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A novel TiO2 composite consisting of Anatase interacting with a Ti3+-containing Rutile phase was synthe-
sized by heating a mixture of TiO2 (Hombikat) and Ti2O3 in air at different temperatures ranging from
300 �C up to 900 �C. The preparation of the samples was analyzed by Thermal Gravimetric Analysis
(TGA), and the resulting composites characterized by X-ray powder diffraction (XRD), Raman and UV–
Vis spectroscopy, X-ray Photoelectron Spectroscopy (XPS), Electron Paramagnetic Resonance (EPR) spec-
troscopy, and Scanning Electron Microscopy. Characterization data show a phase transformation from
Ti2O3 to Ti3+-containing Rutile at temperatures of around 600 �C. Moreover, Hombikat is gradually con-
verted from amorphous to crystalline Anatase. The Ti3+-content and the degree of Anatase crystallinity
are respectively inversely and directly proportional to an increasing preparation temperature. The com-
posite which was synthesized at 600 �C showed the highest photocatalytic rate in the decolorization of
Methyl Orange (MO). The rate constant was significantly larger than obtained for Evonik P25 after iden-
tical thermal treatment (600 �C). Photodeposition of Pt further not only enhanced the photocatalytic
activity of the optimized composite, but surprisingly also the stability. The methyl orange degradation
results are discussed on the basis of hole and electron transfer phenomena between Anatase and Rutile
phases, the latter containing (surface) oxygen vacancies (Ti3+). The presence of surface oxygen vacancies
and/or Pt nanoparticles is proposed to be of benefit to the rate determining oxygen reduction reaction.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Heterogeneous photocatalysis is a promising technology for re-
moval of organic pollutants from water and air. It has shown po-
tential as an environmental friendly, low cost, and sustainable
technology. TiO2 is by far the most frequently applied photocata-
lyst. The photocatalytic activity and stability of TiO2 are unprece-
dented in particular in wastewater treatment [1], in which
organic compounds are totally converted into carbon dioxide and
water [2,3]. It has often been reported that the Anatase phase of
titania is the most active phase, whereas the effects of the simulta-
neous presence of Rutile (or Brookite) are still unclear [4–6].
Another aspect of TiO2-based photocatalysis recently (re)addressed
is the degree of reduction of the semiconductor [7]. Partially
reduced titania crystals (TiO2�x, where typically 0 < x < 1) induce
high photocatalytic rates in wastewater treatment [8,9], air purifi-
cation [10], hydrogen production by water splitting [11,12], and
selective oxidation in organic media [13]. However, the stability
of Ti3+ centers, in particular if these are located on the surface, is
generally low [13].

Several methods have been reported to create reduced titania
crystals such as (i) plasma treatment [14], (ii) laser treatment
[15], (iii) thermal treatment under vacuum, helium or hydrogen
atmosphere [16,17], (iv) bombardment with high energy particles
(e.g., neutrons [18], or c-rays [19]), and (v) thermal treatment in
CO and/or NO [12]. While of interest for fundamental studies,
various of these methods are inconvenient for synthesis of large
quantities of reduced TiO2 required for practical applications.

Recently, Hashimoto et al. [20] reported a simple one-step
synthesis procedure to prepare TiO2 samples consisting of a stable
Rutile phase in contact with Ti3+ containing Rutile by thermal
treatment of a mixture of commercially available Rutile and
Ti2O3 at elevated temperature (up to 900 �C). However, the
observed photocatalytic performance of the prepared material in
the gas-phase reaction of 2-propanol to acetone was negligible
without co-catalyst (CuO nanoparticles [20]).

Here, we report on an adaption of the synthesis method of
Hashimoto et al. [20], by changing Rutile for high surface area Ana-
tase in the synthesis procedure. Furthermore, we have analyzed
the composites in detail by various microscopic and spectroscopic
techniques. The photocatalytic activity of the thus prepared
catalysts at variable calcination temperature was evaluated in
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the aqueous-phase decomposition of Methyl Orange (MO). The ob-
tained photocatalytic rates will be discussed on the basis of the
characterization data: crystalline Anatase in close contact with
partially reduced Rutile provides for the highest rates. In addition,
photodeposition of Pt will be demonstrated to further enhance the
catalytic rates, as well as the stability of the composite.
2. Experimental

2.1. Synthesis

A one-step synthesis procedure was applied to synthesize the
composites. In a typical synthesis procedure, 1 g of commercial
TiO2 powder of the Anatase phase (Hombikat UV 100, Sachtleben
Chemie GmbH) was mixed and grinded with 1 g of Ti2O3 (Aldrich,
99.9%). The mixed fine powder was heated at different tempera-
tures from 300 �C to 900 �C for 3 h in static air applying a heating
rate of 5 �C/min. Samples are labeled M-x, where x is the heating
temperature. Furthermore, two reference samples of Ti2O3 heated
at 600 �C for 3 h (Ti2O3-600) and a mixture of Rutile (Aldrich
204757-25G) and Ti2O3 were prepared in static air at 900 �C for
3 h, applying a heating rate of 5 �C/min.

Platinum was photo-deposited on the composite as follows:
200 mg of the M-600 composite was introduced into a top illumi-
nation reactor. Then, 23.7 ml of water, 26.3 ml of H2PtCl6 (2 wt.%),
and 12 ml of methanol were added to the reactor, respectively. The
solution was irradiated with UV light (Carl ZEISS, HBO 50W) for
24 h, during which the solution was sparged with a moderate air
flow. After the irradiation process, the residue was centrifuged
off at 8500 rpm for 10 min and then washed few times with dis-
tilled water until no chloride anion was detected by a silver ion
test. The solution was dried overnight at 100 �C in a furnace. The
thus produced powder is labeled Pt-M-600 throughout this paper.

2.2. Characterization

Thermal Gravimetric Analysis and Differential Scanning Calom-
etry profiles were analyzed using a NETSZCH STA 449 F1 Jupiter
instrument and 10 mg of the TiO2/Ti2O3 composite. The tempera-
ture range under investigation was room temperature up to
900 �C, applying a heating rate of 5�/min under 20 ml/min flow
of air or nitrogen, respectively.

The crystal structure of the samples was determined in air by X-
ray Diffraction using a Bruker D2 phaser instrument. The samples
were ground and sieved to obtain a fine powder of particle sizes
<50 lm. Data were collected varying 2h between 10� and 90� with
a step size of 0.005�. The Anatase to Rutile ratio was estimated
from the Spurr equation [21]:

XR ¼ 1:26IR=ðIA þ 1:26IRÞ

XR is the Rutile fraction and IR and IA are the strongest intensities in
the Rutile ((110)) and Anatase ((101)) diffraction pattern,
respectively.

Nitrogen physisorption measurements were carried out at 77 K
with a Micromeritics Tristar system (ASAP 2400) to determine the
textural properties. Prior to the adsorption measurements, the
samples were degassed at 573 K and 10�3 Pa for 24 h. The specific
surface areas were calculated according to the Brunauer–Emmet–
Teller (BET) method.

Diffuse reflectance UV–Vis spectra were collected at ambient
temperature on an EVOLUTION 600 (ThermoScientific) spectrome-
ter, using BaSO4 as reference. Spectra were recorded in the wave-
length range of 200–800 nm.

Raman spectra were recorded using a Bruker Senterra Raman
Spectrometer equipped with a N2 cooled CCD detector (213 K). A
green (k = 532 nm) laser with intensity of 2 mW was used for exci-
tation. Spectra were acquired at a resolution of 9 cm�1, and
10 scans were accumulated for each spectrum.

X-ray photoelectron spectroscopic (XPS) analysis was per-
formed using a Quantera SXM spectrometer made by Physical Elec-
tronics. The radiation was provided by a monochromatized Al Ka
(1486.6 eV) X-ray source, operated at a 25 W emission power
and a 15 kV acceleration voltage.

The presence of Ti3+ in various composites was also evaluated
using EPR spectroscopy, using a Bruker Elexsys 680 instrument.
The EPR measurement was conducted at 9.73 GHz (X-band). The
microwave power was set at 2.526 mW, the modulation amplitude
at 5G, and the temperature of measurement at 80 K.

The morphologies of the samples were investigated by scanning
electron micrsocopy (SEM), using a HR-SEM-LEO 1550 equipped
with NORAN EDS and WDS capabilities.
2.3. Catalytic activity

Photocatalytic activity measurements were carried out in a
home-built reactor housing [22]. The housing consists of an alumi-
num box with dimensions of 60 cm in height, 600 cm in width, and
40 cm in depth, containing an electric fan for cooling and eight Phi-
lips black light tubes (F20 T8 BLB, 18W, 60 cm in length) for illumi-
nation. Each lamp can be independently controlled, with the
emitted wavelength ranging from approximately 350 to 400 nm,
and maximum intensity at 375 nm. The overall incident intensity
of the light was 3.21 mW/cm2 at the surface of the aqueous cata-
lyst/dye composition contained in open glass beakers (height
8 cm, volume 100 ml), which were used as reactors. The catalyst
suspension was continuously agitated by magnetic stirring, and
air delivery with a rate of 20 ml/min.

The photocatalytic activity of the prepared materials was tested
in the decolorization reaction of Methyl Orange (MO). In a typical
reaction, 50 mg of the catalyst was introduced into a beaker con-
taining 50 ml of MO (20 mg/L). The suspension was ultra-sonicated
for approximately 10 min and then placed into the reactor. Once in
the reactor housing, the solutions were stirred for 30 min in the
dark at room temperature to allow for complete chemisorption.
Once this time had elapsed, a sample of the solution was taken,
and the remaining reaction solution irradiated with UV light. Addi-
tional samples were taken every 20 min, filtered through a 0.2-mm
PTFE Millipore membrane filter to remove suspended catalyst
agglomerates, and finally analyzed using a UV–Vis spectrometer
(EVOLUTION 600 (ThermoScientific)) in the range between 250
and 600 nm to determine the concentration of the dye.

The reaction rate constant (ka) was then determined assuming
quasi first order kinetics using the following equation:

lnðC0=CÞ ¼ kat

where C0 is the concentration of the dye in solution after chemi-
sorption, C is the concentration at time t, and ka is the reaction rate
constant. All reactions were repeated at least two times with fresh
catalyst. The standard deviation was estimated to be ±5%.

In one case, the air supply was replaced for N2 (20 ml/min) to
identify the necessity of O2 for the dye decomposition reaction.
In another experiment, the black light tubes were exchanged for
similar Philips tubes with emission ranging from 435 to 475 nm,
and maximizing at 455 nm. This to evaluate the visible light
induced activity of the optimized catalyst composition (in the
presence of air delivery).

Catalyst stability was evaluated as follows: a catalyst composite
was filtered after use, washed several times with distilled water,
and finally dried at 100 �C for 24 h in static air. Re-suspension in
fresh dye solution was followed by the steps indicate above for
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Fig. 2. XRD patterns of the as prepared composites compared to patterns of
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of Ti 2O3 into Rutile at temperatures above 400 �C. Diffraction lines of Anatase
sharpen, indicative of increasing crystallinity of the Hombikat Anatase phase.
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the fresh catalyst samples. Catalysts were used up to as much as
three times.

3. Results

3.1. Thermal analysis of a physical mixture of Hombikat/Ti2O3

The thermal analysis of a mixture of Hombikat and Ti2O3 is
shown in Fig. 1. Under nitrogen flow, there is only a small increase
in sample weight at high temperature, while major heat effects are
absent (not shown). This small increase is probably related to oxi-
dation of Ti2O3 by small quantities of O2 present in the nitrogen
environment (the oven was not absolutely gas tight). However, un-
der oxygen flow, oxidation causes a significant weight increase
from �400 �C upwards. The exothermic DSC signal maximizing at
610 �C signals the oxidation of Ti2O3 to TiO2. It should be noted that
the oxidation process is not complete at 700 �C. A slow, but contin-
uous increase in weight up to 900 �C can be observed. This increase
in weight at high temperatures suggests slow oxidation of remain-
ing reduced domains (presumably oxygen vacancies) in the
interior of the formed Rutile crystals. When the TGA experiment
is complete at 900 �C, the sample has gained approximately 5% in
weight, which is in good agreement with the theoretical conver-
sion of Ti2O3 to TiO2 (5.6% given a ratio of 1:1 of Ti2O3:Hombikat
in the sample, and a total sample weight of 12 mg).

3.2. Chemical composition of the composites

The XRD patterns of the Hombikat/Ti2O3 composites obtained
after calcination at different temperatures are presented in Fig. 2
and compared to the patterns of the parent materials. The pattern
of Hombikat is characterized by broadened reflections at 26.0�,
38.5�, and 48.6� 2h, in agreement with an Anatase phase of poor
crystallinity. Commercial Rutile shows reflections around 28.2�
and 36.8� 2h, while Ti2O3 is characterized by reflections around
24.6�, 33.6�, and 35.6� 2h. After calcination at relatively low tem-
peratures, the reflections of the parent Hombikat and Ti2O3 can still
be identified. Above 400 �C, the diffraction pattern of the Ti2O3

phase vanishes, whereas diffraction lines of Rutile appear, clearly
demonstrating the transformation of Ti2O3 into Rutile at calcina-
tion temperatures above 400 �C (in agreement with the TGA anal-
ysis). The observed temperature of conversion of the Ti2O3 phase
into Rutile is in good agreement with a recently reported study
of Kako et al. [23]. In the pattern of the M-600 sample, the diffrac-
tion lines of Anatase (Hombikat) become more intense and sharp,
an indication of increasing degree of crystallinity of the Anatase
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Fig. 1. TGA profiles of TiO2 (Hombikat)/Ti2O3 (1:1 weight ratio) heated in air and in
nitrogen atmosphere. The initial sample weight was approximately 20 mg.
phase. In the pattern of the M-900 sample, the Anatase phase is
still present, indicating a high resistance of the Anatase phase to
transform into Rutile. The Anatase/Rutile ratio was calculated from
the Spurr equation and is shown as a function of calcination tem-
perature in Fig. S1. The fraction of Rutile increases as a function of
increasing heating temperature up to 600 �C, after which the Rutile
to Anatase ratio is relatively constant. This is entirely caused by the
transformation of Ti2O3 into Rutile, in agreement with the TGA
analysis. The final molar ratio of Anatase/Rutile equals 2:1, in
agreement with an initial ratio of Anatase/Ti2O3 of 1:1, and the
following reaction:
2Ti2O3 þ O2 ! 4TiO2 ðRutileÞ ð1Þ

Raman spectroscopy confirmed the compositional changes as
observed by XRD (Fig. 3). Ti2O3 displays weak Raman bands, in
agreement with the study of Kako et al. [23]. The spectrum of
the M-300 sample exhibits bands at 392, 513 and 635 cm�1, which
are characteristic of the Anatase phase of TiO2 [24]. Two additional
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Table 1
Values determined for the g factors in commercial Ti2O3, M-300, and M-600.

Samples g-factor

Ti2O3 g1 = 1.986
g2 = 1.974
g3 = 1.968

M-300 g1 = 1.986
g2 = 1.974
g3 = 1.968

M-600 giso = 1.966
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M-300
M-600
M-900
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bands at 443 and 610 cm�1, characteristic of the Rutile phase, de-
velop comparing the spectra of M-600 and M-900. In agreement
with the TGA and XRD data, Ti2O3 is oxidized at elevated temper-
ature in air and converted to Rutile starting from �400 �C.

XPS analysis was carried out to investigate the surface oxidation
state of titanium in various composites. In general, a Ti2p3/2 signal
(or shoulder) at 457.8 eV can be assigned to surface Ti3+, while a
peak at 459.1 eV is attributed to Ti4+ containing compounds
[25,26]. Fig. 4 shows the XPS standard binding energy of Ti2p3/2

of the samples M-300, M-600, and M-900. From the spectra, it
can be concluded that the amount of surface Ti3+ decreases in
the series M-300 > M-600 > M-900. This is again consistent with
the phase transformation of Ti2O3 into Rutile [23] and with data re-
ported by Kako et al. [23]. We would like to state, however, that the
detection limit for Ti3+ in XPS is in the order of �0.5 wt.%, and we
cannot exclude the presence of remaining surface defect sites after
treatment at elevated temperature. This will be further discussed
in relation to the observed photocatalytic activity data.

EPR spectroscopy was used to identify the presence of Ti3+ in
the bulk structure of the composites (Fig. 5). The g factor of the
composites are listed in Table 1 and compared to the g factors of
Ti2O3. Paramagnetic Ti3+ centers show an EPR signal at g = 1.974
[27]. From the spectra, we can thus conclude that M-300 contains
paramagnetic Ti3+, although the EPR signals are significantly smal-
ler as compared to the parent Ti2O3. This is predominantly the re-
sult of dilution of Ti2O3 by Hombikat TiO2 in the M-300 sample.
The EPR signal of M-600 shows significant broadening as compared
to M-300. This broadening is the result of transformation of Ti2O3

into a Rutile phase containing oxygen vacancies. This is confirmed
by comparison of the EPR spectra of the composite M-600 to Ti2O3

treated at similar temperature (600 �C, see Fig. S2). The two spectra
are almost identical. In the EPR spectra of the composite treated at
900 �C (M-900), still some paramagnetic centers are present, albeit
in minor quantities as compared to M-600. This indicates that
some oxygen vacancies remain even at 900 �C (probably mostly
in the interior of the Rutile crystal). The observations are in excel-
lent agreement with the slow weight increase at high tempera-
tures as observed in the TGA experiment.

UV–Vis spectra of M-300, M-600 and M-900, collected at ambi-
ent conditions, are shown in Fig. 6. The spectra demonstrate
changes in light absorption characteristics, in agreement with color
changes from gray to yellow to white (Fig. S3). The pale gray M-300
shows an absorption band with an onset at 370 nm in the UV
range, typical for Hombikat Anatase. Furthermore, absorption is
apparent over the entire range of 400–600 nm, slightly increasing
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Fig. 4. The XPS Ti2p3/2 spectra of M-300, M-600, and M-900 composites.
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Fig. 6. UV–Vis spectra of M-300, M-600, and M-900. The spectra were collected at
ambient conditions.
as a function of increasing wavelength, and related to the presence
of Ti2O3. In the yellow M-600 composite, intensities in the visible-
light range significantly increase between 400 and 550 nm. Based
on the XRD, XPS and EPR analysis described above, we assign this
(broad) visible absorption to the formation of a Rutile phase by
conversion of Ti2O3, containing oxygen vacancies (associated with
the presence of Ti3+). The broad absorption range is no longer
apparent in the spectrum of the off-white M-900 composite. A
shoulder on the characteristic Anatase absorption band can be ob-
served in the 400–450 nm range, indicative for the presence of
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Rutile. The absorption spectra of the composites are in good agree-
ment with those presented in the work of Kako et al. [23].
3.3. Morphology of the composites

Fig. 7 – Left panel presents the N2 sorption isotherms of the
different prepared samples compared to the original Hombikat
sample. The isotherms are changing from type VI to type III accord-
ing to IUPAC classification, i.e., changing from a mesoporous to a
microporous structure. This result is in-line with the XRD results
which indicate an increasing degree of crystallinity of the compos-
ite as a function of increasing calcination temperature. The BET
surface area decreases sharply as a function of calcination temper-
ature, in agreement with earlier studies (Fig. 7 – right panel) [28].

HR-SEM images of M-300, M-600, and M-900 are presented in
Fig. 8. The Ti2O3 crystals are obviously visible in the M-300
composite and surrounded by the Hombikat (agglomerated) nano-
particles. In the M-600 composite, the Ti2O3 crystals are phase-
transformed to peculiar-shaped crystals (appearing to have a
fish-skin-like structure). As a function of increasing calcination
temperature, the crystal boundaries become less sharp and less
clear (i.e., partially fused) in M-900, consistent with the slightly
lower intensity of the Rutile phase reflections in XRD, and explain-
ing the calculated decreasing Rutile phase fraction in the compos-
ites (Fig. S1). Moreover, Hombikat becomes more crystalline, but is
still present as a separate (Anatase) phase. Significant physical
interaction seems to be present between the two phases in the
composites.
Fig. 8. HR-SEM micrographs of M-300 (top), M-600 (middle), and M-900 (bottom).
3.4. The photocatalytic behavior of the composites

The photocatalytic activity of the TiO2/Ti2O3 composites synthe-
sized at different temperatures was evaluated in the decolorization
reaction of Methyl Orange (MO). When Ti2O3 is heated at different
temperatures (600–900 �C), the samples do not exhibit any photo-
catalytic activity in MO dye decomposition. Similarly, composites
derived from Rutile/Ti2O3 mixtures calcined at different tempera-
tures neither exhibit significant photocatalytic activity (see
Fig. S4). These results are in agreement with observations by
Hashimoto et al. [20], who concluded that the composite formed
by heating Rutile with Ti2O3 at 900 �C has no activity without a
co-catalyst (copper), albeit in the gas-phase reaction of isopropanol
to acetone. Contrary, the Hombikat TiO2/Ti2O3 composite samples
showed considerable photocatalytically activity (Fig. 9). The
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various samples as a function of calcination temperature is pro-
vided in Fig. S5. The apparent photonic efficiency ranges from 1%
for Hombikat to 4% for the most effective composite. Obviously,
the presence of an Anatase phase and a partially reduced Rutile
phase in the composite leads to improved synergy in the photocat-
alytic processes as compared to the P25 composition (also consist-
ing of Rutile and Anatase phases). The apparent 1st order rate
constants (ka) of samples with different initial Hombikat/Ti2O3 ra-
tio prepared at 600 �C are summarized in Fig. 10. The catalytic
activity maximizes at an initial molar ratio of 1:1 (and final Ana-
tase/Rutile ratio of 2:1). Unfortunately, the catalytic stability of
such composite was poor: a loss in activity of approximately 65%
was observed in a third consecutive experiment (Fig. 11).

The photocatalytic behavior of the optimized composite can be
further enhanced by addition of a co-catalyst. To this end, the
M-600 sample was functionalized by photodeposition of 2 wt.%
platinum. The morphology of Pt in the composite was addressed
by HR-SEM, combined with EDX analysis. Pt nanoparticles of high
dispersion and sizes in the range of 5–10 nm can be observed
(Fig. 12). The photocatalytic activity of the platinized sample
(Pt-M-600) was almost three times higher than of M-600
(Fig. 11). Surprisingly, the stability of Pt-M-600 is also significantly
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larger than of M-600. The Pt functionalized composite shows a loss
of only 30% in activity in a third run as compared to the fresh
sample.
4. Discussion

4.1. Characterization data

The composition and photocatalytic behavior of composites
originating from thermally oxidized Ti2O3 [23] and a combination
of thermally oxidized Ti2O3 and TiO2 (Rutile) have been described
in the literature previously [20]. Generally, the characterization
data of thermally treated Ti2O3 reported in our study are in agree-
ment with those reported in [20,23]. TGA analysis, XRD patterns,
Raman spectra, UV/Vis data, and XPS spectra all demonstrate the
conversion of Ti2O3 into Rutile, containing more or less oxygen
vacancies, depending on the temperature of thermal treatment.
EPR spectroscopy demonstrates the presence of these oxygen
vacancies (Ti3+) even after temperature treatment as high as
900 �C. It should be noted that the interpretation of the observed
small EPR signals requires further in depth analysis and is beyond
the scope of this paper. It finally should be noted that we cannot
exclude the presence of surface oxygen vacancies. We propose
some oxygen vacancies still to be present on the surface, which
is necessary to explain the various catalytic phenomena (see
following paragraph).

Summarizing the characterization data, the composites (as a
function of treatment at increasing temperatures) consist of two
separated phases of titania: Anatase of increasing crystallinity orig-
inating from Hombikat, and an oxygen vacancy containing Rutile
phase originating from Ti2O3. The amount of oxygen vacancies
(Ti3+) is decreasing as a function of increasing preparation temper-
ature, likely from the outside inwards. A schematic representation
of the structures is presented in Fig. 13.
4.2. Photocatalytic activity

The composites prepared show significant activity in the
decomposition of methyl orange. In should be noted that the
apparent 1st order rate constant (k) reported for P25 in this study
is comparable to values reported in the literature, as shown in Ta-
ble 2. While comparing photocatalytic rates is not straight forward,
since the reactor, light source, and intensity entering the reactor
are often different in various studies (contributing to the spread



Fig. 12. HR-SEM micrograph of the Pt-M-600 sample. Inset: The EDX analysis.

Fig. 13. Schematic diagram of the prepared composites. The irregular shape of Anatase represents the initial porous and agglomerated character, converted in crystalline
phase (small circular particles). Black Ti2O3 is converted to Rutile, with a gradually decreasing concentration of bulk and surface defect sites as function of increasing
calcination temperature.

Table 2
The apparent 1st order rate constant (ka) reported for (calcined) P25 in this study as compared to values reported in the literature.

MO concentration P25 concentration (g/l) Reactor Light source k (min�1) Source

0.0125 mM Thin film Black light tubes, 18 W 0.83 � 10�3 Duta et al. [29]
25 ppm 0.83 g/l Suspension Black light tubes, 30 W 4.36 � 10�3 Wang et al. [30]
0.05 mM 2.5 g/l Suspension UV lamps 7.5 � 10�3 Carreon et al. [31]
0.018 mM Suspension UV tube, 6 W 6.2 � 10�3 Zhang et al. [32]
0.15 mM 2 g/l Suspension UV lamp 15 W 15 � 10�3 Peng et al. [33]
0.03 mM 1.25 g/l Suspension UV tube, 15 W 5 � 10�3 Fu et al. [34]
0.06 mM 1 g/l Suspension UV lamp, 8 W 2.8 � 10�3 Wang et al. [35]
0.03 mM 1 g/l Suspension Black light tubes, 18 W 7 � 10�3 Du et al.a

0.06 mM 1 g/lb Suspension Black light tubes, 18 W 11 � 10–3 This study

a Unpublished data.
b Calcined P25.
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in the k-values reported in the literature), it is obvious that the rate
constants of the composites determined in the present study are
significantly higher than what has been previously reported for
P25. Our composites containing Anatase are also significantly more
active than catalysts obtained by Ti2O3 calcination, or calcination
of Rutile/ Ti2O3 composites. Kako et al. [23] report the highest
activity of Ti2O3 in 2-propanol oxidation (1000 ppm in air) when
thermally treated at 700 �C in air. This catalyst was exposed to vis-
ible light in the wavelength range of 400–530 at an intensity of
5 mW cm�2 (reactor surface 8.5 cm2). Contrary, Hashimoto et al.
[20] observed no activity in the same reaction (300 ppm 2-propa-
nol in air), when using a similar irradiation source (but now at
1 mW cm�2, and reactor surface of 5.5 cm2), unless thermally trea-
ted Ti2O3 was functionalized with Cu(II) oxide. The differences in
performance between these studies are not obvious to explain,
but our data appear to agree with the data of Hashimoto et al.
[20], even though the reaction conditions are quite different (gas-
phase 2-propanol oxidation vs. UV-stimulated aqueous-phase dye
degradation). Even when exposed to UV light, the thermally trea-
ted Ti2O3 (resulting in low surface area Rutile) is not active in
dye degradation, irrespective of the calcination temperature. How-
ever, contrary to a lack in activity of thermally treated Rutile/Ti2O3

composites in isopropanol oxidation upon visible light activation
[20], Anatase/Ti2O3 composites showed extraordinary activity in
aqueous-phase MO dye degradation when albeit to light with
wavelengths of 375 nm, and activity, all be it lower, is even signif-
icant exposing the composite to 455 nm (Fig. S6). We will discuss
the high performance on the basis of the following considerations.

4.3. The Anatase to Rutile ratio

The excellent activity of our composites consisting of Anatase
and Rutile phases is in agreement with the extensively reported
synergetic effect of these two phases in the literature (usually used
to explain the high activity of P25). However, understanding the
synergy between the two phases in non-trivial. Upon UV light acti-
vation, the presence of Rutile is often proposed to improve life-
times of photo-excited states in the Anatase phase, induced by
transfer of photo-excited holes from the Anatase to the Rutile
phase. The valence band maximum of Rutile is higher in energy
than of Anatase [36], energetically favoring such hole transfer.
Such effect has recently been confirmed by Time Resolved Micro-
wave Conductivity (TRMC) measurements [37], showing increased
levels of conductivity and electron lifetimes in mixtures of Rutile
and Anatase, as compared to the individual phases. Whether this
phenomenon leads to enhancement in rates is depending on the
rate determining step, i.e., oxygen reduction (on the Anatase
phase) or hole transfer to hydroxyl groups. In case of the former,



Fig. 14. Scheme of the proposed electron and hole transfer processes explaining the
high photocatalytic activity of the Pt-M-600 composite. The various steps are
extensively described in the main text.
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a higher rate will be obtained for Anatase–Rutile composites; in
case of the latter, a negative influence of the hole transfer phenom-
enon might be expected. This is based on the following reasoning.
After being transferred to the Rutile phase, the holes need to initi-
ate formation of OH radicals (or oxidation of adsorbed dye mole-
cules) on the Rutile particles. However, the amount of OH groups
on the Rutile surface is often far less as compared to Anatase,
and evidence exists that Anatase-related OH groups are dominant
in catalyzing dye oxidation [38]. This also comes into agreement
with the dependency of the reaction rate constant with the Anatase
surface hydroxyl group concentration previously reported for
methylene blue degradation [39]. It should be noted that the likely
negative effect of the presence of Rutile (in case OH radical forma-
tion is limiting) in composites is often over-compensated by im-
proved morphological properties of the Anatase phase in such
composites. The photoconductivity and electron lifetimes increase
with increasing particle size and crystallinity of the Anatase phase,
increasing the probability of effective oxygen reduction. An opti-
mized calcination temperature of Hombikat for aqueous-phase
dye-degradation reactions was previously determined at �600 �C
[38].

Given the higher activity of P25 as compared to Hombikat in our
process conditions, we suggest that the oxygen reduction reaction
is likely rate limiting. Consequently, the presence of the hole trans-
fer from Anatase to Rutile is likely to contribute to the very high
apparent rate constant for the composite M-600. If oxygen reduc-
tion is limiting, one would expect a deterioration in rate when
oxygen is (partially) removed from the reaction mixture. This is
confirmed by the experiment reported in Fig. S6, although signifi-
cant conversion remains in the absence of oxygen. The latter sug-
gests a substantial fraction of MO decomposition is caused by
reaction with hydroxyl radicals formed by hydroxide oxidation,
while photo-excited electrons are likely transferred to protons in
anaerobic conditions, forming hydrogen. Besides the synergy be-
tween Rutile and Anatase phases, an additional property contrib-
utes to the high activity of the M-600 composite, to be discussed
in the following.

4.4. The role of oxygen vacancies

The presence of surface oxygen vacancies, associated with Ti3+,
seems to also positively affect the activity of the composite upon
UV activation. Kako et al. [23] explain the highest activity of
Ti2O3 calcined at 700 �C by an optimum concentration of oxygen
vacancies: oxygen vacancies are responsible for enhanced visible
light absorption (positive), but also serve as recombination centers
of electron–hole pairs (negative). Hashimoto et al. [20] discuss the
energy diagram of Rutile TiO2 containing interstitial sites, propos-
ing these act as electron donors. The EPR and UV/Vis spectra
(Fig. 6) confirm the presence of these sites in the composites,
which is also in agreement with the (low) visible light activity ob-
tained (Fig. S6, left). Equally important, however, is the presence of
surface oxygen vacancies. As stated previously, due to detection
limits, the absence of a clear Ti3+ signature in the XPS analysis does
not exclude these surface vacancies to be present, which provides
for a reasonable explanation of the enhanced activity of the M-600
composite as compared to P25. These vacancies likely act as reac-
tive sites for oxygen reduction (or proton reduction in anaerobic
conditions). We thus speculate the additional activity of the
composite is related to photo-excited electron transfer steps to
O2 occurring efficiently at these vacancies. The photo-excited
electrons might originate from Rutile-based light absorption, or
alternatively from Anatase excitation, followed by transfer to the
surface defect sites on the Rutile phase. Evidence that both excited
electron sources are contributing is provided by an experiment
evaluating visible light activity of the M-600 composite (Fig. S6,
right). Photocatalytic activity is clearly present and has to be the
result of (oxygen vacancy containing) Rutile-based light absorption
(Anatase does not absorb light at 445 nm). At the same time, the
activity is significantly higher at 375 nm, suggesting photo-excited
electrons in the Anatase phase are largely contributing to activity,
possibly after transfer from the Anatase to the Rutile phase.

Unfortunately, the formed superoxide anions not only react
with (adsorbed) dye molecules, but also restore the surface vacan-
cies, presumably in a stoichiometric fashion. Thus, the deactivation
of the M-600 composite can be explained. Interestingly, after 3 cy-
cles, the remaining activity is even lower than P25. To explain this,
it can be speculated that the Anatase–Rutile interaction is not as
intense in M-600 as in commercially available P25, and therefore,
hole and/or electron transfer between phases less efficient. Hole
and/or electron transfer are/is likely necessary to achieve synergy.
The higher activity induced by Pt, as well as the higher stability, is
discussed in the following paragraph.
4.5. The effect of Pt promotion

Hashimoto et al. [20] observed a necessity to promote thermally
treated Rutile/Ti2O3 composites with CuO to obtain photocatalytic
activity. An optimized Rutile/Ti2O3 ratio of 1:1 of the CuO pro-
moted composite was reported and an optimized calcination tem-
perature of 900 �C [20]. We also observed an optimized ratio of
Anatase/Ti2O3 ratio of 1:1, while the thermally treated Anatase/
Ti2O3 composite displayed highest activity when calcined at a tem-
perature of 600 �C. The activity of the optimized composite was
significantly improved by the addition of Pt particles. The benefi-
cial effect of Pt nanoparticles on photocatalysts active in dye
degradation is well known and has been extensively reported in
the literature. Generally, these metal nanoparticles are claimed to
decrease electron–hole recombination by transfer of photo-excited
electrons from the semiconductor to the metal. In addition, Pt is an
excellent oxygen reduction catalyst. We follow these propositions
to explain the enhancement in activity of our composites. Presum-
ably, Pt is present both on the Anatase and Rutile phases. Clearly,
the Pt particles on the Anatase phase have a similar promoting
effect as reported for catalysts consisting of pure Anatase. At the
same time, the catalytic function of the oxygen vacancies (Ti3+)
in the Rutile phase might also be promoted by the presence of Pt.
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What has not been reported previously in the literature is the
beneficial effect of Pt nanoparticles on the stability of the compos-
ite (i.e., the oxygen vacancies). Two explanations present them-
selves: (i) due to the presence of Pt particles on the Anatase
phase, less electrons are transferred to the Rutile phase, necessary
for oxygen reduction and reaction with the vacancies, and (ii) the
vicinity of the Pt particles to the vacancies on the Rutile phase pre-
vents re-oxidation by preferred oxygen adsorption (and reaction)
over these Pt nanoparticles. Currently, we have no preference for
one of these two options, and both might actually be relevant.

5. Conclusions

Catalyst composites made by heating a mixture of Anatase/
Ti2O3 showed very high photocatalytic activity in dye decoloriza-
tion. Characterization results show that the composites exist of
crystalline Anatase interacting with a well-defined Rutile phase
containing bulk and surface oxygen vacancies, the quantity of
which is depending on calcination temperature. The composite
heated at 600 �C with an initial ratio of Anatase/Ti2O3 of 1:1 exhib-
its the highest photocatalytic efficiency. Photodeposition of Pt on
the composite not only improves the photocatalytic performance,
but also enhances the catalytic stability of the composite. The hole
and electron transfer phenomena we believe are relevant to ex-
plain the high activity of the composites are schematically shown
in Fig. 14: (i) hole transfer from Anatase to Rutile promotes the
oxygen reduction reaction on the surface of Anatase, (ii) the oxy-
gen vacancies on the Rutile surface promote oxygen reduction by
electrons transferred from the Anatase phase, (iii) Pt promotes
oxygen reduction on the Anatase and Rutile surfaces, and (iv) Pt
decreases both electron transfer from the Anatase phase to the
Rutile phase, and oxygen adsorption on the Rutile-associated oxy-
gen vacancies, thereby increasing the photocatalytic stability of the
composite.
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