determined by X-Ray Powder Diffraction (XRD),
scanning electron microscope (SEM), dynamic light scattering (DLS) and Brunauer–Emmett–Teller sur-
face area analysis (BET). The refraction in the ultraviolet–visible (UV–vis) range was assessed using a
dual-beam spectrophotometer. The photocatalytic performance of the particles was tested on methylene
blue solution. The XRD data indicated that the percentage of rutile increased with the annealing tem-
perature and almost 100% of anatase transformed to rutile at 1000 °C. In addition, the phase transfor-
mation was a linear function of annealing temperature so phase composition of TiO2 can be controlled by
changing the annealing temperature. The SEM and BET results presented the increase of agglomerate size
and the decrease of specific surface area with the increasing annealing temperature. This proved that
anatase has smaller particle size and higher surface area than rutile. The photocatalytic activity of the
annealed TiO2 powders reduced with the increase of annealing temperature. The samples annealed at
900 °C and 925 °C with anatase: rutile ratio of 92:8 and 77:23, respectively, showed the best activity.
These results suggested that the photocatalytic activity of TiO2 particles is a function of phase compo-
sition. Thus it can be enhanced by changing its phase composition which can be controlled by annealing
temperature.

& 2014 Elsevier B.V. All rights reserved.
1. Introduction

At the present time, titanium dioxide (TiO2) has been com-
mercially used in many applications including, dye synthesised
solar cells (DSSCs) [1], water splitting [2], self-cleaning [3], and
water purification [4] due to its strong oxidising behaviour, good
l Engineering, Faculty of En-
hailand.
k).
photocatalytic activity, chemical stability, and non-toxicity. Natu-
rally, TiO2 can be found in three polymorphs including, anatase,
rutile and brookite [5]. In general, anatase and rutile are the most
important and studied polymorphs. Anatase is stable at low tem-
perature and known to have small grain sizes, resulting higher
surface areas and low surface energy [6–8]. Owing to mentioned
advantages, anatase is widely used for photocatalysis applications.
However, it has to be noted that anatase is a wide band gap
semiconductor with 3.2 eV of band gap [9]. This means it the ac-
tivity can be active under only ultraviolet (UV) radiation. On the
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Fig. 1. XRD patterns of the commercial anatase and annealed TiO2 powders at
different temperatures.
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other hands, rutile has lower band gaps with �3.0 eV [10] but the
large grain size and high electron–hole recombination rate are
disadvantage of rutile [11]. Alternatively, the combination of mixed
phase anatase–rutile has been introduced in order to resolve the
limitation of sole phase of TiO2. The state of the art articles [12–14]
suggest that mixed phase of anatase–rutile can enhance the pho-
tocatalytic performance. Kafizas et al. [15] mentioned that the
combination of two phase can enhance electron–hole separation
and extend the decrease band gap, which allows photocatalysis
mechanism can be active under both UV and visible light.

Theoretically, anatase transform to rutile �600 °C [16]. How-
ever, the transformation temperature of anatase - rutile has been
reported to vary between 400 °C and 900 °C [12,17,18]. Therefore,
the intentions of the present work were to 1) investigate the
anatase–rutile transformation temperature, 2) examine the effect
of annealing temperature on physical and chemical properties of
TiO2 particle, and 3) evaluate the photocatalytic performance of
TiO2 particles with difference anatase–rutile ratio.
2. Methodology

The anatase powder (Sigma-Aldrich, 99%) was used as starting
materials, called commercial anatase. It consisted of 96% of anatase
and 4% of rutile, as shown in Table 1. The mixed phase of anatase
and rutile was synthesised by annealing the commercial anatase in
muffle furnace at different temperature. Commercial anatase was
put into alumina crucible and annealed in the muffle furnace with
3 °C/min of heating rate in air for 6 h, followed by natural cooling.
The annealing temperatures were 900, 925, 950, 975, and 1000 °C.

The phase composition was determined by X-Ray Powder Dif-
fraction (XRD, Panalytical Expert). The morphology of powders
were analysed using scanning electron microscope (SEM, JEOL
JEM2010). Agglomerate size of TiO2 particles and specific surface
area were examined using dynamic light scattering (DLS, Malvern
Instruments Zetasizer Nano-ZS) and Brunauer–Emmett–Teller sur-
face area analysis (BET, Horiba SA-9600), respectively. The refrac-
tion in the ultraviolet–visible (UV–vis) range was assessed using a
dual-beam spectrophotometer with integrating sphere (Perkin-
Elmer Lambda 35). The optical indirect band gap was calculated
from these data using the method of Tauc and Menth [19]. The
photocatalytic activity was analysed in terms of the degradation of
methylene blue (MB) solution under irradiation (36 W) of UV light
(380 nm) in ambient conditions (25 °C, atmospheric pressure). The
MB solution of 1�10�5 M concentration [20] was prepared using
methylene blue (Regent Plus, Sigma-Aldrich) dissolved in de-io-
nised (DI) water. The solution was kept in a dark box in order to
avoid any degradation from sunlight. TiO2 powders were put in
the solution for 2 h before testing in order to avoid the MB ab-
sorption on the surface.
Table 1
Summary of analytical data.

Samples Anatase
(vol%)

Rutile
(vol%)

Agglomerate
size of TiO2 par-
ticles (nm)

Specific
surface
area (m2/
g)

Band
gap
(eV)

Commercial
anatase

95.97 4.03 400 9.73 3.74

900 °C 91.50 8.50 647 6.60 3.70
925 °C 76.92 23.08 791 5.33 3.64
950 °C 49.37 50.63 905 3.93 3.42
975 °C 20.00 80.00 949 3.09 3.35
1000 °C 2.17 97.83 1013 2.94 3.32
3. Results and discussion

3.1. Particles characterisation

Fig. 1 shows the XRD patterns of the commercial anatase and
annealed TiO2 powders. It has to be noted that the commercial
anatase consisted of both anatase (96 vol%) and rutile (4 vol%)
phases. The volume percentages of anatase and rutile phase can be
obtained from the ratio of peak intensities as given by [21]:
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Where:

Ia¼peak intensity of anatase
Ir¼peak intensity of rutile
μa¼mass absorption coefficient of anatase (129.41 cm2/g [22]
μr¼mass absorption coefficient of rutile (138.87 cm2/g [22]
ρa¼true density of anatase (3890 kg/m3 [22])
ρr¼true density of rutile (4250 kg/m3 [22])

The result from calculation is shown in Table 1. The XRD pat-
terns and calculated data indicate that the percentage of rutile
increases with the annealing temperature. It can be seen that at
1000 °C of annealing temperature, anatase powders almost
transform to rutile.

The plot of rutile percentage versus annealing temperature is
shown in Fig. 2. The ratio of anatase to rutile at 900 °C is 92:6,
which is comparable to the commercial anatase. The percentage of
crystalline transformation from anatase to rutile is approximately
50% at 950 °C and almost complete (�100%) at 1000 °C. It is
clearly indicated that the phase transformation is a linear function
of annealing temperature. These data suggests that the phase
composition can be controlled through the annealing process. In
the other words, it is possible to synthesise TiO2 powder with
expected anatase and rutile ratio based on controlling the an-
nealing temperature.

In general, anatase transform to rutile at 600 °C. However, it is
very well known that this mechanism can be affected by con-
tamination. Some impurities are known to inhibit the mechanism,
Al is one of inhibitor [23]. Hanaor and Sorrell [23] reported that Al
can extend the anatase–rutile phase transformation temperature.
Since the particle was placed in alumina crucible, this means Al
from crucible can be diffuse into the particles and inhibit the phase
transformation.

Fig. 3 shows the SEM images of the commercial anatase and
annealed TiO2 powders. The images suggest that the agglomerate



Fig. 2. Percentage of rutile phase as a function of annealing temperatures.

Fig. 3. SEM images of the commercial anatase and an
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size of TiO2 particle increased with increasing annealing tem-
perature. Small particles of anatase agglomerate to be large par-
ticles of rutile, result to increasing of agglomerate size. These re-
sults are supported by BET and DLS data, which are shown in
Fig. 4. These data clearly proves that the agglomerate size of TiO2

particles of commercial anatase (�400 nm) increased to 1000 nm
of rutile (annealed at 1000 °C). In the meantime, the specific sur-
face area of commercial anatase particles decreased significantly
from 9.80 m2/g to 2.9 m2/g with the increasing of annealing tem-
perature to 1000 °C. It has to be note that the specific surface area
of the commercial anatase is �1 m2/g, which is relatively higher
than the annealed particles. These observations can be explained
by the agglomeration of particles at high annealing temperature,
which result in the increase of agglomerate size and the decrease
of specific surface area. The same phenomenon has been reported
in other studies [12,13]. These results are also in agreement with
the idea that anatase has the smaller particle size and higher
specific surface area compared to rutile.
nealed TiO2 powders at different temperatures.



Fig. 4. The agglomerate size and specific surface area of the commercial anatase
and annealed TiO2 powders as a function of annealing temperature.

Fig. 5. The reflection spectra of the commercial anatase and annealed TiO2 pow-
ders as a function of annealing temperature.

Fig. 6. MB removal performance of the commercial anatase and annealed TiO2

powders at different temperatures.
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Fig. 5 shows the plot of reflection spectra of commercial ana-
tase and annealed particles. The figure shows that commercial
anatase can absorb only in UV region. However, the red shift on
reflection spectra appeared on the annealed particles. This results
annealed particles to be able to absorb the visible light. The band
gap of the all samples are shown in Table 1. This data suggests that
the band gap decreased with increasing annealing temperature.
Since, the band gap of rutile is lower than anatase, therefore the
decrease of band gap is the results of anatase–rutile phase
transformation.

3.2. Photocatalytic activity

The MB removal performance of the commercial anatase and
annealed TiO2 powders is presented in Fig. 6. It has to be noted
that the photocatalytic activity of TiO2 particles reduced with the
increasing annealing temperature. This is due to the differences of
TiO2 polymorphs and surface area at different annealing tem-
perature. As reported in other studies [11,14], the photocatalytic
activity of TiO2 is affected by a variety of factors. Among of which,
polymorphs and specific surface area play the core roles. The TiO2

powders annealed at 900 °C and 925 °C with anatase:rutile ratio of
92:8 and 77:23, respectively, showed the highest activity of �99%
of MB removal. Meanwhile, the performance of the powders an-
nealed from 950 °C to 1000 °C decreased significantly from 65% to
34%. This can be explained by the low specific surface area, large
agglomerate size and the high content of rutile phase (450% of
rutile) leading to the high electron–hole recombination rate,
which reduces the photocatalytic activity of particles.

On the other hand, compared to the TiO2 powders annealed at
900 °C and 925 °C, although the commercial anatase has higher
anatase portion (96%), smaller agglomerate size (400 nm) and
higher specific surface area (�1 m2/g), its activity is lower (89% of
MB removal). This is due to the wide band gap of anatase leading
to the requirement of high energy source to activate the anatase.
Therefore, in this case, because the energy source (UV light
380 nm) may not strong enough to activate anatase easily and
thoroughly, the commercial anatase activity is low. These results
suggest the leading role of phase composition, which can be
controlled by changing annealing temperature, in influencing the
photocatalytic activity of TiO2 powders.
4. Conclusion

The present work has succeeded in synthesising the mixed
phase of anatase and rutile by annealing the commercial anatase
in muffle furnace at different temperature, particularly 900, 925,
950, 975, and 1000 °C. The XRD data indicates that the percentage
of rutile increases with the annealing temperature and the trans-
formation process almost completed at 1000 °C. In addition, the
phase transformation is a linear function of annealing temperature
so it is possible to control the phase composition of TiO2 by
changing the annealing temperature. The SEM and BET results
point out the increase of agglomerate size and the decrease of
specific surface area when raising the annealing temperature. This
proves that the anatase has smaller agglomerate size and higher
surface area compared to rutile. The photocatalytic activity of the
annealed TiO2 powders is found to be a function of phase com-
position. The samples annealed at 900 °C and 925 °C with anatase:
rutile ratio of 92:8 and 77:23, respectively, obtained the highest
performance of MB removal. In conclusion, the present work
suggests that photocatalytic activity of TiO2 powder can be en-
hanced by changing its phase composition which can be controlled
by annealing temperature. In addition, despite the antase/rutile
shows a linear trend, in the meantime, the phase ratio effects on
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other parameter including particle size, agglomerate, surface area,
and band gap. These parameters are very important for photo-
catalytic activity. However, the surface area and band gap should
be the most important parameters since both relate to contact area
and electron–hole generation, respectively.
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