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We present observations of a fumed titania photocatalyst (De-
gussa, P25) using high resolution TEM and X-ray diffraction. The
catalyst was observed as-received and after being used for photo-
catalytic destruction of salicylic acid. The characterization results
suggest that the photocatalyst consists of individual single crystal
partictes of the rutile and anatase phases of titania; no amorphous
titania particles could be identified conclusively. We also did not
detect any particies of anatase that were covered by a layer of
rutile, as proposed previously by Bickley et al. (J. Solid State
Chem., 92, 178, 1991). No changes were seen in the titania after it
was used for photocatalysis of salicytic acid at pH 6 for short times
(less than | hr). © 1995 Academic Press, Inc.

INTRODUCTION

Photocatalysis by titanium dioxide has become a very
active ficld of rescarch (e.g., 1, 2). Photocatalyzed reac-
tions are largely heterogeneous (3) and proceed through
the production of superoxide and hydroxyl radicals (4, 5).
These radicals result from the reduction of adsorbed O,
and oxidation of adsorbed OH~ by the electrons and
holes that are generated on absorption of photons with
energies above the semiconductor bandgap.

Photocatalytic efficiencies of powdered TiO; samples
differ widely, and, generally, the anatase form is found to
be more active than the rutile form (6). The reasons for
these differences in activity, however, are not well un-
derstood. A commercial powder, P25, manufactured by
Degussa AG, is widely used and known to be particularly
active. Its crystalline portion consists of anatase and
rutile, with an anatase content of 60-80%, depending on
" the particular lot. This form of TiO; is produced through
hydrolysis of TiCl; in a hydrogen flame. Given the pro-
duction process, one may expect a complex microstruc-
ture.

' To whom correspondence shouid be addressed.
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Knowledge of the microstructure is of great impor-
tance in understanding what processes limit the effi-
ciency of titania powders. Based on high resolution trans-
mission electron microscopy (HRTEM), Bickley et al. (7)
suggested that the enhanced activity of P25 could be as-
cribed to the presence of a layer of the rutile phase on the
surface of individual particles of anatase, which would
aid in electron/hole separation. The rutile phase was de-
tected with the aid of Moiré fringes, which are commonly
seen in micrographs of powders such as P25 whenever
there is overlap of two crystallites. The authors present
an electron micrograph [Fig. 6 in Ref. (7)] showing Moiré
fringes that ‘*seem not to be associated with two separate
crystal flakes™ and conclude thereby that the particle
must be covered by an overlayer of a different crystal
structure. We suspect, however, that these fringes are
due to agglomerated particles, particularly in view of the
extensive overlap of the individual particles in these pow-
ders. Therefore, we sought to quantify how common are
biphasic particles, such as those described in Ref. (7}, in
P25 titania.

We have employed HRTEM in profile view geometry
(8) whereby surface overlayers can be detected unambig-
uously. For example, in previous work, we have used
this approach to detect a monolayer of surface suboxide
on Rh metal surfaces which helped explain the phenome-
non of strong metal support interactions in Rh/Ti0Q; cata-
lysts (9). A similar sample geomelry was aiso used to
study the initial stages of oxidation of smail Rh metal
particles where a crystalline oxide film less than I-nm
thick formed epitaxialiy at 473 K (10). In this study, the
P25 catalyst was examined before and after reaction to
determine if the loss of photocatalytic activity during use
could be related Lo any changes in the titania powder. As
we show in this paper, our resulis do not provide any
evidence for biphasic particles nor do we see any changes
that can account for the loss of activity in this photocata-
tyst.
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EXPERIMENTAL SECTION

The investigated titania samples represent two differ-
ent P25 lots, RV1375 and RV 1126, which were used by
the University of Western Ontario and the University of
New Mexico groups, respectively. They were examined
in a JEOL JEM-4000 EX transmission electron micro-
scope operated at 400 kV. The point resolution of this
microscope is 0.18 nm. The samples were supported on
“holey’’ carbon filins mounted on 3-mm Cu grids. The
grid was dipped into the powder and the excess shaken
off. No solvents were used at any stage to prevent con-
tamination of the powder by carbonaceous deposits that
could form during observation. Micrographs were re-
corded at 300,000x using exposures of about 1 sec, and
were enlarged 5-10x for observation.

The relative amounts of rutile and anatase as well as
heat-treatment-induced changes in the effective crystal-
lite dimensions were determined using X-ray diffraction
(XRD), employing the Ke, line of a Co source. The in-
strumental linewidth was 0.16° on a 24 scale. Heat treat-
ment of the samples was carried out in air with a pro-
" grammable oven (Lindberg Model 55035). The samples
were heated at a rate of ~1°C/sec until the treatment
temperature was reached. This temperature was Kept
constant for 200 min, and the samples were then allowed
to cool to about 100°C (taking 15-20 min) before they
were exposed to air at room temperature.

RESULTS AND DISCUSSION

Figures 1 and 2 show ensembles of P25 particles. The
particles of Fig. 1 were “‘as-received’’ from the manufac-
turer whereas those of Fig. 2 had previously been used
for photocatalytic destruction of aqueous salicylic acid
for 30 min at pH 6. The salicylic acid concentration was
30 ppm and a low pressure Hg vapor lamp was used as
the source of UV photons. As seen from a comparison of
Figs. 1 and 2, no changes appear to result from the use of
this titania as a photocatalyst.

One of the contentions of Bickley et al. (7) was that the
particles of TiO, were shaped as thin flakes, since their
lattice fringes did not show thickness effects. Based on
the micrographs we have obtained, we find that the parti-
cles tend to exhibit sphéroidal shapes (compare Figs. |
and 2). If these particles were flakes, one would expect to
see at least some instances where they are imaged end-on
and reveal their thickness. This is the case with layered
materials like clays or hexagonal crystals, e.g., magne-
sium hydroxide where a few particles are always scen
end-on (11}.

The particles are all crystalline, as evidenced directly
by their lattice fringes or through Moiré fringes where
one or both particles of an overlapping pair do not show
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FIG. 1. Transmission electron micrograph of Degussa P25 fumed
titania, as received from the manufacturer. Single crystals of titania that
exhibit lattice fringes are highlighted by arrows.

[attice fringes. Where Moiré fringes occur in these micro-
graphs, and numerous others recorded by us but not pre-
sented here for brevity, they are most likely due to over-
lapping particles. The contours of these particles can be
distinguished both inside and outside the region of over-

FIG. 2. Transmission electron micrograph of Degussa P25 fumed
titania after use for photocatalytic destruction of 30 ppm salicylic acid at
pH 6 for 30 min. The arrows point to single crystal particles that exhibit
well-defined lattice fringes.
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lap. In nonoverlapping particles that show lattice fringes,
the crystalline phase extends throughout the particle,
that is, no significant and segregated part of the buik
consists of a second crystalline phase or amorphous ma-
terial.

Furthermore, amorphous materials yield a distinctive
Fresnel contrast which undergoes characteristic changes
when passing through focus. No such contrast was seen
in particles that did not exhibit lattice fringes. Therefore,
we conclude that all the particles are crystalline. Qur
results are based on numerous micrographs we have ob-
tained over the past several years wherein P25 was used
as a catalyst support for making heterogencous catalysts
(see for example, Ref. 9}, Several of the micrographs
presented in the paper by Bickley ef al. (7) show a thick
overlayer of amorphous material. This suggests the pres-
ence of amorphous carbon that could arise from hydro-
carbon contamination within the TEM. Hydrocarbons in
the microscope vacuum or elsewhere on the sample can
crack and be deposited on the sample surface when ex-
posed to the electron beam. None of the particles in Figs.
1 and 2 show such an overlayer and we are quite confi-
dent in stating that the extent of amorphous material in
P25, if any, is at best limited to a surface monolayer.

Bickley er al. (7) proposed that P25 may be character-
ized by particles that consist of anatase in their core and a
rutile cover at the surface. If such particles resulted from
the manufacturing process, it should be possible to mod-
ify the mean crystallite diameter for each phase by treat-
ing P25 at the lowest temperatures that induce percepti-
ble conversion of anatase to rutile. We used X-ray
powder diffraction to compute the crystallite diameters
from the peak widths by means of the Scherrer equation
(12). The volume-averaged mean crystallite diameter of
the anatase particles, as provided by XRD, is only 33
(1) nm. The growth of a rutile layer of more than a few
molecular layers at the expense of the anatase crystallites
would therefore result in a detectable broadening of the
anatase XRD lines. Figure 3 shows the effect of heat
treatment on the shape of the anatase (101) line. The
curves have been normalized to equal the height of the
anatase line, and the rutile (110) line has been included to
indicate the degree of phase conversion in each case.

Ti0O; is monotropic (13), and the temperature at which
anatase transforms to rutile depends on the types and

concentrations of impurities (14), as well as on the parti-

cle size. As seen in Fig. 3, the anatase/rutile ratio begins
to decrease as a result of treatment of 400°C. The anatase
line does not broaden concurrently, nor as a result of
treatment at temperatures above 400°C. These results are
consistent with observations by Czanderna er al. (15),
who reported that the XRD lines of the initially pure
anatase did not broaden during the phase transition. The
authors concluded that solid solutions or disordered
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FIG. 3. XRD profiles showing the anatase {101) and rutile (110) lines

of P25 (a} as received, {(b) after treatment at 400°C, and (c) after treat-
ment at 550°C, The diffraction angle is given on a 20 scale.

structures do not result from heat treatments of anatase.
Our microscopic observations support the conclusion
that the anatase and rutile phases must be present in
individual particles, and that the nucleation of the rutile
phase is slow but its subsequent growth is very fast.
However, we have not performed a detailed study of the
phase transformation since our objective was to ascertain
the structure of P25, a powder that is widely used in
photocatalytic studies and applications.

Finally, the primary particles in P25 are often tightly
agglomerated, with good interparticle contact. This inti-
mate contact might in itself be sufficient to enhance the
separation of ¢lectrons and holes and resuit in the high
photocatalytic activity of P25. Evidence for interparticle
electron transfer between particles of TiQ; and CdS was
also reported by (16). In our experiments, when we used
P25 titania for the reduction of Ag* in aqueous solutions,
we found by TEM that there were only a few Ag particles
per Ti0), agglomerate (17). Increasing the Ag loading in-
creased the size of the Ag particles, not their number,
suggesting that electron transfer among the particles was
rapid and allowed the reduction of Ag® to proceed at a
few nucleation sites. Under such circumstances, the de-
pendence of the photocatalytic activity of a TiO, powder
on its anatase/rutile ratio should be nonlinear. Evidence
for a nonlinear relation has indeed been reported by
Tanaka ef al. (6) who compared the activities from TiQ,
powders of various origins and anatase/rutile ratios. The
nonlinearity found in that study does not appear to de-
pend on whether or not the anatase and rutile particles
are linked to each other through sintering.
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CONCLUSIONS

This work shows that the important titanium dioxide
photocatalyst ‘‘Degussa-P25" is nof characterized by the
coexistence of more than one crystalline phase on the
individual TiO, particles. Instead, we find individual sin-
gle crystal particles of either anatase or rutile. No amor-
phous material was detected in the P25 powder except
possibly confined as a surface layer no thicker than a
monolayer. No changes were seen in the TiO; particles
resulting from use of the photocatalyst for destruction of
salicylic acid, The relatively high photocatalytic effi-
ciency of P25 is probably a result of its well-developed
crystallinity which may result in a low density of recom-
bination centers. Other factors such as the small size of
its anatase particles, and the electron/hole separation
through interparticle electron transfer may also play a
role.
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