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Abstract

Mixed-phase titanium dioxide (TiO2) materials, such as Degussa P25, show high photocatalytic activity due largely to the synergistic effect
between anatase and rutile phases, in which spatial charge separation hinders charge recombination. Our previous studies indicate that a particular
nanostructured assembly of anatase and rutile crystallites is necessary for the synergy. In this paper, we apply this structure-function understanding
to the synthesis of highly active TiO2 nanocomposite photocatalysts. Using simple synthetic procedures, we demonstrate an ability to design a
highly active nanocomposite that shows enhanced photoactivity in both oxidative and reductive chemistry. Studies by electron paramagnetic reso-
nance spectroscopy indicate the existence of the critical nanostructured assembly and thus the optimization of charge transfer between anatase and
rutile phases in the synthesized nanocomposite. These results illustrate the potential of rationally designing photocatalysts for energy applications.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Among the many wide-band semiconductors, titanium diox-
ide (TiO2) is an ideal photocatalyst which is stable, inexpen-
sive, safe, and highly reactive [1,2]. Mixed-phase TiO2 materi-
als consisting of anatase and rutile phases are generally better
photocatalysts than pure-phase materials [3–6]. Similar to that
of coupled semiconductors, reasoning based on an enhance-
ment of spatial charge separation is usually invoked to explain
the high photoactivity of mixed-phase TiO2. Because the po-
sition of the conduction band edge of anatase is higher than
that of rutile, photogenerated electrons were assumed to flow
from anatase to rutile, while the holes transferred from rutile to
anatase [7–9].

Ohno and co-workers observed that oxidation and reduction
reactions occurred on rutile and anatase particles, respectively,
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when mixed-phase TiO2 was used in photocatalytic oxidation
of naphthalene [10]. Electron paramagnetic resonance (EPR)
studies by Gray and co-workers indicated that photogenerated
electrons actually migrated from rutile to lower energy anatase
trapping sites [11–14]. In addition, these authors observed that
significantly greater amounts of 2,4,5-trichlorophenol were ad-
sorbed on Degussa P25, a commercial mixed-phase TiO2 mate-
rial, than either pure anatase or pure rutile and that charge trans-
fer complexes formed only on Degussa P25 [15,16]. They pro-
posed that the difference between surface reactions on Degussa
P25 and those on pure-phase TiO2 is related to the morphol-
ogy of Degussa P25, wherein anatase crystallites are interwo-
ven with rutile crystallites and the anatase–rutile interfaces give
rise to unique adsorption sites and photocatalytic “hot spots”
[16,17].

Mixed-phase TiO2 materials have been recently fabricated
in our lab by chemical and physical methods, including a
solvothermal method and reactive DC magnetron sputter-
ing, and have demonstrated excellent photocatalytic activity
[18–20]. Whereas most of the studies in the literature report the
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improved photo-oxidation of organic pollutants by mixed-phase
TiO2 [21–24], it is not clear whether mixed-phase materials
also function favorably in reduction reactions. In this work, we
investigated the performance of mixed-phase TiO2 nanocom-
posites in both oxidative and reductive photochemistry. The
nancomposite photocatalysts with a phase composition similar
to that of Degussa P25 were prepared by a simple hydrothermal
method. The mixed-phase materials were then characterized
with various techniques, including EPR, and tested in the oxi-
dation of methylene blue and the reduction of CO2.

2. Experimental

2.1. Material preparation

The mixed-phase TiO2 nanocomposites were prepared by a
low-temperature hydrothermal method [18]. The protocol in-
volved synthesis of rutile nanocrystals in the presence of com-
mercially available anatase powder (Sigma–Aldrich, 99.8%).
Before the hydrothermal process, 2.0 ml of titanium (IV) chlo-
ride (Sigma–Aldrich, 99.9%) was hydrolyzed in an 80-ml solu-
tion of 2 M hydrochloric acid. After stirring at room tempera-
ture for 90 min, a clear solution was obtained, which was mixed
thoroughly with 4.0 g of anatase powder and 1.0 ml of 5 v/v%
Triton X-100 (Baker) in ethanol. Then the mixture was trans-
ferred to a 250-ml flask and refluxed at 373 K for 22 h. The
resulting nanocomposite in the flask was centrifuged, washed
with water, and dried at room temperature. The mixed-phase
TiO2 in powder form thus obtained was sintered in air at 773 K
for 4 h to remove residual organics, improve crystallinity, and
develop better anatase–rutile interface.

In what follows, the synthesized mixed-phase materials be-
fore and after sintering at 773 K are designated anatase–rutile
373 K and anatase–rutile 773 K, respectively. Using the same
synthetic conditions, rutile nanocrystals also were synthesized
in the absence of the commercial anatase. The synthesized ru-
tile and commercial anatase were sintered at 773 K for 4 h, and
were designated rutile 773 K and anatase 773 K, respectively.
The commercial anatase and mixed-phase nanocomposite also
were sintered at 1073 K to probe the effect of high-temperature
treatment on the phase structures and photocatalytic proper-
ties of the TiO2 materials. Degussa P25 was used as received.
Milli-Q water with a resistivity of 18 M�/cm was used in the
catalyst preparation and photocatalytic testing.

2.2. Material characterization

The synthesized mixed-phase nanocomposites and other
photocatalysts were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), and EPR spectroscopy.
The XRD patterns of powder samples were recorded on a
Rigaku XDS 2000 diffractometer using nickel-filtered CuKα

radiation (λ = 1.5418 Å) over a range of 20◦ < 2θ < 60◦.
A Hitachi S-4500 scanning electron microscope equipped with
a cold field emission electron gun was used for imaging the
synthesized photocatalysts. EPR spectra were collected on a
Bruker ELEXSYS E580 spectrometer equipped with a helium
cryostat. For EPR studies, samples dispersed in Milli-Q wa-
ter were purged with nitrogen, cooled to 5 K, and illuminated
within the cavity at that temperature while spectra were ac-
quired. A 300-W xenon lamp (ILC Inc.) was used as the light
source for EPR studies. The g tensor values were calibrated
for homogeneity and accuracy by comparison with a coal stan-
dard (g = 2.00285 ± 0.00005). Specific surface areas of the
photocatalysts were obtained on a Quantachrome Nova 1200
multipoint BET apparatus using approximately 200 mg of sam-
ple for each measurement.

2.3. Photocatalytic testing

The photodegradation of methylene blue was carried out
in a batch mode reactor, in which 10 mg of photocatalyst
was mixed with a 100-ml solution of 5 mg/L methylene blue
(Merck, USP). The slurry was then irradiated with a 100-W
mercury spot lamp (UVP). Every 4 min, the reaction solution
was sampled and separated from the photocatalyst using a GHP
Acrodisc 13-mm syringe filter with a 0.45-µm GHP membrane
(Pall). The absorbance of methylene blue at 660 nm was mon-
itored using a Hitachi U-2000 UV–visible spectrophotometer.
According to Beer’s law, the concentration of methylene blue is
proportional to absorbance at 660 nm.

A commercial annular reactor (ACE Glass, Vineland, NJ),
comprising a glass reaction vessel and a quartz immersion
well as the cooling jacket, was used for the photoreduction
of CO2 [13]. A 450-W medium-pressure mercury arc lamp
(Hanovia), providing UV/visible light irradiation, was encased
in the quartz immersion well in the center of the reaction ves-
sel. In a typical run, 500 mg of photocatalyst was dispersed
in Milli-Q water by sonication before being transferred to the
reaction vessel. Together with 100 mg of sodium bicarbonate
(Mallinckrodt, AR) and 1.0 ml of isopropanol (Acros Organics,
99.5%), Milli-Q water was added to the reaction vessel, making
volumes of the solution and the head space above the solution of
1000 and 280 ml, respectively. Before photochemical reactions,
gaseous CO2 (Airgas, industrial grade) was bubbled through the
reaction vessel for 1 h. Then the reactor was tightly sealed be-
fore the photochemical reaction was started. During the reaction
process, cooling water was run through the quartz immersion
well. The reaction solution was stirred continuously while the
temperature of the solution was maintained between 293 and
298 K. The gas phase above the reaction solution was sampled
periodically for analysis using an HP 5890 gas chromatograph
equipped with a flame ionization detector. A GOW-MAC 580
gas chromatograph equipped with a thermal conductivity detec-
tor and a Hitachi high-performance liquid chromatograph were
adopted to detect carbon monoxide in the gas phase and organic
products in the solution, respectively.

3. Results and discussion

3.1. Characterization of the synthesized TiO2 nanocomposites

The hydrothermal method is a low-cost and convenient, yet
robust method for the synthesis and morphological transforma-
tion of many nanostructures [25]. It has been shown that the



G. Li et al. / Journal of Catalysis 253 (2008) 105–110 107
Fig. 1. Electron micrographs of (a) the commercial anatase, (b) anatase–rutile 373 K, and (c) anatase–rutile 773 K (scale bar 500 nm).
Fig. 2. XRD patterns of (a) rutile 773 K, (b) anatase 773 K, (c) anatase–rutile
373 K, (d) anatase–rutile 773 K, and (e) Degussa P25. The diffraction peaks of
anatase (101), rutile (110), and brookite (120), (111), (121) faces are labeled.

phase composition of TiO2 materials can be tuned by vary-
ing synthetic parameters, such as acidity and water content, in
the hydrothermal process [18,26]. In our study, mixed-phase
photocatalysts were obtained by synthesizing rutile nanocrys-
tals by the hydrothermal method in the presence of commercial
anatase powders. Fig. 1 shows SEM images of the commercial
anatase (Fig. 1a), synthesized anatase–rutile 373 K (Fig. 1b),
and anatase–rutile 773 K (Fig. 1c). As can be seen, rutile
nanocrystals synthesized in the presence of commercial anatase
powder were rod-like and, on sintering at 773 K, became at-
tached to the spherical anatase particles.

The crystal structure of the synthesized nanocomposites was
determined by XRD. Fig. 2 shows the XRD patterns of differ-
ent TiO2 materials. In the absence of the commercial anatase,
rutile nanocrystals with a significant amount of brookite were
synthesized by the hydrothermal method, as indicated by the
diffraction patterns of rutile (110) and brookite (120), (111),
(121) faces (Fig. 2a). The XRD diffraction patterns shown in
Figs. 2b–2d indicate that rutile nanocrystals were successfully
synthesized by the hydrothermal method in the presence of the
commercial anatase. As mentioned earlier, the nanocomposite
was sintered at 773 K to improve crystallinity. This improved
crystallinity was confirmed by the fact that the rutile (110) dif-
fraction peak was narrower for anatase–rutile 773 K (Fig. 2d)
compared with anatase–rutile 373 K (Fig. 2c). The diffraction
patterns also indicate that the synthesized nanocomposites had a
similar phase composition as Degussa P25 (∼80% anatase and
∼20% rutile), and that the presence of brookite phase was neg-
ligible. The bulk crystal phase of the commercial anatase did
not change after sintering at 773 K for 4 h (Fig. 2b), nor did its
photoactivity change with sintering to any substantial extent. In
addition, the phase proportions, as evaluated by XRD, of both
the commercial anatase and the synthesized nanocomposite did
not change significantly after sintering at even higher tempera-
tures, such as 1073 K.

3.2. Photocatalytic activity of the mixed-phase TiO2
nanocomposites

The photo-oxidation of methylene blue under UV illumina-
tion was used to evaluate the photoactivity of the synthesized
mixed-phase photocatalysts. The characteristic absorbance at
660 nm of the methylene blue solution was monitored dur-
ing the reaction process. As can be seen from Fig. 3, rutile
773 K appeared to be a poor photocatalyst. The simple addition
of rutile nanocrystals by the hydrothermal method did not im-
prove the photoactivity of the commercial anatase, because the
methylene blue decay in the presence of anatase–rutile 373 K
was slower than that in the presence of anatase 773 K. How-
ever, the nanocomposite after sintering at 773 K (anatase–rutile
773 K) demonstrated the highest photoactivity among the cat-
alysts tested in this study. Thermal treatment at a higher tem-
perature (1073 K) did not further improve the photocatalytic
activity of the synthesized nanocomposite. Fig. 3 shows that the
shapes of the decay curves for anatase 773 K and anatase–rutile
773 K were different from those of Degussa P25 and anatase–
rutile 373 K. This may indicate that the initial reaction rates of
methylene blue decay were much higher in the presence of the
former two photocatalysts than in the presence of latter two.

Anatase–rutile 773 K also was tested as a photocatalyst for
CO2 reduction under UV/visible light illumination. The pho-
toreduction of CO2 to CO or energy-rich fuels such as CH4 and
CH3OH is considered a sustainable mode of synthesis, because
solar energy could be used as the renewable energy input for
the chemical conversion [27]. In our study, methane was de-
tected as the major gas-phase product (>90% selectivity) with
ethane as the minor product. Other compounds that could form
during CO2 reduction, such as carbon monoxide and formic
acid [28–30], were not detectable under the experimental con-
ditions described in this paper. Fig. 4 compares the formation of
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Fig. 3. Normalized absorbance of methylene blue at 660 nm as a function of
reaction time during photocatalytic oxidation under UV illumination.

Fig. 4. Methane production during the photoreduction of carbon dioxide in the
presence of isopropanol as a hole scavenger. The reaction was carried out un-
der UV/visible light illumination. The temperature of reaction solutions was
controlled to be between 293 and 298 K.

methane as a function of reaction time during CO2 reduction us-
ing different photocatalysts. As can be seen, the photoactivity of
the commercial anatase toward CO2 reduction was significantly
improved by forming a nanocomposite with rutile. In addition,
anatase–rutile 773 K also led to much greater rate of methane
formation than Degussa P25, the gold standard for photocata-
lysts.

3.3. EPR studies of the mixed-phase TiO2 photocatalysts

As demonstrated by comparing Figs. 3 and 4, anatase–rutile
773 K was more active than anatase–rutile 373 K in both
methylene blue degradation and CO2 reduction, suggesting that
thermal treatment at 773 K is very important for the high pho-
toactivity of the anatase–rutile nanocomposite. Sintering at high
temperatures usually leads to decreased surface areas and im-
Fig. 5. Difference EPR spectra of (a) rutile 773 K, (b) the commercial anatase,
(c) anatase–rutile 373 K, (d) anatase–rutile 773 K, and (e) Degussa P25. Back-
ground spectra in dark have been subtracted from the corresponding spectra
under UV/visible light illumination. Electrons trapped (Ti3+) in both anatase
and rutile and trapped holes (h+) are labeled.

proved crystallinity (decreased recombination) of TiO2 pho-
tocatalysts [31,32]. In this study, the specific surface areas of
the commercial anatase and anatase–rutile 773 K were 8.6 and
11.5 m2/g, respectively. However, surface area does not ac-
count for the difference in photoactivity, because Degussa P25
has a greater surface area (∼50 m2/g) [33] but lower photoac-
tivity than anatase–rutile 773 K. The improved crystallinity of
rutile nanocrystals after sintering at 773 K may contribute to the
superior activity of anatase–rutile 773 K by reducing charge re-
combination, which tends to occur to a greater degree in TiO2
materials with lower crystallinity.

The anatase–rutile nanocomposites were further studied
with low-temperature EPR spectroscopy, providing unambigu-
ous identification of the species involved in the charge sep-
aration processes and enabling the identification of charge-
trapping sites in TiO2 materials. The EPR spectra of various
TiO2 materials under UV/visible light illumination are shown
in Fig. 5. Two prominent signals corresponding to trapped
holes (h+, g = 2.014) and trapped electrons in rutile lattice
(Ti3+, g⊥ = 1.975) can be seen for rutile 773 K, as shown
in Fig. 5a. A resonance characteristic of electrons trapped in
anatase lattice (Ti3+, g⊥ = 1.990) was present in the EPR
spectrum of the commercial anatase (Fig. 5b) [12]. Both elec-
tron signals in anatase and in rutile can be seen in the EPR
spectra of mixed-phase materials with similar phase composi-
tion (Figs. 5c–5e). The EPR spectrum of anatase–rutile 373 K
(Fig. 5c) under continuous UV/visible light irradiation was sim-
ilar to that of Degussa P25 (Fig. 5e), which is consistent with
those reported in the literature [12]. Anatase–rutile 773 K, al-
though having a similar phase composition as anatase–rutile
373 K and Degussa P25, shows a different charge-trapping pat-
tern (Fig. 5d).
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Fig. 6. Electron micrographs of (a) a film prepared from anatase–rutile 373 K (scale bar 50 µm), (b) the same film as in (a) at a higher magnification (scale bar
5 µm), and (c) a film prepared from anatase–rutile 373 K after sintering at 773 K (scale bar 5 µm).
As discussed earlier, photogenerated electrons in Degussa
P25 migrated from rutile to lower-energy anatase-trapping sites
in a particular small fraction [12,13]. In the small-size fraction,
anatase crystallites were interwoven with rutile crystallites to
create a nanostructured aggregate that promoted electron trans-
fer from rutile to anatase-trapping sites and stabilized charge
separation. This spatial charge separation was correlated with
the photocatalytic activity of size-fractioned Degussa P25 in
phenol degradation [13]. In this present study, the EPR sig-
nature of anatase–rutile 773 K (Fig. 5d) was very similar to
that of the more active and smaller-size fraction of Degussa
P25 [12]. Anatase–rutile 773 K demonstrated superior pho-
toactivity in both oxidation and reduction reactions. Thus, our
study illustrates a targeted synthesis of a nanostructured assem-
bly bearing the critical characteristics that we hypothesize to
explain the high activity of Degussa P25. We suggest that the
excellent photoactivity of anatase–rutile 773 K was due to the
effective charge separation occurring between phases in this
nanostructured assembly. The lack of such charge separation
in anatase–rutile 373 K likely was due to the absence of strong
attachment or connection between anatase and rutile before sin-
tering at 773 K.

3.4. Synthesis-structure-function relationships for TiO2

photocatalysts

The photocatalytic activity of TiO2 materials can be influ-
enced by many factors, including crystal structure, particle size,
surface area, porosity, density of surface hydroxyl groups, sur-
face acidity, number and nature of trap sites, and adsorption–
desorption characteristics [25]. Although we have demonstrated
that spatial charge separation contributed to the improved pho-
toactivity of anatase–rutile 773 K, other factors exist that should
not be ignored. The hydrothermal treatment potentially im-
proves the activity of some TiO2 photocatalysts. For example, it
has been suggested that the photoactivity of Degussa P25 was
enhanced due to the formation of additional surface hydroxyl
groups after hydrothermal treatment at 423 K [34]. Solvent
treatment of Degussa P25 also was found to affect the effi-
ciency of solar energy conversion when the TiO2 material was
used in dye-sensitized solar cells [35]. In our study, however,
no appreciable improvement in photoactivity was observed for
the commercial anatase after hydrothermal treatment at 373 K.
Rather, the rutile nanocrystals synthesized by the hydrothermal
method were found to function as an activating “glue” binding
anatase particles together. Such hydrothermal processing could
potentially be used to fabricate reactive membranes. As can be
seen in Fig. 6a, a smooth film was obtained by simply dis-
persing and drying anatase–rutile 373 K on a glass slide. Close
examination of the film indicates that commercial anatase par-
ticles were incorporated into the film and were well mixed with
rutile nanocrystals (Fig. 6b; also see Fig. 1b). Using a similar
protocol, Chen and co-workers prepared photocatalytic films
containing Degussa P25 on stainless steel through a sol–gel
method [36,37]. In addition, the SEM image shown in Fig. 6c
reveals that a three-dimensional mesoporous structure formed
on sintering the film of anatase–rutile 373 K. Such porous struc-
tures were not observed for anatase–rutile nanocomposites that
were synthesized without using surfactant and demonstrated
slightly lower photoactivity than anatase–rutile 773 K. Thus,
the porosity originated from the use of surfactant during the
hydrothermal synthesis and also contributed to the enhanced
photoactivity of anatase–rutile 773 K.

The connection and interfacial morphology between TiO2
nanocrystals have been identified as important parameters
that could significantly alter the properties of TiO2-based
nanocomposites in various applications [14]. In a recent study
by Elser and co-workers, isolated anatase nanocrystals were
brought together by hydrating and subsequently dehydrating
the nanocrystals at 473 K [38]. They detected the presence
of polarizable conduction band electrons in the nanocrystal
assemble and revealed that the energy needed for defect for-
mation at grain boundaries was substantially reduced after the
hydration–dehydration treatment [38]. We have shown that a
simple hydrothermal process followed by thermal treatment
renders a nanocomposite photocatalyst with high activity. The
interfacial morphology in the nanocomposite was optimized
by thermal treatment at 773 K, which also may create defect
sites at the phase interface between anatase and rutile. This ap-
proach may be adapted in developing TiO2 nanostructures for
energy applications, such as dye-sensitized solar cells, that re-
quire rapid and efficient electron migration across the phase
interface (or grain boundaries) between TiO2 nanocrystals.

4. Conclusions

Despite the wide interest and intensive research in the field
of TiO2 photocatalysis, there are only a few studies in the
literature regarding the synthesis-structure-function relation-
ships for TiO2-based materials. Previous results suggest that
the enhanced activity of Degussa P25 is due to the fraction
of bulk material having a nanostructured arrangement of inter-
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woven anatase–rutile crystallites where (i) rutile extends pho-
toresponse to the visible light region, (ii) charge recombination
is hindered by charge transfer and separation across phase in-
terface, and (iii) unique interfacial trapping sites exist and are
possibly photocatalytic “hot spots.” The present study demon-
strates the successful attempt at a targeted synthesis of such an
anatase–rutile nanocomposite, which is serendipitously formed
in Degussa P25 but enhances both oxidative and reductive pho-
tochemistry.

In this study, a mixed-phase photocatalyst was prepared
by forming a nanocomposite between anatase and rutile via a
simple hydrothermal method followed by sintering at 773 K.
The mixed-phase nanocomposite showed higher activity than
Degussa P25 in both oxidation and reduction reactions. The
nanocomposite demonstrated electron trapping/transfer beha-
vior characteristic of the particular nanostructured assembly
that is responsible for the high photoactivity of Degussa P25.
The effective charge separation between anatase and rutile
phases was shown to contribute to the superior photoactivity
of the synthesized mixed-phase TiO2 nanocomposite. The re-
sults described in this paper provide insights into the role of
solid–solid interface in TiO2 photocatalysis and also a feasible
mode of preparing highly active photocatalytic materials.
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