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Morphology of a TiO2 Photocatalyst (Degussa, P-25) Consisting
of Anatase and Rutile Crystalline Phases
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The TiO2 powder (Degussa, P-25), which is a standard material
in the field of photocatalytic reactions, contains anatase and rutile
phases in a ratio of about 3 : 1. Transmission electron microscopy
showed that the anatase and rutile particles separately form their
agglomerates. The average sizes of the anatase and rutile elemen-
tary particles are 85 and 25 nm, respectively. Diffuse reflectance
spectra of the TiO2 powder were successfully traced by physically
mixing pure anatase and rutile particles in a ratio of 3 : 1. By the
HF treatment of the TiO2 powder, pure rutile particles were iso-
lated. All these results indicate that the rutile phase does not exist
as an overlayer on the surface of anatase particles, but it exists
separately from anatase particles. We also found that photocat-
alytic oxidation of naphthalene is inefficient on pure anatase and
rutile powders. However, the reaction is very efficient on the P-25
powder, as well as on a mixture of pure anatase and rutile particles.
Under the conditions of the photocatalytic reactions, the anatase
and rutile agglomerates are considered to be decomposed, and the
anatase and rutile particles are in contact, leading to a synergy
effect. c© 2001 Academic Press
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INTRODUCTION

Photocatalytic reactions on semiconductor powders have
attracted much attention because of their applicability to
the treatment of a variety of pollutants and wastes (1–11)
and utilization of solar energy (12–18). To achieve high ef-
ficiency of the reactions, many kinds of TiO2 powders have
been examined. From the results, it has been concluded that
anatase particles with a large surface area are efficient for
the decomposition of pollutants in air and water (10, 11).
In these reactions, the large surface area is especially im-
portant, because the concentrations of the pollutants are
usually very low. On the other hand, for splitting water,
which is an important reaction to convert light energy into
chemical energy, rutile particles with a small surface area
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are effecient (16–18). In this case, a band bending should
be developed in each particle to oxidize water, and hence
large particles are advantageous.

In the field of TiO2-photocatalyzed reactions, the powder
called P-25 (Degussa) has been a standard material, which
has a relatively large surface area (49 m2 g−1). Interest-
ingly, the P-25 powder consists of anatase and rutile phases.
Because the P-25 powder shows high activity for many
kinds of photocatalytic reactions, it has been used in many
studies. In most studies, however, the effects of the mixed
phases and the morphology have not been discussed in
relation to the activity. The first extensive work to corre-
late the photocatalytic activity and the structure of P-25 was
carried out by Bickley et al. (19). They obtained transmis-
sion electron microscopic (TEM) images and diffuse re-
flectance spectra of the P-25 powder, and they reported
that the surface of anatase particles is transformed to the
rutile structure. Afterward, based on precise TEM obser-
vation, Datye et al. (20) concluded that anatase and rutile
single crystalline particles exist separately in the P-25 pow-
der. However, they did not differentiate the morphology of
the anatase and rutile particles. Under the circumstances,
clarification of the morphology of the mixed phases is still
of great importance to deepen the understanding of the
activity of the TiO2 photocatalysts.

We have reported that pure rutile particles are easily
isolated from the P-25 powder by treatment with HF so-
lution, because the anatase phase dissolves rapidly in this
solution (21). By comparing the activities of the original
P-25 powder and the isolated rutile particles, we also found
that the presence of both anatase and rutile phases is im-
portant for some photocatalytic reactions where oxygen
is used as the electron acceptor (21). To clarify the syn-
ergy between the anatase and rutile phases, we studied
the morphology of the anatase and rutile phases in P-25
powder by measuring the TEM images and the diffuse
reflectance spectra of the particles. From the results, we
propose a model that is different from that reported by
Bickley et al. (19). Our model is similar to that of Datye
et al. (20) but different in the understanding of the synergy
effect.
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EXPERIMENTAL

We used titanium dioxide (Degussa, P-25) powder ob-
tained from Nippon Aerosil Co. Ltd. For comparison, vari-
ous kinds of TiO2 powders having anatase and rutile parti-
cles were used; these were obtained from Ishihara Co. Ltd.
(ST-01, ST-21, PT-101) and Toho Titanium Co. Ltd. (NS-51).
Contents of the anatase phase and relative surface areas of
these powders are as follows—P-25: 75%, 49.2 m2/g; ST-
01: 100%, 192.5 m2/g; ST-21: 100%, 56.1 m2/g; PT-101: 0%,
25 m2/g; NS-51: 0%, 6.5 m2/g. In some experiments, some of
the pure anatase powders and the pure rutile powders were
mixed in a ratio of 3 : 1, which is the same as that of the P-25
powder. For the mixing, the TiO2 powders were dispersed
in water, sonicated for 30 min, filtrated, and dried under
reduced pressure successively at 50◦C for 1 h and at 100◦C
for 2 h.

The morphologies of the TiO2 powders were examined
using a Hitachi H-800 TEM and a Hitachi S-5000 scan-
ning electron microscope. The diffuse reflectance spectra of
the powders were obtained using a Shimadzu UV-2500PC
spectrophotometer equipped with an integrating sphere.
The contents of anatase and rutile phases in the powders

were determined using an X-ray diffraction meter (Philips The P-25 powder is manufactured by the Aerosil process,

X’Pert-MRD). The surface areas of the powders were by which titanium tetrachloride is subjected to hydrolysis
FIG. 1. TEM photographs and electron diffraction patterns of the P-25
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measured using a surface area analayzer (Micromeritics,
FlowSorb II 2300).

Photocatalytic reactions were carried out at room tem-
perature in Pyrex glass tubes (φ = 15 mm), which contain
TiO2 particles (0.015 g), naphthalene (0.1 g), and a mixture
of acetonitrile and water (4.0 g). Details of the experimental
conditions were reported in our previous papers (22, 23).

RESULTS AND DISCUSSION

TEM images of the P-25 powder clearly indicate that
the anatase and rutile particles exist separately by forming
their agglomerates, as shown in Fig. 1. The crystal struc-
tures were assigned from the electron diffraction patterns.
From these images, the average diameters of the anatase
and rutile particles are estimated to be about 25 and 85 nm,
respectively. By careful observation, we found amorphous
particles in addition to the anatase and rutile particles, as
shown in Fig. 2. The content of the amorphous particles
is very low: about 1.0%. It should be emphasized that no
images demonstrating that the crystal structure is partially
transformed in a particle were obtained, as has been re-
ported by Datye et al. (20).
powder in the regions of (a) the anatase phase and (b) the rutile phase.
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FIG. 2. TEM photograph of the amorphous phase included in the
P-25 powder.

in the vapor phase at an elevated temperature (19, 20).
During this process, the growth of particles is quenched
when the particles (or the agglomerates) reach a certain
size, since the grown particles (or the agglomerates) are
removed from the reaction zone because of their increased
weight. The TEM pictures of the P-25 powder shown in
Fig. 1 suggest that the anatase and rutile particles grow
on different nuclei during the process. In contrast to our
observation, Bickley et al. (19) reported that anatase and
rutile phases in the P-25 powder often appeared in close
proximity. On the basis of their results, they suggested
that the rutile phase forms an overlayer on the surface
of anatase particles. This model might be reasonable if
the phase transformation occurred from the surface of
the anatase particles during the manufacturing process.
However, our TEM images are strongly against the model.
The difference in TEM images obtained by Bickley et al.
and us is probably caused by the different sample prepa-
ration conditions. We sprinkled directly the particles on
carbon films, which were supported Cu meshes. On the
other hand, Bickley et al. placed the particles on the
substrates from the suspension of butanol. Their method
is not adequate to observe the morphology of the powder,
because the anatase and rutile particles mix, once they are
suspended in solution, as discussed later.

In addition to the TEM images, Bickley et al. argued that
the rutile phase is generated as a result of transformation

at the surface of anatase particles on the basis of the diffuse
reflectance spectrum of the P-25 powder. They observed
T AL.

that the diffuse reflectance spectrum of the P-25 powder
was different from that of a powder prepared by physi-
cally mixing anatase and rutile particles. Based on this re-
sult, they proposed that morphology of the P-25 powder
is different from that of the physically mixed powder,
and the spectrum of the P-25 powder was attributed to
the partly transformed crystalline structure. However, they
might have erroneously selected the anatase and rutile
powders for preparing the mixed powder. In particulate
systems, the scattering of light is strongly dependent on
the particle size. Hence, we selected the pure anatase (ST-
21, average diameter about 30 nm) and rutile (PT-101,
average diameter about 75 nm) particles, the diameters
of which are similar to those of anatase and rutile parti-
cles included in the P-25 powder. We mixed them in the
ratio of 3 : 1, which is identical to the ratio of the com-
ponents in the P-25 powder. The detailed procedure for
preparation of the mixed TiO2 powder is described in the
Experimental section. The diffuse reflectance spectra of
P-25 and the mixed powder show the onset of the reflec-
tion in the region between the onsets of pure anatase and
rutile powders, as shown in Fig. 3. Importantly, the spec-
trum of the mixed powder was in good agreement with that
of the P-25 powder. Therefore, in contrast to the report by
Bickley et al., the diffuse reflectance spectra did not give
evidence supporting that partly transformed phases exist
on a particle of the P-25 powder.

We have found that pure rutile particles are easily iso-
lated from the P-25 powder by treatment with 10% HF so-
lution for 24 h (21). The diffuse reflectance spectrum of the
isolated powder is shown by a bold line in Fig. 3. The onset
wavelength of the absorption (i.e., the band gap) is in good
agreement with that of the pure rutile powder (PT-101). It
should be noted that the reflectance of the HF-treated P-25

FIG. 3. Diffuse reflectance spectra of pure anatase powder (ST-21),
pure rutile powder (PT-101), the mixture of the pure anatase and rutile

powders (3 : 1), and the P-25 powder. The spectrum for the P-25 powder
after the treatment with HF solution is shown by the bold line.
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FIG. 4. TEM photograph of the rutile particles isolated from the P-25
powder.

powder at a wavelength longer than 400 nm is lower than
those of the powders, as shown in Fig. 3. Consistent with
the spectrum, the isolated rutile powder is grayish. Before
the HF treatment, however, the reflectance of the P-25
powder is high. This is probably because of the strong light
scattering by the small anatase particles, whose content is
75%. It is known that TiO2 powders show absorption in
the wavelength region longer than 400 nm, if they are redu-
ced at elevated temperature and the absorption of these
powders is attributed to the Ti3+ ions (24). Hence, the rutile
particles in the P-25 powder are considered to contain
the Ti3+ ions, which form the electron donors. Accordingly,
it is considered that a fairly large band bending is generated
in the rutile particles despite their rather small particle size
(85 nm). This is probably an important reason for the high
reactivity of the P-25 powder for many kinds of reactions.

Figure 4 shows the TEM image of the rutile particles
isolated from the P-25 powder by the treatment with 10%
HF solution for 24 h. The structure is almost the same as
that observed in the rutile particles observed in the P-25
powder, which is shown in Fig. 1b. In contrast, the anatase
particles, as shown in Fig. 1a, completely disappeared after
the treatment with 10% HF solution. The disappearance of
the anatase particles also contradicts the argument that the
rutile phase exists as an overlayer on the surface of anatase
particles.

We found a clear synergy effect between the anatase
and rutile phases for the photocatalytic oxidation of
naphthalene, as shown in Table 1. The main product is
2-formylcinnamaldehyde (25), which was erroneously as-
signed to 1,8-dihydroxynaphthalene in our previous papers
(22, 23). As seen in Table 1, the mixture of ST-01 (anatase)
and NS-51 (rutile) showed the activity as high as that of

P-25, whereas the activity of pure ST-01 and NS-51 pow-
ders is low.
O2 PHOTOCATALYST 85

TABLE 1

Photocatalytic Oxidation of Naphthalene on TiO2 Powders

TiO2 powder Amount of 2-formylcinnanaldehydea/µmol

P-25 13.4
ST-01 (anatase) 1.4
NS-51 (rutile) 4.3
ST-01 : NS-51 (3 : 1) 11.5

a Product was quantitatively analyzed by HPLC after photoirra-
diation for 1 h.

The synergy effect can be expected, if rutile and anatase
particles are in contact. Figure 5 shows the scanning electron
microscopic image of the mixture of pure anatase (ST-01)
and pure rutile (NS-51) powders, which were mixed by son-
ication in water. Before the mixing, the powders form ag-
glomerates, as the anatase and rutile phases in the P-25
powder. Since the sizes of the anatase and rutile particles
in these two kinds of powders are largely different, one
can easily see that the anatase particles are loaded on the
rutile particles as shown in Fig. 5. In the case of the P-25
powder also, the anatase and rutile particles are mixed in
a similar fashion after the same treatment. However, such
a clear mixed image as shown in Fig. 5 was not obtained
for P-25, because the difference in the sizes of anatase and
rutile particle is not large enough. In the photocatalytic re-
actions, the solution is sonicated to suspend the TiO2 parti-
cles before photoirradiation, and the anatase particles are

FIG. 5. Scanning electron microscopic photograph of a mixture of
ST-01 (pure anatase) and NS-51 (pure rutile) powders. The elementary
particle sizes of the powders are 7.0 and 220 nm, respectively. From the

difference in the particle sizes, the small dots deposited on the large rutile
particles are assigned to the agglomerates of fine anatase particles.
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probably loaded on the rutile particles. This is why synergy
effect appears for the mixture of anatase and rutile particles,
which make separated agglomerate before sonication.

CONCLUSIONS

We have found that the anatase and rutile particles exist
separately in the P-25 (Degussa) powder. By the TEM ob-
servation, the agglomerates made of either anatase or rutile
particles are clearly observed. However, under the practi-
cal operational conditions of the photocatalytic reactions,
the agglomerates are expected to be decomposed, and the
anatase particles and rutile particles are in contact. This
mixed structure must be the key to the high activity of the
P-25 powder.
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