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Photocatalysis on the surface of semiconductors, particularly
TiO;, is among the most promising technologies for converting
solar into chemical energy.' In photocatalytic processes such
as the reduction of CO, to CH,4 and CH30H, isolated tetrahedral
Ti*" sites are more active than octahedrally coordinated Ti**
as in bulk TiO,.> The 4-fold Ti** species are usually prepared
in confined environment, such as zeolite cavities, or dispersed
onto silica substrate.®> Here, we provide direct evidence for the
evolution of tetrahedral Ti*" sites in TiO, nanocomposites
during the phase transformation from anatase to rutile.

Our previous studies using electron paramagnetic resonance
(EPR) spectroscopy revealed the existence of highly distorted,
tetrahedral Ti*" sites in Degussa P25, a commercial mixed-
phase TiO, material consisting of anatase and rutile.* However,
the origin of such sites in P25 remains elusive. On the basis of
the difference between the crystal structures of anatase and rutile,
Depero suggested that anatase-to-rutile transformation may
require the tetrahedral distortion of octahedral Ti atoms.> We
hypothesize that the tetrahedral Ti*" sites in P25 are generated
during the material synthesis at high temperature, which may
induce the phase transformation. In this study, the evolution of
tetrahedral Ti*" sites in P25 after thermal treatment was studied
with EPR spectroscopy, which enables an unambiguous iden-
tification of reactive electron-trapping sites.® We then verified
that similar phenomena occurred in the thermal treatment of
TiO; prepared by a solvothermal method.

Figure 1 shows the EPR spectra of P25 samples in dark
following room-temperature photoexcitation. A resonance at g
= 1.979, which is characteristic of electrons trapped in
tetrahedral Ti*" sites,* is the most prominent electron signal in
the EPR spectrum of untreated P25 (Figure 1a). Electrons
trapped in anatase lattice and at anatase surface sites are
characterized by the EPR signatures having go = 1.990 and g
= 1.930, respectively, which are also seen in Figure la. The
resonances associated with electrons trapped in rutile lattice (gn
= 1.975 and g = 1.947) are clearly seen in the spectrum of
P25 sintered at 773 K (Figure 1b). The same EPR spectrum
also highlights the evolution of more tetrahedral Ti*" sites upon
sintering at 773 K, as the corresponding electron signal at g =
1.979 is more intense than that in Figure la. Such change in
signal intensity is further demonstrated in the EPR spectra
acquired under additional UV/visible light illumination at 5 K
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Figure 1. EPR spectra of P25 materials: (a) as received, (b) sintered at
773 K, (c) 873 K, and (d) 973 K. The spectra were acquired in the dark at
5 K after illuminating the samples with UV/visible light at 293 K in the
presence of 2,4,6-trichlorophenol (TCP). In the EPR experiments, TCP
serves as a hole scavenger, minimizing electron-hole recombination and
allowing for the accumulation of trapped electrons in TiO,.* The spectra
have been normalized as explained in Figure S1.

(Figure S1 in Supporting Information). The increase in tetra-
hedral Ti*" sites coincided with measurable increase in the
photoactivity of P25 after sintering at 773 K (Figure S2).

While EPR studies revealed the significant development of
rutile lattice trapping sites in P25 after sintering at 773 K, X-ray
diffraction (XRD) as a bulk technique detected only negligible
change in rutile proportion (Figure S3). These results suggest
that, in addition to tetrahedral Ti*" sites, sintering at 773 K
resulted in the formation of small domains of rutile-like clusters
instead of bulk rutile phase.

The tetrahedral Ti*" signal became less intense in the
spectrum of P25 sintered at 873 K, the temperature at which
significant phase transformation from anatase to rutile occurred
(Figure S3). This is accompanied by the further development
of rutile electron signatures in the spectrum shown in Figure
lc. The absence of a strong signal at g = 1.979 in Figure 1d
indicates that tetrahedral Ti*" sites do not exist in large quantity
in P25 after thermal treatment at 973 K.

Thus, tetrahedral Ti*" species is an intermediate formed
during the anatase-to-rutile transformation induced by thermal
treatment. Banfield and co-workers demonstrated that high
concentration of nucleation sites for the phase transformation
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Figure 2. EPR spectra of (a) pure-phase anatase TiO, in water, (b) mixed-
phase TiO; in water, and (c) mixed-phase TiO, in TCP. The spectra were
acquired at 5 K under UV/visible light irradiation. The signal at g = 2.004
is characteristic of phenoxyl radicals.* Resonances corresponding to oxygen-
centered surface hole sites are seen at g = 2.008, 2.013, and 2.025 (not
labeled).*

of anatase to rutile exists at particle—particle interfaces in
comparison to bulk materials.” Zhang and co-workers proposed
that the rutile phase starts to form at the interfaces between the
anatase particles during the phase transformation of agglomer-
ated anatase particles.® In P25, the tetrahedral Ti*" sites were
postulated to exist in distorted interfacial region between anatase
and rutile.*

To probe the relationship between tetrahedral Ti*" sites, phase
transformation, and reactivity, we further studied anatase and
mixed-phase TiO, photocatalysts which were prepared by a
solvothermal method followed by thermal treatment at 773 and
873 K, respectively (Figures S4 and S5). Figure 2 shows the
EPR spectra of the synthesized materials under illumination.

As can be seen from Figure 2a, the EPR spectrum of the
pure-phase anatase dispersed in water exhibits a broad resonance
with g ~ 1.950 in addition to the well-resolved signal from
anatase lattice trapped electrons (gn = 1.990). The presence of
this broad, unresolved signal indicates the existence of clusters
on the anatase surface that have altered Ti symmetry from Dy,
(anatase) to rutile-like (D) or to tetrahedral Ti*' species.
Clusters with rutile-like character are thought to occur at some
fraction of random anatase—anatase particle contacts during the
phase transformation.’

In the EPR spectrum of the mixed-phase TiO, in water
(Figure 2b), rutile lattice signals are seen at gg = 1.970 and g
= 1.948, together with the anatase lattice signature. When the
mixed-phase TiO, was illuminated with UV/visible light in the
presence of TCP, a broad signal due to trapped electrons around
g = 1.979 was also observed (Figure 2c). This broad signal is
likely associated with trapped electrons in tetrahedral Ti*" sites
in the mixed-phase TiO, obtained upon sintering at 873 K. It is
not clear whether tetrahedral Ti*" sites exist in the “pure”
anatase sample since a resonance around g = 1.979 cannot be
resolved from the broad signal at g ~ 1.950, as shown in Figure
2a.

Although the specific surface area of the anatase TiO, is about
eight times greater than that of the mixed-phase TiO,, the mixed-
phase materials exhibited much higher photocatalytic activity.
The photocatalytic degradation of phenol and methylene blue
occurred on the mixed-phase TiO; about twice as fast as on the

anatase TiO, (Figure S6). We believe that the tetrahedral Ti*"
sites contribute to the increased photoactivity of the mixed-
phase material relative to the pure-phase anatase. The existence
of tetrahedral Ti*" sites may also account for the unique
properties of mixed-phase TiO,, relative to pure-phase materials,
as catalyst support.'”

In summary, our study confirmed the intermediacy of
tetrahedral Ti*" sites in the phase transformation from anatase
to rutile. Our results also demonstrated an alternate synthesis
of such Ti** sites, which are usually prepared in zeolite cavities
or dispersed onto silica substrate. In this alternate synthesis,
thermal treatment at elevated temperatures induced the tetra-
hedral distortion of Ti atoms, likely located at the interfaces
between TiO, nanoparticles. One can expect a mixed-phase
nanocomposite with optimized interfacial morphology to act as
an effective photocatalytic relay for solar energy utilization, in
which bulk TiO;, materials harvest the light and the tetrahedral
Ti*" sites function as catalytic hot spots.
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