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With ethanol as a probe molecule, the surface sites of anatase and
rutile can be distinguished by 3¢ CP/MAS NMR spectroscopy,
which offers an opportunity to investigate the transfer of photo-
induced electrons from rutile to anatase in the mixed-phase TiO,.

Semiconductor photocatalysis has attracted significant attention for
decades since the discovery of water photolysis on a TiO,
photoanode by Fujishima and Honda.' Although TiO, is the initial
and the most investigated semiconductor photocatalyst, some key
issues on TiO, photocatalysis are still to be solved, which could
significantly improve the current understandings of the
photocatalytic material and process. It is well known that the
crystalline structure shows great impacts on the photocatalytic
performance of TiO,. The two major crystalline phases of TiO,
investigated as photocatalysts are anatase and rutile, with a band
gap of ca. 3.2 and 3.0 eV, respectively.2 Since rutile is the most
chemical stable phase of TiO,, anatase is generally regarded as the
more active phase than rutile.? Meanwhile, the mixed-phase TiO,
such as commercial Degussa P25 was found to exhibit enhanced
photocatalytic properties in contrast to TiO, of individual phase.4
For example, Li and co-workers introduced the concept of
anatase/rutile phase junction, and proposed that the formation of
surface junction is responsible for the enhanced photocatalytic
activity of mixed-phase TiOZ.‘la Charge separation could be achieved
in the anatase/rutile phase junction and the prolonged lifetime of
charge carriers would lead to an improved photocatalytic activity. In
this context, the determination of the charge transfer process at
the anatase/rutile phase junction is of great significance to reveal
the role of each phase in the junction and also to design robust
photocatalysts with high efficiencies. In fact, other robust
heterojuction systems, e.g. 0-Ga,0;/B-Ga,0; and CN/CSN, have
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been successfully fabricated for semiconductor photocatalysis.5

To explain the synergetic effect between anatase and rutile in the
phase junction, numerous efforts have been devoted.®™ However,
the direction of interfacial charge transfer and the energetic
alignment of the band edges of anatase and rutile are somewhat
controversial. Conventionally, the conduction band of anatase was
established to be ~0.2 eV higher than that of rutile according to the
flatband potential measurements, which corresponds to the aligned
valence band maxima (Fig. la).6 As a result, the photo-induced
electrons would preferentially transfer from anatase to rutile, while
the holes from rutile to anatase. This alignment is generally
acknowledged in early studies and also supported by some
theoretical and experimental evidences.” In contrast, the results
from the electron paramagnetic resonance spectroscopy indicated
the transfer of photo-induced electrons from the rutile to anatase.
A series of theoretical studies also proposed a staggered band
alignment alternatively, i.e. both the conduction and valence band
in anatase lower than those in rutile (Fig. 1b).9 Thus, the
photogenerated electrons would preferentially transfer from rutile
to anatase, while the holes from anatase to rutile. The band
alignment in anatase and rutile varies from ~0.2 eV,9a ~0.4 eV*** to
even ~0.7 eV.” In a recent study, bilayer anatase/rutile films with
effective interface contact were successfully synthesized and the
reduction of silver by trapped electrons on anatase surface revealed
the photo-induced electron transfer from rutile to anatase across
the interface.™

Despite of numerous theoretical calculations, experimental
evidences for the direction of charge transfer under irradiation in
the mixed-phase TiO, are still lacking. Commercial mixed-phase TiO,
Degussa P25 (TiO,-P25) with ca. 80 % anatase and 20 % rutile (XRD
pattern shown in Fig. S1) is widely used as a benchmark
semiconductor material in photocatalysis and it shows extremely
high activity in most reactions. In fact, TiO,-P25 is an ideal mixed-
phase model to study the charge separation and transfer. Herein,
we utilize *C-enriched ethanol as a probe molecule to investigate
the specific surface sites of TiO,-P25 by B¢ solid-state MAS (magic
angle spinning) NMR spectroscopy, so as to give hints on the
transfer of photo-induced electrons.
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Fig. 1 The two models proposed for the energetic alignment of the
band edges of anatase and rutile in the mixed-phase TiO,: (a)
conventional configuration with conduction band of anatase above
rutile and the anatase-to-rutile photo-induced electron transfer; (b)
recent configuration with conduction band of rutile above anatase
and the rutile-to-anatase photo-induced electron transfer. This
work presents evidence supporting model (b).

The TiO,-P25 sample was firstly dehydrated in vacuum at 673 K
to remove the surface physisorbed and hydrogen-bonded water
and other organic adsorbates. The sample was subsequently loaded
with a certain amount of CH313CHZOH and C cross polarization
MAS NMR measurement (CP/MAS) was performed to study the
interaction of these molecules with the TiO, surface. With this
approach, the chemisorbed molecules can be easily distinguished
from either physisorbed or gas-phase molecules since a CP/MAS
spectrum will be significantly influenced by molecular mobility.1oa
There are three significant signals appearing in the 3¢ NMR spectra
recorded after ethanol loading on mixed-phase TiO,: a sharp signal
at 58 ppm with a vague shoulder at 63 ppm due to the
nonsymmetric outline of the narrow peak and a broad peak at 70
ppm (Fig. S2). The narrow signal at 58 ppm is assigned to the
methylene (-CH,-) carbons of the major portion of ethanol
molecules, which are either very mobile on the surface or
exchanges rapidly between the gas-phase and the surface. The
other ethanol molecules are immobilized on at least two different
types of TiO, surface sites. Surface TiOH groups cause strongly
hydrogen-bonded ethanol, while coordinatively unsaturated Ti
atoms lead to the formation of surface-bound Ti-ethoxide
(CH3CH,O-Ti) species, originating the signals at 63 and 70 ppm.11
With a short cross polarization contact time, the strongly bound
molecules are preferentially detected. As a result, the relative
intensity of the three signals changes with decreasing contact time.
The signal at 58 ppm decrease dramatically, while the other two
signals remains unaffected because the surface-bound ethoxides
and hydrogen-bonded ethanol molecules are not involved in fast
exchange with molecules in the second monolayer. When the
contact time decreases to 50 ps, the signal of the ethoxy species
splits into two signals: a dominating signal at ca. 71 ppm and a weak
signal at ca. 67 ppm, as show in Fig. 2a. Considering that TiO,-P25 is
a mixed-phase TiO,, the signals at 67 and 71 ppm might be due to
the different surface configurations of anatase and rutile phases
(Fig. S3). It is interesting to note that the intensity ratio of the (o
CP/MAS NMR signals of the ethoxy species on the surface of mixed-
phase TiO, is calculated to be 79:21, in well accordance with the
anatase/rutile ratio determined by XRD. In order to confirm this
supposition, the B¢ CP/MAS NMR measurements of the ethanol
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Fig. 2 3¢ cP/MAS NMR spectra of ethanol on dehydrated mixed-
phase TiO,-P25 (a), rutile (b) and anatase (c). From top to bottom:
experimental spectrum, simulated spectrum and deconvoluted
components.

loading on the surface dehydrated rutile and anatase (XRD patterns
shown in Fig. S1) were performed. As shown in Fig. 2b, ethanol
adsorption on the surface anatase gives two Bc CP/MAS signals at
63 and 71 ppm, attributed to the hydrogen-bonded ethanol
molecules and ethoxides bound to coordinatively unsaturated Ti
atoms on anatase surface, respectively. For ethanol adsorption on
the surface rutile (Fig. 2c), on the other hand, four Bc CP/MAS
signals at 58, 63, 67 and 71 ppm could be observed. The signals at
58 and 63 ppm are due to the mobile or gas-phase and the
hydrogen-bonded ethanol molecules, respectively. The dominating
signal at 67 ppm is due to ethoxides bound to coordinatively
unsaturated Ti atoms on the rutile surface, while the weak shoulder
signal at 71 ppm is due to ethoxides bound to residual anatase
surface sites. It is known that the anatase phase can transform to
rutile at elevated temperatures, and phase transformation in the
inner part of TiO, particles is relatively easier than of the outer
part.12 Since the rutile employed in this study was obtained from
the TiO,-P25 through calcination at 1023 K for 12 hours (see ESIT
for detail), trace anatase may remain on the surface even though no

XRD pattern corresponding to anatase phase could be observed (Fig.

S1).

On the basis the above results, it is possible to distinguish the
surface of anatase and rutile by MAS NMR spectroscopy using
ethanol as a probe molecule. Afterwards, metal was introduced to
mixed-phase TiO, via photo-deposition or wet-impregnation to
partially cover the surface sites. For wet impregnation, metal
clusters are expected to randomly cover the rutile and anatase
surface sites via the chemical or physical adsorption. In contrast, for
photo-deposition, metal ions selectively adsorb on the surface
through electrostatic interaction and are subsequently reduced by
the photo-induced electrons to metal atoms (see Fig. $3 and ESIt
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Fig. 3 3¢ cP/MAS NMR spectra of ethanol adsorption on

dehydrated 2%Pd/TiO,-P25 samples prepared via photo-deposition

(a) and wet-impregnation (b). From top to bottom: experimental

spectrum, simulated spectrum and deconvoluted components.

for detail).13 In the case of mixed-phase TiO,, the electrons and
holes are created under irradiation, and separated in the
anatase/rutile phase junction. Therefore, the metal atoms should
go selectively to that TiO, phase, either anatase or rutile, where
photo-induced electrons are accumulated (Fig. 1). The B3¢ CP/MAS
NMR spectrum recorded after the ethanol loading on 2%Pd/TiO,-
P25 samples prepared via photo-deposition is shown in Fig. 3a. A
sharp decline in the exposed anatase surface sites could be
observed, as indicated by the decrease in the relative intensity of
the signal at ca. 71 ppm. The exposed anatase/rutile surface site
ratio determined upon ethanol adsorption is calculated to be 45:55
for Pd/TiO,-P25 prepared via photo-deposition, much lower than
that for pristine TiO,-P25 (79:21). The selective deposition of
palladium on anatase surface in mixed-phase TiO, via photo-
deposition is further confirmed by microscopic observations. The
high-resolution TEM (HRTEM) image of Pd/TiO,-P25 prepared via
photo-deposition (Fig. 4a) clearly shows that palladium clusters are
located on the anatase {101} facets with an interplanar spacing of
0.35 nm. Since TEM is a microanalysis technique, we carefully
examined as many HRTEM images and found that all observable
palladium clusters were on the anatase surface in mixed-phase
TiO,-P25 (some representative HRTEM images shown in Fig. S5). In
contrast, the exposed anatase/rutile surface site ratio is calculated
to be 76:24 for Pd/TiO,-P25 prepared via wet-impregnation from
B3¢ CP/MAS NMR spectrum recorded after ethanol adsorption (Fig.
4b), very similar to 79:21 for pristine TiO,-P25. It indicates a random
deposition of palladium metal clusters on the surface of both
anatase and rutile surfaces during the wet-impregnation, as
previously expected. Meanwhile, palladium cluster located on rutile
{110} with an interplanar spacing of 0.32 nm could be observed for
Pd/TiO,-P25 prepared via wet-impregnation, as shown in Fig. 4b.
More TEM images show that wet-impregnated palladium clusters
are randomly loaded on anatase surface, rutile surface or
anatase/rutile interface (Fig. 55).14

The results of NMR spectroscopy and TEM analysis clearly
confirm the selective deposition of palladium metal clusters on the
surface of anatase during photo-deposition process. Further results
from NMR spectroscopy reveal that the selective deposition of
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Fig. 4 HRTEM images of the 2%Pd/TiO,-P25 samples prepared via
photo-deposition (a) and wet-impregnation (b).

metal clusters on anatase surface can be achieved for several other
metals, e.g. Pt, Ir and Ag (Fig. $6). These experimental observations
evidence the rutile-to-anatase transfer of photo-induced electrons
and undoubtedly support the energetic alignment in Fig. 1b.

In summary, with ethanol as a probe molecule, the surface sites
of anatase and rutile in mixed-phase TiO, are successfully
distinguished by 3¢ cP/MAS NMR spectroscopy. The selective
photo-deposition of metal clusters on the anatase surface in mixed-
phase TiO, is disclosed by monitoring the changes in the exposed
anatase/rutile surface sites before and after photo-deposition,
which clearly indicates a rutile-to-anatase photo-induced electron
transfer in mixed-phase TiO, and strongly evidences a staggered
band alignment with both bands of rutile higher than those of
anatase.
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