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Importance of the Relationship between Surface Phases and

Photocatalytic Activity of TiO,**

Jing Zhang, Qian Xu, Zhaochi Feng, Meijun Li, and Can Li*

Semiconductor photocatalysts have attracted much research
attention in the past decades owing to their applications to
environmental purification and solar energy conversion.!!l
Among photocatalysts, TiO, appears to be the most promising
and suitable material because of its superior photocatalytic
activity, chemical stability, low cost, and nontoxicity. The most
significant factor that influences the photocatalytic perfor-
mance of TiO, is its crystal form.”! Two major crystalline
phases of TiO,, anatase and rutile, are commonly used in
photocatalytic reactions.”!

The surface phase of TiO,, which is directly exposed to
light and the reactants, contributes to photocatalysis and solar
energy conversion because the photocatalytic reaction or
photoelectron conversion takes place only when photoin-
duced electrons and holes are available on the surface.! The
crystalline phase of TiO, particles in the surface region may
be different from that in the bulk region,'” particularly when
TiO, is in its transition stage of the phase transformation from
anatase to rutile.’ Accordingly, a direct correlation between
the surface phases of TiO, and its photocatalytic performance
is of great significance, but has remained unclear mainly
owing to the difficulty in characterizing the surface phase of
TiO,, especially of TiO, nanoparticles, which have been
applied as catalysts or photocatalysts.

Herein, the surface phase of TiO, is differentiated by UV
Raman spectroscopy combined with XRD, visible Raman
spectroscopy, and high-resolution TEM (HRTEM). The
photocatalytic activity of TiO, is found to be directly related
to its surface phase. On the basis of the understanding thus
obtained, we found that the photocatalytic activity of TiO,
can be enhanced up to four times when anatase nanoparticles
are deposited on the surface of rutile particles.
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TiO, samples with different bulk and surface crystalline
phases were prepared by calcining Ti(OH), in air from 500 to
800°C."" Upon increasing the calcination temperature or
calcination time, the anatase TiO, transforms gradually to the
rutile phase. According to the results of XRD, as well as
visible and UV Raman spectroscopy (Figure S1 in the
Supporting Information), both the surface and bulk regions
of the TiO, sample calcined at 500°C are in the pure anatase
form. The anatase phase in the bulk begins to transform into
the rutile phase at only 550°C, while the surface region
maintains the anatase phase when the calcination temper-
ature is below 680 °C. Upon further increasing the calcination
temperature to 700°C or above, almost all bulk TiO, is
converted into the rutile phase while about 44 % anatase
phase still remains in the surface region. The anatase phase in
the surface region is completely transformed into the rutile
phase only when the calcination temperature is increased up
to 800°C.

The rutile content in the bulk region and the anatase
content in the surface region, estimated from visible and UV
Raman spectra, are shown by the solid and broken curves,
respectively, in Figure 1a. Figure 1b shows the rate of H,
production from the photocatalytic reaction of water and
methanol over TiO, (deposited with Pt as cocatalyst) that has
been calcined at different temperatures. The process of the
phase transformation of TiO, from anatase to rutile!” is
schematically shown in Figure 1b.

The rate of H, evolution does not evidently change for the
TiO, calcined from 500 to 680 °C, although the amount of the
rutile phase in the bulk region is greatly increased (Fig-
ure 1b). It is obvious that the overall photocatalytic activity is
more directly related to its surface phase because the anatase
phase always exists in the surface region for the samples
calcined at 500-680°C. A maximum activity is observed for
TiO, samples calcined at 700-750°C, whereby the bulk of
TiO, is almost in the pure rutile phase while the surface is in a
mixed phase of anatase and rutile. The anatase phase in the
surface region of the TiO, sample is completely transformed
into the rutile phase when the calcination temperature is
increased to 800°C, and correspondingly the overall photo-
catalytic activity decreases dramatically. Thus, the pure rutile
phase shows low overall activity for H, production. This result
suggests that the presence of the surface anatase on rutile
TiO, can keep a relatively high overall photocatalytic activity.

To explore the intrinsic photoactivity of the TiO, sample
calcined at different temperatures, the surface specific
activity, that is, the amount of H, production per surface
area (umolh™'m™?), of the samples calcined at different
temperatures is compared in Figure 1c¢ (the specific surface
area of the TiO, sample calcined at different temperatures is
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Figure 1. a) Dependence of bulk rutile content (filled circles, solid line)
and surface anatase content (open circles, broken line) on the
calcination temperature. b, c) TiO, samples calcined at different tem-
peratures and their corresponding overall (b) and surface-specific
photocatalytic activity (c).

given in Table S1 in the Supporting Information). The surface
specific activity increases with increasing the calcination
temperature, and it reaches a maximum at 700-750°C.

It is very interesting to note in Figure 1b,c that the TiO,
samples calcined at 700-750°C exhibit the highest photo-
catalytic activities (for both overall and surface specific
activity). UV Raman spectra of these samples indicate that
the mixed phases of anatase and rutile coexist in the surface
region. Namely, when the TiO, sample is calcined at 700-
750°C, the phase junctions between anatase and rutile are
derived on the surface of the rutile TiO,, as characterized by
UV Raman spectroscopy combined with XRD and visible
Raman spectroscopy (Figure S1 in the Supporting
Information).

The formation of the surface-phase junction could pro-
mote the spatial charge separation®!”! in the surface region;
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in other words, the formation of the surface-phase junctions
between the anatase nanoparticles and rutile particles may be
responsible for the highest photocatalytic activity of the
sample calcined at 700-750°C. The phase junctions may
facilitate transfer of the photogenerated electron from the
conduction band of the rutile phase to the trapping sites on
the anatase surface,'"'? thereby improving the charge-
separation efficiency and enhancing the photocatalytic activ-
ity. To further confirm the surface-phase effect of TiO,, the
overall and specific photocatalytic activities of TiO, samples
that were calcined at 600 °C for different periods of time were
investigated because the surface-phase composition in the
TiO, sample can be carefully controlled by calcination at
600°C for different time periods (Figure S2 in the Supporting
Information).

To further demonstrate that higher photocatalytic activity
can be achieved for a TiO, photocatalyst with a surface
junction formed between anatase and rutile TiO,, anatase
TiO, nanoparticles were deposited on rutile TiO, particles by
a wet-impregnation method,™ and then the TiO, powder was
calcined up to 400°C to convert the deposited TiO, on the
rutile surface into the anatase phase while keeping the bulk
still in the rutile phase. To obtain the samples with different
amounts of anatase phase on the surface of the rutile TiO,
particles, the impregnation procedure was repeated (the
loading of anatase deposited on the surface of the rutile
particles was roughly 5 wt % for each time). The as-prepared
samples are denoted as TiO,(A)/TiO,(R)-n, in which TiO,(A)
indicates the surface anatase TiO, nanoparticle, TiO,(R)
indicates the rutile TiO, particle as the support, and n
indicates the number of impregnation processes. Figure 2a—c
shows the SEM images of TiO,(A)/TiO,(R)-0, -1, and -4
samples, in which it is clearly observed that fine anatase
particles (particle size <30 nm) are highly dispersed on the
rutile particles (particle size ca.500 nm) in the TiO,(A)/
TiO,(R)-n samples.

The surface specific activity of TiO,(A)/TiO,(R) catalysts
with increasing amount of anatase on the surface of rutile are
given in Figure 2d. The anatase content estimated from XRD
and UV Raman spectroscopy is also displayed in Figure 2d
(XRD and UV Raman spectra are shown in Figure S3 in the
Supporting Information). Compared with the pure rutile TiO,
support, the photocatalytic activity is remarkably increased
by supporting a small amount of anatase on the surface of
rutile TiO,. For example, TiO,(A)/TiO,(R)-1 and -2 samples
exhibit much higher photocatalytic activities despite their low
surface anatase content (< 10 wt % ); for TiO,(A)/TiO,(R)-3,
the photocatalytic activity is greatly enhanced to about four
times higher than that of pure rutile TiO,. This enormous
increase in the photocatalytic activity can be attributed to the
formation of the surface anatase/rutile phase junction. For the
TiO,(A)/TiO5(R)-4 sample, the photocatalytic activity is
decreased somewhat because the surface of the rutile TiO,
may be fully covered by the anatase nanoparticles, which
decreases the amount of exposed anatase/rutile phase junc-
tion on the TiO, surface.

To visualize the surface-phase junction, the TiO, (A)/TiO,
(R)-n (n=1-4) samples were investigated by HRTEM.
Figure 3 shows the HRTEM results of the TiO,(A)/
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Figure 2. Scanning electron micrographs of a) TiO,(R), b) TiO,(A)/
TiO,(R)-1, and c) TiO,(A)/TiO,(R)-4. d) The photocatalytic activities for
evolved H, per surface area of TiO,(A)/TiO,(R)-n samples with increas-
ing amount of anatase phase on the surface of rutile TiO,. The rate of
evolved H, per surface area of TiO,(R) before depositing anatase TiO,
is added for comparison (data point at 0 impregnations). The anatase
contents estimated from XRD and UV Raman spctroscopy for TiO,(A)/
TiO,(R)-n samples are also displayed.

Figure 3. HRTEM image of a TiO,(A)/TiO,(R)-n sample.

TiO,(R)-n samples and clearly shows that the junction
structure between the anatase and rutile phase is formed in
TiO,(A)/TiO,(R)-n. HRTEM gives the direct evidence for
the surface anatase/rutile junction formed on rutile TiO,
particles.
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This work shows that the photocatalytic activity of TiO,
nanoparticles is directly related to the surface-phase struc-
ture, which can be sensitively detected by UV Raman
spectroscopy and can also be visualized by HRTEM. More
interestingly, it is found that the phase junction formed
between the surface anatase nanoparticles and rutile particles
can greatly enhance the photocatalytic activity for photo-
catalytic H, production. From this work it can thus be
concluded that the surface-phase junction of a semiconductor
catalyst directly contributes to photocatalytic reactions and,
therefore, provides a possible strategy to develop high-
performance photocatalysts by designing and preparing the
surface-phase junctions.

Experimental Section

Preparation of TiO,(A)/TiOy(R)-n: The rutile TiO, support (Alfa
Aesar, 99.8 % rutile phase), in single rutile phase confirmed by XRD,
visible Raman, and UV Raman spectroscopy, was impregnated with a
solution of titanium tetraisopropoxide in 2-propanol (the weight ratio
of anatase phase to rutile phase in the parent solution 5 wt %), and
subsequently treated for 8 h at 423 K in the presence of a flow of wet
nitrogen to hydrolyze the titanium isopropoxide. After the impreg-
nation, the TiO, powder was calcined up to 400 °C to convert the TiO,
deposited on the rutile surface into the anatase phase while keeping
the bulk in the rutile phase. To obtain samples with different amounts
of anatase phase on the surface of rutile TiO, particles, the
impregnation procedure was repeated.

Characterization: UV Raman spectra were recorded at room
temperature with a Jobin—Yvon T64000 triple-stage spectrograph
with a spectral resolution of 2 cm ™. The laser line at 325 nm of a He—
Cd laser was used as an excitation source with an output of 25 mW.
The power of the laser at the sample was about 3.0 mW. Visible
Raman spectra were recorded on a Jobin—-Yvon U1000 scanning
double monochromator with a spectral resolution of 4 cm™'. The line
at 532 nm from a DPSS 532 Model 200 532-nm single-frequency laser
was used as the excitation source. XRD patterns were obtained on a
Rigaku MiniFlex diffractometer with a Cug, radiation source.
Diffraction patterns were collected from 20 to 80° at a speed of
5°min~!. The morphology was examined with SEM QUANTA 200F.
HRTEM images were obtained on a Tecnai G* F30 S-Twin (FEI
company).

The photocatalytic H, evolution from methanol/water solutions
was investigated over Pt-loaded TiO, samples. The photocatalytic
reaction was carried out in a pyrex reaction cell connected to a closed
gas circulation and evacuation system. The light source was a 300-W
Xe lamp covered with a water-cooled quartz jacket. The TiO,
photocatalyst (0.2 g) was suspended in an aqueous solution containing
H,0 (160 mL) and CH;OH (40mL). Pt (0.3wt%) was photo-
deposited on the TiO, catalysts in situ from precursor H,PtCls-6 H,O
under irradiation. The amount of H, was measured using on-line gas
chromatography.
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