Chapter 6

UV Raman Spectroscopic Studies on Titania:
Phase Transformation and Significance

of Surface Phase in Photocatalysis

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

Abstract Phase transformation of TiO, from anatase to rutile was studied by UV
Raman spectroscopy with the excitation lines at 325 and 244 nm, visible Raman
spectroscopy with the excitation line at 532 nm, X-ray diffraction (XRD) and
transmission electron microscopy (TEM). It is found that UV Raman spectros-
copy is more sensitive to the surface region of TiO, than visible Raman spectros-
copy and XRD because TiO, strongly absorbs UV light. The anatase phase can be
detected by UV Raman spectroscopy for the sample calcined at higher tempera-
tures compared with that detected by visible Raman spectroscopy and XRD. It is
suggested that the rutile phase nucleates at the interfaces of the contacting anatase
particles; namely, for the agglomerated TiO, particles, the anatase phase in the
inner region is easier to change into the rutile phase than that in the outer surface
region. When the anatase particles are covered with highly dispersed La,03, the
anatase phase can be stabilized both in the bulk and at the surface region even
calcination at 900°C, owing to avoiding the direct contact of the anatase particles
and occupying the surface defect sites of the anatase particles by La,05. Addi-
tionally, the La,O; impregnation could effectively inhibit the growth of TiO,
particles. The photocatalytic performance of TiO, samples with different surface
phase structures was investigated. The surface-phase junction formed between the
anatase nanoparticles and rutile particles can greatly enhance the photocatalytic
activity for H, production.
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1 Instruction

Photocatalytic hydrogen production using semiconductor photocatalysts has
attracted considerable interest because it has been considered an ideal method to
deal with global energy problem. Among photocatalysts, TiO, appears to be one of
the most promising and suitable materials because of its superior photocatalytic
activity, chemical stability, low cost, and nontoxicity (Fujishima and Honda 1972;
Gratzel 2001; Fox and Dulay 1993; Wang et al. 1997; Kamat 1993; O’Regan and
Gratzel 1991). Heterogeneous photocatalysis utilizing TiO, materials has recently
emerged as an efficient and feasible technology for the reduction of global atmo-
spheric pollution and the purification of polluted water.

The structure of the two main polymorphs, rutile and anatase, can be discussed in
terms of TiOg octahedrals. The two crystal structures differ by the distortion of each
octahedron and by the assembly pattern of the octahedra chains (Linsebigler et al.
1995). These differences in lattice structures cause different mass densities and
electronic band structures, and different physical and chemical properties. The anatase
phase is suitable for catalysts and supports (Foger and Anderson 1986), while the rutile
phase is used for optical and electronic purposes because of its high dielectric constant
and high refractive index (Zhang et al. 1997). It has been well demonstrated that the
crystalline phase of TiO, plays a significant role in catalytic reaction especially
photocatalysis (Karakitsou and Verykios 1993; Zhu et al. 2004; Ding et al. 2000).
Some studies have claimed that the anatase phase was more active than the rutile phase
in photocatalysis (Karakitsou and Verykios 1993; Zhu et al. 2004).

Although at ambient pressure and temperature, the rutile phase is more ther-
modynamically stable than the anatase phase (Muscat et al. 2002); anatase is the
common phase rather than rutile because anatase is kinetically stable in nano-
crystalline TiO, at relatively low temperatures (Ovenston and Yanagisawa 1999).
It is believed that the anatase phase transforms to the rutile phase over a wide
range of temperatures (Shannon and Pask 1965). Therefore, understanding and
controlling of the crystalline phase and the process of phase transformation of
TiO, is important.

Catalytic performance of TiO, largely depends on the surface properties, where
catalytic reaction takes place. For TiO, photocatalyst, the surface structure should be
responsible for its photocatalytic activity because not only the photoinduced reactions
take place on the surface (Linsebigler et al. 1995) but also the photoexcited electrons
and holes might migrate through the surface region. Therefore, the surface phase of
TiO,, which is exposed to the light source, should play a crucial role in photocatalysis.
However, the surface phase of TiO,, particularly during the phase transformation has
not been well investigated. The challenging question still remained: is the phase in the
surface region the same as that in the bulk region, or how does the phase in the surface
region of TiO, particle change during the bulk phase transformation? The difficulty in
answering the above questions was mainly due to lacking suitable techniques that can
sensitively detect the surface phase of TiO,.
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UV Raman spectroscopy is found to be more sensitive to the surface phase of a
solid sample when the sample absorbs UV light (Li et al. 2001, 2003; Li and Li
2002). This finding leads us to investigate the phase transformation in the surface
region of TiO, by UV Raman spectroscopy as TiO, also strongly absorbs UV light.
In this study, we compared the Raman spectra of TiO, calcined at different
temperatures with excitation lines in the UV and visible regions. XRD and TEM
were also recorded to understand the process of phase transformation of TiO,
(Zhang et al. 20006).

2 UV Raman Spectroscopy

Raman spectroscopy is a light scattering process, which can be used to obtain
information about the structure and properties of molecules from their vibrational
transitions. Raman spectroscopy has been used in catalysis studies since the 1970s and
it was expected that Raman spectroscopy would develop into one of the most useful
techniques for the characterization of catalytic materials and catalytic reactions
(Brown et al. 1977a, b; Brown and Maskovsky 1977). Although Raman spectroscopy
has a number of potential applications in catalysis research, it is not as widely used in
catalytic studies as expected. The main limitations are its relatively low sensitivity and
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Fig. 1 The fluorescence bands appear mostly in the visible region from about 300 to 700 nm, and
the Raman signal is usually obscured by the strong fluorescence interference. To avoid fluores-
cence interference in Raman spectrum, the Raman spectrum is shifted from the visible region to
the UV region (A < 300 nm), by shifting the excitation laser from the visible region to the UV
region. Reprinted with permission from Journal of Catalysis, 216, Can Li, Identifying the isolated
transition metal ions/oxides in molecular sieves and an oxide supports by UV resonance Raman
spectroscopy, Copyright (2003), with permission from Elsevier
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fluorescence interference (Knopps-Gerrits et al. 1997). Fluorescence interference
could be avoided by shifting the excitation laser from the visible region usual for
conventional Raman spectroscopy to the UV region (below 300 nm) without fluores-
cence interference (Fig. 1).

Since 1995, we have carried out the UV Raman spectroscopic studies of catalysts
(Li and Stair 1996a) and studied sulfated zirconia (Li and Stair 1996b), coked
catalysts (Li and Stair 1997; Li et al. 2000), zeolites and alumina-supported oxides
(Xiong et al. 1999, 2000a, b; Li et al. 1999) and that all these have a strong
fluorescence background in their visible Raman spectra, but are free of fluorescence
interference in the UV Raman spectra. Hence, UV Raman spectroscopy opens up the
possibility of characterizing those catalysts which are difficult to study by conven-
tional visible Raman spectroscopy.

For UV Raman spectroscopy, not only is fluorescence avoided (Li 2003), but
also the sensitivity can be improved (Stair and Li 1997). The Raman scattering
intensity can be enhanced when the excitation laser is shifted from the visible (for
conventional Raman) to the UV region because the Raman scattering is propor-
tional to 1/A* (where X is the wavelength of the scattering light, approximately that
of the excitation laser). Furthermore, the Raman scattering can be greatly enhanced
by the resonance Raman Effect, when the UV laser falls in the region of the
electronic absorption of the samples.

More interestingly, UV Raman spectroscopy is found to be more sensitive to
the surface phase of a solid sample when the sample absorbs UV light (Li et al.
2001, 2003; Li and Li 2002). We studied the phase transition of zirconia (ZrO,)
from tetragonal phase to monoclinic phase by UV Raman spectroscopy, visible
Raman spectroscopy and XRD. Electronic absorption of ZrO, in the UV region
makes UV Raman spectroscopy more surface sensitive than XRD or visible
Raman spectroscopy. Zirconia transforms from the tetragonal phase to the
monoclinic phase with calcination temperatures elevated and monoclinic
phase is always detected first by UV Raman spectroscopy for the samples
calcined at lower temperatures than that by XRD and visible Raman spectros-
copy. UV Raman spectra clearly indicate that the surface phase of ZrO, is
usually different from the bulk phase of ZrO,. Furthermore, the phase transition
takes place initially at the surface regions and then gradually develops into its
bulk when the ZrO, with tetragonal phase is calcined at elevated tempera-
tures (Fig. 2).

For Y,03-ZrO, and La,03;—Zr0,, the transformation of the bulk phase from the
tetragonal to the monoclinic is significantly retarded by the presence of yttrium
oxide and lanthanum oxide (Li et al. 2003). However, the tetragonal phase in the
surface region is difficult to stabilize, particularly when the content of stabilizer is
low. The phase in the surface region can be more effectively stabilized by lantha-
num oxide than yttrium oxide even though zirconia seemed to provide more
enrichment in the surface region of the La,O3;—ZrO, sample than the Y,03-ZrO,
sample, based on XPS analysis. Based on these findings, it is possible for us to
further investigate the phase transformation, especially in the surface region of
TiO, by UV Raman spectroscopy.
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Fig.2 Schematic description of the phase evolution of zirconia calcined at different temperatures
and the information obtained from UV Raman spectroscopy, visible Raman spectroscopy, and
XRD. The inset is the UV-visible absorbance of m-ZrO, and t-ZrO,. Reprinted with permission
from Li et al. Copyright 2001 American Chemical Society

3 Spectral Characteristics of Anatase and Rutile TiO,

Figure 3 shows UV-Vis diffuse reflectance spectra of the TiO, with anatase and
rutile phase, respectively. For the anatase phase, the maximum absorption and the
absorption band edge can be estimated to be around 324 and 400 nm, respectively.
The maximum absorption and the absorption band edge shift to a little bit longer
wavelength for the rutile phase (Bickley et al. 1991).

The anatase and rutile phase of TiO, can be sensitively identified by Raman
spectroscopy. The anatase phase shows major Raman bands at 144, 197, 399, 515,
519 (superimposed with the 515 cm ! band), and 639 cm ™' (Ohsaka et al. 1978).
These bands can be attributed to the six Raman-active modes of anatase phase with
the symmetries of Eg, E,, Big, Ajg, Big, and Eg, respectively (Ohsaka et al. 1978).
The typical Raman bands due to rutile phase appear at 143 (superimposed with the
144 cm™ ! band due to anatase phase), 235, 447, and 612 cmfl, which can be
ascribed to the B,, two-phonon scattering, E,, and A;, modes of rutile phase,
respectively (Chaves et al. 1974; West 1984). Additionally, the band at 144 cm ™" is
the strongest one for the anatase phase and the band at 143 cm ™' is the weakest
one for the rutile phase. Figure 4a, b display the Raman spectra of anatase and rutile
TiO, with excitation lines at 532, 325, and 244 nm, respectively. Obviously, both
visible Raman spectra and UV Raman spectra show that the TiO, sample is in the
anatase and rutile phase.
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Fig. 3 UV-Vis diffuse reflectance spectra of TiO2 calcined at 500 and 800°C. Reprinted with
permission from Zhang et al. Copyright 2006. American Chemical Society

By comparing the Raman spectra of the anatase (Fig. 4a) or rutile phase
(Fig. 4b) excited by 532, 325, and 244 nm lines, it is found that the relative
intensities of characteristic bands due to anatase or rutile phase in the high fre-
quency region are different. For the anatase phase (Fig. 4a), the band at 638 cm ™" is
the strongest one in the Raman spectrum with the excitation line at 325 or 532 nm
while the band at 395 cm ™' is the strongest one in the Raman spectrum with the
excitation line at 244 nm.

For the rutile phase (Fig. 4b), the intensities of the bands at 445 and 612 cm ™' are
comparable in the visible Raman spectrum. The intensity of the band at 612 cm ™" is
stronger than that of the band at 445 cm ™" in the Raman spectrum with the excitation
line at 325 nm and the fact is reverse for the Raman spectrum with the excitation line
at 244 nm. In addition, for the rutile phase, a band at approximately 826 cm '
appears in the UV Raman spectra. Some investigations show that the rutile phase of
TiO, exhibits a weak band at 826 cm™! assigned to the By, mode (Chaves etal. 1974,
West 1984).

The fact that the relative intensities of the Raman bands of anatase phase or
rutile phase are different for UV Raman spectroscopy and the visible Raman
spectroscopy are mainly due to the UV resonance Raman effect because the laser
lines at 325 and 244 nm are in the electronic absorption region of TiO, (Fig. 3).
There is no resonance Raman Effect observed for the TiO, sample excited by
visible laser line because the line at 532 nm is outside of the absorption region of
TiO, (Fig. 3). Therefore, for the anatase or rutile phase, the Raman spectroscopic
characteristics in the visible Raman spectrum are different from those in the UV
Raman spectrum. When different excitation lines of UV Raman spectroscopy are
used, the resonance enhancement effect on the Raman bands of anatase or rutile
phase is different. For example, for the rutile phase (Fig. 4b), the band at 612 cm ™"
is easily resonance enhanced when the excitation wavelength is 325 nm. Among all
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Fig. 4 (a) Raman spectra of TiO; calcined at 500°C with excitation lines at 532, 325, and 244 nm
(Mex = 532, 325, and 244 nm). Reprinted with permission from Zhang et al. Copyright 2006
American Chemical Society. (b) Raman spectra of TiO, calcined at 800°C with excitation lines at
532, 325, and 244 nm (A., = 532, 325, and 244 nm). Reprinted with permission from Zhang et al.
Copyright 2006 American Chemical Society

the characteristic bands of the rutile phase, the extent of resonance enhancement of
445 cm™! is the strongest when the 244 nm laser is used as the excitation source
(Fig. 4b).

4 Semiquantitative Analysis of the Phase Composition
of TiO, by XRD and Raman Spectroscopy

The weight fraction of the rutile phase in the TiO, sample, Wg, can be estimated
from the XRD peak intensities using the following formula (Gribb and Banfield
1997):

Wr= 1/[14+0.884(Auna/Arut)]
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Where A, and A, represent the X-ray integrated intensities of anatase (101) and
rutile (110) diffraction peaks, respectively.

To estimate the weight fraction of the rutile phase in the TiO, sample by
Raman spectroscopy, pure anatase phase and pure rutile phase of the TiO, sample,
which have been prepared by calcination of TiO, powder at 500 and 800°C for 4 h,
were mechanically mixed at given weight ratio and ground carefully to mix
sufficiently.

Figure 5a displays the visible Raman spectra of the mechanical mixture with 1:1,
1:5, 1:10, 1:15, 5:1, and 10:1 ratios of anatase phase to rutile phase. The relationship
between the area ratios of the visible Raman band at 395 cm ™' for anatase phase to
the band at 445 cm ™' for rutile phase (Azgsem-1 /Asssem-1) and the weight ratios of
anatase phase to rutile phase (W4/Wpg) is plotted in Fig. 5b. It can be seen that a
linear relationship between the band area ratios and the weight ratios of anatase
phase to rutile phase in the mixture is obtained. The rutile content in the Degussa
P25, which usually consists of roughly about 80% anatase and 20% rutile phase
(Yan et al. 2005) was estimated by this plot. Our Raman result indicates that the
rutile content in the Degussa P25 is about 18.7%, which is close to the known result.
Thus, above linear relationship based on visible Raman spectroscopy can be used to
estimate the rutile content in TiO,.

Figure 6a presents the UV Raman spectra of mechanical mixture with 1:1, 1:2, 1:4,
1:6, 1:10, and 1:15 ratios of anatase phase to rutile phase with the excitation line at
325 nm. Figure 6b shows the plot of the area ratios of the UV Raman band at 612 cm ™'
for rutile phase to the band at 638 cm ™' for anatase phase (Ag12em-1 /As3gem-1) Versus
the weight ratios of rutile phase to anatase phase (Wgr/W,). There is also a linear
relationship between the band area ratios and the weight ratios of rutile phase to
anatase phase.

5 Phase Transformation of TiO, at Elevated Calcination
Temperatures

Many studies (Ovenstone and Yanagisawa 1999; Shannon and Pask 1965; Zhang
and Banfield 2000a; Gouma and Mills 2001; Penn and Banfield 1999; Ma et al. 1998;
Zhang et al. 1998; Busca et al. 1994; Hwu et al. 1997; Okada et al. 2001; Yoshinaka
et al. 1997; Yang et al. 2000; Ozaki and Iida 1961; Navrotsky and Kleppa 1967
Ahonen et al. 1999; Lee and Zuo 2004; Ranade et al. 2002; Zhang and Banfield
2000b) have been carried out to understand the process of the phase transformation
of TiO,. Shannon and Pask (1965) studied the phase transformation of anatase single
crystals. They showed that the rutile phase nucleated at the surface and spread into
the internal anatase phase during the phase transition, and the rutile phase has a
slower surface energy compared to that of the anatase phase. Lee and Zuo (2004)
studied the growth and phase transformation of nanometer-sized titanium oxide
powders prepared by the precipitation method. In situ TEM observations showed
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Fig. 5 (a) Visible Raman spectra of mechanical mixture with 1:1, 1:5, 1:10, 1:15, 5:1, and 10:1
ratios of anatase phase to rutile phase with the excitation line at 532 nm. (b) Plot of the area ratios
of the visible Raman band at 395 cm™" for anatase phase to the band at 445 cm™" for rutile phase
(A395 cm—1/A445 em—1) Versus the weight ratios of anatase phase to rutile phase (W /Wg). Reprinted
with permission from Zhang et al. Copyright 2006 American Chemical Society

that the anatase particles were absorbed into rutile, and then rutile particles grew by
coalescence (Fig. 7).

Zhang and Banfield (2000a) proposed that the mechanism of anatase-rutile phase
transformation was temperature-dependent according to the kinetic data from XRD.
The predominant nucleation mode may change from interface nucleation at low
temperatures to surface nucleation at intermediate temperatures and to bulk
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Fig. 6 (a) UV Raman spectra of mechanical mixture with 1:1, 1:2, 1:4, 1:6, 1:10, and 1:15 ratios
of anatase phase to rutile phase with the excitation line at 325 nm. (b) Plot of the area ratios of the
UV Raman band at 612 cm ™" for rutile phase to the band at 638 cm™ ! for anatase phase (Ag12 cm—1/
Ag3s em—1) versus the weight ratios of rutile phase to anatase phase (Wg/W,). Reprinted with
permission from Zhang et al. Copyright 2006 American Chemical Society

nucleation at very high temperatures (Fig. 8). Based on transmission and scanning
electron microscopy, Gouma and Mills (2001) suggested that rutile nuclei formed on
the surface of coarser anatase particles and the newly transformed rutile particles
grew at the expense of neighboring anatase particles. Penn and Banfield (1999)
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Fig. 7 Insitu TEM observation of rutile particle growth. The TEM micrographs show the absorp-
tion of the anatase particles into a rutile particle heated at (a) 710° C, (b) 800° C (0 min), (c) 800° C
(31 min), (d) 800° C (160 min), (¢) 800° C (211 min), and (f) after cooling. Reprint with permission
from Lee and Zuo. Copyright 2004 Wiley
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Fig. 8 The time and temperature dependence of the three dominant regions. Reprinted with
permission from Zhang et al. Copyright 2000 Wiley

suggested that the formation of rutile nuclei at {112} twin interfaces of anatase
particles heated hydrothermally (Fig. 9).

Figure 10 shows the XRD patterns of TiO, calcined at different temperatures. The
“A” and “R” in the figure denote the anatase and rutile phases, respectively. For the
sample before calcination, diffraction peaks due to the crystalline phase are not
observed, suggesting that the sample is still in the amorphous phase. When the sample
was calcined at 200°C, weak and broad peaks at 20 = 25.5,37.9,48.2,53.8, and 55.0°
are observed. These peaks represent the indices of (101), (004), (200), (105), and (211)
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Fig. 9 Rutile nuclei (indicated arrows) on the {112} anatase twin surface (viewed down [131]
anatase). Inset (lower right) shows rotationally filtered interface. Reproduced with permission
from Penn et al. Copyright 1999 from the Mineralogical Society of America

planes of anatase phase, respectively (Sreethawong et al. 2005). These results suggest
that some portions of the amorphous phase transform into the anatase phase. The
diffraction peaks due to anatase phase develop with increasing the temperature of
calcination. When the calcination temperature was increased to 500°C, the diffraction
peaks due to anatase phase become narrow and intense in intensity. This indicates that
the crystallinity of the anatase phase is further improved (Tsai and Cheng 1997).

When the sample was calcined at 550°C, weak peaks are observed at 20 = 27.6,
36.1, 41.2, and 54.3°, which correspond to the indices of (110), (101), (111), and
(211) planes of rutile phase (Sreethawong et al. 2005). This indicates that the
anatase phase starts to transform into the rutile phase at 550°C. The diffraction
peaks of anatase phase gradually diminish in intensity and the diffraction patterns of
rutile phase become predominant with the calcination temperatures from 580 to
700°C. These results clearly show that the phase transformation from anatase to
rutile progressively proceeds at the elevated temperatures. The diffraction peaks
assigned to anatase phase disappear at 750°C, indicating that the anatase phase
completely changes into the rutile phase. The diffraction peaks of rutile phase
become quite strong and sharp after the sample was calcined at 800°C, owing to
the high crystallinity of the rutile phase.

Figure 11 displays the visible Raman spectra of TiO, calcined at different
temperatures. For the sample before calcination, two broad bands at about 430
and 605 cm ™' are observed, indicating that the sample is in the amorphous phase
(Zhang et al. 1998). For the sample calcined at 200°C, a Raman band at 143 cm ™" is
observed and the high frequency region is interfered by fluorescence background,
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which might come from organic species. After calcination at 300°C, other
characteristic bands of anatase phase appear at 195, 395, 515, and 638 cm™ L, but
some portions of the sample may exist in the amorphous phase because there is still
broad background in Fig. 6.

It is found that, when the sample was calcined at 400°C, the fluorescence
disappears possibly because the organic residues were removed by the oxidation.
The bands of anatase phase increase in intensity and decrease in line width when the
sample was calcined at 500°C. This result suggests that the crystallinity of the
anatase phase is greatly improved (Ma et al. 1998), which is confirmed by XRD
(Fig. 10). Besides the bands at 395, 515, and 638 cmfl, two very weak bands at 320
and 796 cm™' are observed. These two bands can be assigned to a two-phonon
scattering band and a first overtone of B, at 396 cm™ ', respectively (Ohsaka et al.
1978). It is noteworthy that a very weak band appears at 445 cm ™' due to rutile
phase for the sample calcined at 550°C. This indicates that the anatase phase starts
to change into the rutile phase at 550°C. This result is in good agreement with that
of XRD patterns (Fig. 10). The weight percentage of the rutile phase in the samples
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calcined at different temperatures was estimated by visible Raman spectroscopy
and XRD (shown in Fig. 12). As seen from Fig. 12, the rutile content estimated from
visible Raman spectrum and XRD pattern of the sample calcined at 550°C is 4.2
and 5.7%, respectively. It can be seen that the rutile content estimated by visible
Raman spectroscopy and XRD is also in accordance with each other.

When the sample was calcined at 580°C, the other two characteristic bands are
observed at 235 and 612 cm ™' due to Raman-active modes of rutile phase. Figure 12
shows that the rutile content is 13.6 and 10.9% based on the visible Raman
spectrum and XRD pattern of the sample calcined at 580°C. The intensities of the
bands of rutile phase (235, 445, and 612 cmfl) increase steadily while those of the
bands of anatase phase (195, 395, 515, and 638 cmfl) decrease when the calcina-
tion temperatures were elevated from 600 to 680°C (Fig. 11). These results suggest
that the TiO, sample undergoes the phase transformation from anatase to rutile
gradually. The rutile content was estimated for the samples calcined from 600 to
680°C based on the visible Raman spectra. The result shows that the content of the
rutile phase is increased from 33.1 to 91.2% respectively for the samples calcined at
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Fig. 12 The weight percentage of the rutile phase in the TiO, sample calcined at different tempera-
tures estimated by visible Raman spectroscopy, XRD, and UV Raman spectroscopy

600 and 680°C (Fig. 12). The XRD results corresponding to the above two samples
indicate that the rutile content is changed from 32.9 to 90.7% (Fig. 12). These
results clearly show that the rutile content in the sample estimated by visible Raman
spectroscopy is agreement with that estimated by XRD.

The Raman spectrum of the sample calcined at 700°C shows mainly the charac-
teristic bands of rutile phase, but the very weak bands of anatase phase are still
observed (Fig. 11). When the sample was calcined at 750°C, the bands of anatase
phase disappear and only the bands due to rutile phase (143, 235, 445, and
612 cm™ ') are observed. These results indicate that the anatase phase completely
transforms into the rutile phase, which are consistent with the results from XRD
(Fig. 10). When the temperature was increased to 800°C, the intensity of character-
istic bands due to rutile phase increase further.

Both the results of XRD and visible Raman spectra (Figs. 10 and 11) show that
the anatase phase appears at around 200°C and perfect anatase phase is formed after
calcination at temperature 400-500°C. The rutile phase starts to form at 550°C, and
the anatase phase completely transforms into the rutile phase at 750°C. The signals
of visible Raman spectra come mainly from the bulk region of TiO, because the
TiO, sample is transparent in the visible region (Fig. 3) (Li et al. 2001, 2003; Li and
Li 2002). XRD is known as a bulk sensitive technique. Therefore, it is essentially in
agreement between the results of visible Raman spectra and XRD patterns.

UV-Vis diffuse reflectance spectra (Fig. 3) clearly show that TiO, has strong
electronic absorption in the UV region. Thus, the UV Raman spectra excited by UV
laser line contain more signal from the surface skin region than the bulk of the TiO,
sample because the signal from the bulk is attenuated sharply due to the strong
absorption (Li et al. 2001, 2003; Li and Li 2002). Therefore, if a UV laser line in the
absorption region of TiO, is used as the excitation source of Raman spectroscopy,
the information from UV Raman spectra is often different from that of visible
Raman spectra.
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The laser line at 325 nm was selected as the excitation source of the UV Raman
spectra. The UV Raman spectra and the content of the rutile phase of the TiO,
sample calcined at different temperatures are shown in Figs. 13a and 12, respec-
tively. When the sample was calcined at 200 or 300°C, the Raman band at 143 cm ™"
with a shoulder band at 195 cm ™! together with three broad bands at 395, 515, and
638 cm ™' are observed, indicating that the anatase phase is formed in the sample.
But the low intensity and the broad band indicate that the amorphous phase still
remains in the sample. It can be seen that the florescence in the high frequency
region can be avoided when the UV laser line is used as the excitation line.
However, the corresponding visible Raman spectra (Fig. 11) are interfered by the
fluorescence.

All bands assigned to anatase phase become sharp and strong after calcination at
500°C (Fig. 13a). These results are in agreement with those of XRD and visible
Raman spectra (Figs. 10 and 11). The UV Raman spectra of the sample with the
calcination temperatures from 550 to 680°C are essentially the same as those of
the sample calcined at 500°C (Fig. 13a). But according to the XRD patterns and
visible Raman spectra (Figs. 10 and 11), the anatase phase starts to transform into
the rutile phase at only 550°C and the anatase phase gradually changes into the
rutile phase in the temperature range of 550-680°C.

After calcination at 700°C, a new band at 612 cm ™! and two weak bands at 235
and 445 cm ™" due to rutile phase appear while the intensities of the bands of anatase
phase begin to decrease (Fig. 13a). Based on the UV Raman spectrum and XRD
pattern of the sample calcined at 700°C, the rutile content in the sample is 56.1 and
97.0%, respectively (Fig. 12). It is found that the rutile content estimated by UV
Raman spectroscopy is far less than that estimated by XRD.

When the sample was calcined at 750°C, the intensities of the bands due to rutile
phase increase, but the intensities of the bands due to anatase phase are still strong
in the UV Raman spectra (Fig. 13a). UV Raman spectrum of the sample calcined at
750°C indicates that the rutile content is 84.3% (Fig. 12). However, the results of
XRD and visible Raman spectrum (Figs. 10 and 11) suggest that the anatase phase
totally transforms into the rutile phase after the sample was calcined at 750°C. The
characteristic bands due to anatase phase disappear and the sample is in the rutile
phase after calcination at 800°C (Fig. 13a). Obviously, there are distinct differences
between the results from the UV Raman spectra, visible Raman spectra, and XRD
patterns. It seems that the anatase phase remains at relatively higher temperatures
when detected by UV Raman spectroscopy than by XRD and visible Raman
spectroscopy.

Another UV laser line at 244 nm was also selected as the excitation source of UV
Raman spectroscopy in order to get further insights into the phase transformation of
TiO,. The results of the UV Raman spectra of TiO, calcined at different tempera-
tures with the excitation line at 244 nm are presented in Fig. 13b. When the sample
was calcined at 200°C, four broad bands were observed at 143, 395, 515, and
638 cm ™', which clearly indicate that the anatase phase exists in the sample. The
intensities of the Raman bands due to anatase phase (143, 395, 515, and 638 cm_l)
become strong after calcination at 500°C. The UV Raman spectra hardly change for
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the sample calcined at different temperatures even up to 680°C. The characteristic
bands (445 and 612 cm™') of rutile phase appear only when the calcination
temperature exceeds 700°C. This result is in good agreement with that from the
UV Raman spectrum with 325 nm excitation of the sample calcined at 700°C
(Fig. 13a). The intensities of the bands due to anatase phase (395, 515, and
638 cm ') decrease while those of bands assigned to rutile phase (445 and
612 cmfl) increase after calcination at 750°C (Fig. 13b). When the sample was
calcined at 800°C, the Raman bands due to anatase phase disappear, while the
bands of rutile phase develop. This result indicates that the sample calcined at
800°C is in the rutile phase. It is interesting to note that the results of the UV Raman
spectra with the excitation lines at 325 and 244 nm are consistent with each other
but are different from those of XRD patterns and visible Raman spectra.

It has been clearly shown that the results of visible Raman spectra (Fig. 11) are in
good agreement with the results from XRD patterns (Fig. 10) but different from
those of UV Raman spectra (Fig. 13) for TiO, calcined at elevated temperatures.
The inconsistency in the results from the three techniques can be explained by the
fact that UV Raman spectroscopy provides the information mainly from surface
region while visible Raman spectroscopy and XRD from bulk of TiO,. The
discrepant results of UV Raman spectra, visible Raman spectra and XRD patterns
are attributed to their different detective depth for TiO, particle (Li et al. 2001,
2003; Li and Li 2002).

The disagreements of UV Raman spectra, visible Raman spectra and XRD
patterns suggest that the crystal phase in the surface region is different from that
in the bulk during the phase transformation of TiO,. Busca et al. (1994) character-
ized the Degussa P25 using FT Raman spectroscopy and XRD technology. They
estimated the rutile-to-anatase ratio by Raman spectroscopy and XRD, and found
that the ratio estimated by Raman spectroscopy for the Degussa P25 was smaller
than that evaluated by XRD. Therefore, they assumed that the rutile phase in the
Degussa P25 was more concentrated in the bulk because Raman spectroscopy
excited by near IR laser line should be more surface-sensitive than XRD. Different
from their investigations, our experimental results give direct UV Raman evidences
to show that the phases in the surface region are generally different from that in the
bulk region of TiO,, particularly when TiO; is in the transition stage of the phase
transformation.

As presented above, the anatase phase can remain at relatively higher tempera-
tures as observed by UV Raman spectroscopy than by visible Raman spectroscopy
and XRD. These facts lead us to the conclusion that the phase transformation of
TiO, takes place from its bulk region and then extends to its surface region.

To further understand the process of the phase transformation of TiO,, we used
TEM technique to observe the microstructure of the sample calcined at 500, 600,
and 800°C (shown in Fig. 14). The most particles in the sample calcined at 500°C
exhibit diameters in a range between 10 and 30 nm. On the other hand, remarkable
agglomeration is observed for the TiO, sample calcined at 500°C. The particle size
increases after calcination at 600°C. According to the results of XRD and visible
Raman spectra (Figs. 10 and 11), the sample undergoes the phase transformation
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Fig. 14 TEM images of TiO, calcined at (a) 500°C, (b) 600°C, and (c) 800°C. Reprinted with
permission from Zhang et al. Copyright 2006 American Chemical Society

from anatase to rutile gradually in the temperature range of 550-680°C. These
results imply that the phase transformation and growth of the particle size are
interrelated. Many researchers (Kumar 1995; Hague and Mayo 1993; Banfield
et al. 1993; Mackenzie 1975; Kumar et al. 1992) reported similar phenomena.
Kumar et al. (Kumar 1995) attributed this particle size growing to the higher atomic
mobility because of bond breakage during the phase transformation. When the
calcination temperature was increased to 800°C, TiO, particles further grow and the
particle size can be as big as about 200 nm.

According to TEM measurements Penn and Banfield (1999) suggested that
structural elements with rutilelike character can be produced at a subset of anatase
interfaces, and these might serve as rutile nucleation sites. Lee and Zuo (2004)
investigated the growth and transformation in nanometer-sized TiO, powders by in
situ TEM. The nucleation of rutile was found to occur at the amorphous interface of
anatase particles where there are strain and disorder. Based on the experimental
observations and combined with the results from the literature, we suggest that the
phase transformation of TiO, starts from the interfaces among the anatase particles
of the agglomerated TiO, particles. Based on kinetic data from XRD, Zhang and
Banfield (2000a) also proposed that interface nucleation dominated the transforma-
tion for nanocrystalline anatase samples with denser particle packing below 620°C,
or in the temperature range of 620—-680°C.

A proposed scheme for the phase transformation of TiO, with increasing calci-
nation temperature is illustrated in Fig. 15. The TiO, particles with anatase phase
intimately contact with each other. Thus, the surface and the bulk region of the TiO,
sample actually refer to respectively the outer surface region and the inner region of
agglomerated TiO, particles. The interfaces of contacting anatase particles, which
only present in the inner region of agglomerated particles, provide the nucleation
sites of the rutile phase. Therefore, the rutile phase is first detected by XRD and
visible Raman spectroscopy for the sample calcined at 550-680°C. Once phase
transformation takes place, the particle size increases rapidly. The agglomeration of
the TiO, particles is along with the phase transformation from anatase to rutile.
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Fig. 15 A proposed scheme for the phase transformation of TiO, with increasing calcination temp-
erature. Reprinted with permission from Zhang et al. Copyright 2006 American Chemical Society

The rutile phase needs fairly high temperature to progressively develop into the
whole conglomeration composed of some neighboring particles coalescence as the
phase transformation is a diffusing process. Thus, the outer surface region of
the agglomerated particles without directly interacting with other particles main-
tains in the anatase phase when the calcination temperature is below 680°C.
Accordingly, UV Raman spectroscopy detect only the anatase phase in the outer
region of agglomerated particles in the temperature range of 550-680°C.

When the calcination temperature is higher than 700°C, the anatase phase of the
outer surface region of agglomerated particles begins to change into the rutile
phase. Therefore, the mixed phases of anatase and rutile are observed by UV
Raman spectroscopy but the inner region of agglomerated particles is nearly in
the rutile phase. Both XRD and visible Raman spectra show that the inner region of
agglomerated particles is in the rutile phase when the sample is calcined at 750°C.
However, the phase transformation is still not yet complete because the outer
surface region is still in the mixed phases of anatase and rutile. After calcination
at 800°C, the anatase phase in the outer surface region completely transforms to the
rutile phase, the whole agglomerated particles are in the rutile phase.

Following the above reasoning, for the agglomerated particles of TiO,, the rutile
phase nucleates at the interfaces of contacting anatase particles. However, from the
point view of a single anatase crystal particle, the rutile phase starts to form at the
surface of TiO,, where it is in contact with other particles. It is reasonably assumed
that the phase transformation of single particle might start from the surface, where
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there is no direct interaction with other particles, but it needs high temperature.
Zhang et al. (Zhang and Banfield 2000a) indicated that thermal fluctuation of Ti and
O atoms in anatase is not strong enough to generate rutile nuclei on the surfaces or
in the bulk of the anatase particles at lower temperatures.

When the small anatase particles agglomerated into large particles, interface
nucleation is easier, as compared to nucleation at the surface, where there is no
contact with other particles. Zhang and Banfield (2000a) indicated that the activa-
tion energy for surfaces nucleation is expected to be higher than that for interfaces
nucleation. Therefore, we observed the phenomenon that crystalline phase in the
outer surface region of agglomerated TiO, particles is different from that in
the inner region of agglomerated TiO, particles.

6 Phase Transformation of TiO, with La,0; Loading

If the direct contact between anatase particles of TiO, is avoided, the phase
transformation of TiO, from anatase to rutile could be retarded or prohibited.
This assumption may be verified by covering the surface of anatase TiO, with an
additive. It has been reported that La** did not enter into the crystal lattices of TiO,
and was uniformly dispersed onto TiO, as the form of lanthana (La,0O3) particles
with small size (Jing et al. 2004; Xie and Tang 1990; Gopalan and Lin 1995).
In order to verify the above assumption, this study also prepared the anatase phase
of TiO, sample covered with La,O5 and characterized the above sample by XRD,
visible Raman spectroscopy and UV Raman spectroscopy.

Figure 16a displays the visible Raman spectra of La,03/TiO, with increasing
La,05 loading. TiO, support is in the anatase phase because only characteristic
bands (143, 195, 395, 515, and 638 cm_l) due to anatase phase are observed. When
the TiO, support was calcined at 900°C (Ti0,-900), the Raman spectrum gives the
characteristic bands of rutile phase, indicating that the TiO,-900 sample is in the
rutile phase. We firstly studied the crystalline phase of 6 wt% La,03/TiO, calcined
at 900°C. Only characteristic bands of anatase phase are observed, suggesting that
the TiO, sample retains its anatase phase when La,05 loading is 6 wt% while the
Ti0,-900 sample is in the rutile phase. With decreasing the La,03 loading to 3 or
1 wt%, it is observed that the TiO, sample can still be stabilized at its anatase
phase.

It should be noted that TiO, sample maintain the anatase phase even when the
La,05 loading is only 0.5 wt%. The spectra of the sample with the La;O3 loadings
from 1 to 6 wt% are almost the same as those for the sample with 0.5 wt% La,03
loading, except for a small decrease in intensity. Figure 16b shows XRD patterns of
La,03/TiO, with increasing La,O5 loading. When the loading of La,Oj5 is varied
from 0.5 to 6 wt%, it is obvious that the samples are stabilized at their anatase phase
both in bulk and in the surface region even after the calcination at 900°C. The
results from XRD patterns agree well with those of visible Raman spectra.
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Fig. 16 (a) Visible Raman spectra, (b) XRD patterns, (¢) UV Raman spectra of La,05/TiO, with
increasing La,03 loading. Reprinted with permission from Zhang et al. Copyright 2006 American
Chemical Society

Figure 16¢ shows the UV Raman spectra of La,0O5/TiO, with increasing La,O;
loading. The Raman spectrum of the TiO, support and the TiO,-900 sample gives
the characteristic bands of anatase phase and rutile phase, respectively. When
La,05 loading is varied from 0.5 to 6 wt%, the results of the UV Raman spectra
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Fig. 17 TEM micrographs of (a) TiO,-900 and (b) 1 wt% La,05/TiO, sample calcined at 900°C

show that all the samples are in the anatase phase. These results are in accordance
with those of visible Raman spectra and XRD (Fig. 16a, b). For both visible Raman
spectra and UV Raman spectra, no bands due to crystalline phase of La,O5 are
observed for all the La,03/TiO, samples, showing that La,05 is highly dispersed on
the surface of anatase phase of TiO, particles (Xie and Tang 1990).

Figure 17 compares the TEM micrographs of TiO,-900 and 1 wt% La,03/TiO,
sample calcined at 900°C. It could be found that the particle size is obviously
decreased by addition of 1 wt% La,0O;. It should be noted that both TiO, support
and 1 wt% La,03/TiO, sample appear similar average particle size, demonstrating
that La®* impregnation could effectively inhibit the increase of TiO, particle size.

Combined results of XRD, visible Raman spectra and UV Raman spectra of the
La,;03/TiO, samples (Fig. 16), showed that 0.5 wt% La,O; can stabilize the
anatase phase both in bulk and in the surface region even after the calcination at
900°C. We further decreased the loading of La,O3 and recorded the corres-
ponding XRD patterns and UV Raman spectra. Figure 18a displays XRD patterns
of La,03/TiO, with La,O5 loading from 0.1 to 0.4 wt%. Weak peaks due to
anatase phase are observed for the 0.1 wt% La,0O3/TiO, sample in addition to the
characteristic peaks attributed to the rutile phase. The XRD result corresponding
to the above sample indicates that the rutile content is 95%. With increasing the
loading of La,0Oj3, the diffraction peaks of rutile phase gradually diminish in
intensity and the diffraction patterns of anatase phase become predominant. The
result from XRD shows that the content of the rutile phase is decreased from 83 to
43% when Lay0O; loading is increased from 0.2 to 0.4 wt%. This is strong
evidence that the anatase phase of TiO, in the bulk can be stabilized by adding
La,0;. Furthermore, the bulk region retain the anatase phase only when the
loading of La,0O5 is up to 0.5 wt%.

From UV Raman spectra (Fig. 18b), some weak peaks of the rutile phase are
observed, while the main pattern is due to the anatase phase when the La,0O; loading
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is 0.1 or 0.2 wt%. Further increasing the loading of La,O; to 0.3 or 0.4 wt%, the
surface region is stabilized at the anatase phase. Combined with the results from
XRD, it can be seen that the impregnation of La,O3 not only stabilizes the anatase
phase in the bulk region, but also retards the development of the rutile phase into the
surface.

It is interesting to note that the impregnation of only 0.5 wt% La,O3 (3% the
monolayer dispersion capacity La,0; of the weight of TiO,) can inhibit the phase
transformation. The explanation of this interesting result could be as follows: the
defect sites on the surface of the anatase particles are assumed to play an important
role in the phase transformation of TiO,. When the defect sites of the anatase
particle react with a neighboring anatase particle with or without defect sites, the
rutile phase formation may start at these sites. La,O5 easily reacts with the defect
sites of the anatase particles and the only 0.5 wt% La,O5 can occupy or deactivate
all the defect sites of the anatase particles because usually the surface defect sites
concentration is relatively low. The easy migration of surface atoms of anatase and
the nucleation of rutile phase may most possibly take place at the surface defect
sites. Therefore, only 0.5 wt% La,Oj3 can effectively inhibit the phase transforma-
tion of anatase and growing of the particle size.

In addition to occupying the defective sites, the highly dispersed La,O5 on the
surface of the anatase particles effectively avoids the direct contact of the anatase
particles for the sample with high La,O; loadings. Therefore, the La,03/TiO,
sample can retain its anatase phase even when the calcination temperature is up
to 900°C, owing to the above two roles played by La,Oj3.

7 Photocatalytic Performance of TiO, with Different Surface
Phase Structures

The surface phase of TiO,, which is directly exposed to light and the reactants,
contribute to photocatalysis and solar energy conversion because the photocata-
lytic reaction or photoelectron conversion takes place only when photo-induced
electrons and holes are available on the surface (Linsebigler et al. 1995; Sakthivel
et al. 2006). The crystalline phase of TiO, particles in the surface region may
be different from that in the bulk region (Busca et al. 1985, 1994; Zhang et al.
20006), particularly when TiO; is in its transition stage of the phase transformation
from anatase to rutile (Zhang et al. 2006, 2008).

The rutile content in the bulk region and the anatase content in the surface
region, estimated from visible and UV Raman spectra, are shown respectively by
the solid curve and broken curve in Fig. 19a. 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. 19b). 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
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the samples calcined at 500-680°C. A maximum activity is observed for TiO,
samples calcined at 700-750°C, where the bulk of TiO, is almost in pure rutile
while the surface is in a mixed phase of anatase and rutile. The anatase phase in the
surface region of TiO, sample is completely transformed into the rutile phase when
the calcination temperature is increased to 800°C, and correspondingly the overall
photocatalytic activity decreases dramatically. Thus, the pure rutile phase shows
low overall activity for the H, production. This result suggests that the presence
of the surface anatase on rutile TiO, can keep a relatively high overall photo-
catalytic activity. This effect should be attributed to the formation of surface-phase
junction.

To further demonstrate if higher photocatalytic activity can be achieved for TiO,
photocatalyst with surface junction formed between anatase and rutile TiO,,
anatase were deposited on rutile by a wet impregnation method (Loddo et al.
1999), and then the TiO, powder was calcined up to 400°C. To obtain the samples
with different amounts of anatase on the surface of rutile, 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 were
denoted as TiO,(A)/TiO,(R)-n, in which TiO,(A) indicates the surface anatase,
TiO,(R) indicates the rutile as the support, and the number n indicates the number
of impregnation.

Figure 20a—c shows the SEM of TiO,(A)/ TiO,(R)-0, 1, 4 samples, where it is
clearly observed that fine anatase particles (particle size <30 nm) are highly
deposited on the rutile particles (particle size ~500 nm) in the TiO,(A)/TiO,(R)-n
samples.

The surface specific activity of TiO,(A)/TiO,(R) catalysts with increasing the
amount of anatase on the surface of rutile are given in Fig. 20d. The anatase content
estimated from XRD and UV Raman spectroscopy is also displayed in Fig. 20d.
Compared with the pure rutile support, the photocatalytic activity is remarkably
increased by supporting a small amount of anatase on the surface of rutile. For
example, TiO,(A)/TiO,(R)-1,2 samples exhibit much higher photocatalytic activ-
ities despite their low surface anatase contents (<10 wt%), for TiO,(A)/TiO,(R)-3,
the photocatalytic activity is greatly enhanced to about four times higher than that
of pure rutile. This enormous increase in the photocatalytic activity can be attrib-
uted to the formation of the surface anatase/rutile phase junction. For TiO,(A)/
TiO,(R)-4 sample, the photocatalytic activity is decreased somewhat because the
surface of the rutile may be fully covered by the anatase, that decreases the amount
of exposed anatase/rutile phase junction on the TiO, surface.

In order to visualize the surface phase junction, the TiO,(A)/TiO,(R)-n
(n = 1-4) samples were investigated by HRTEM. Figure 21 shows the HRTEM
result of a TiO,(A)/TiO,(R)-n sample. The result clearly shows that the junction
structure between anatase and rutile phase is formed on the TiO,(A)/TiO,(R)-n
sample. HRTEM gives the direct evidence for the surface anatase/rutile junction
formed on rutile particles.
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Fig. 20 Scanning electron micrographs of (a) TiO, (R), (b) TiO,(A)/TiO,(R)-1, and (c) TiO,(A)/
TiO,(R)-4 samples. (d) The photocatalytic activities for H, evolved per surface area of TiO,(A)/
TiO,(R)-n samples with increasing the amount of anatase phase on the surface of rutile TiO,. The
rate of H, evolved per surface area of TiO,(R) before depositing anatase TiO, is added for
comparison. The anatase contents estimated from XRD and UV Raman spctroscopy for
TiO,(A)/TiO5(R)-n samples are also displayed . Reprinted with permission from Zhang et al.

Copyright 2008 Wiley
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Fig. 21 HRTEM image of TiO,(A)/TiO,(R)-n sample. Reprinted with permission from
Zhang et al. Copyright 2008 Wiley

8 Conclusions

This chapter discussed the applications of UV Raman spectroscopy in the studies of
TiO,, including phase transformation and significance of surface phase in photo-
catalysis. UV Raman spectroscopy combined visible Raman spectroscopy, XRD,
and TEM indicated that the crystalline phases of TiO; particles in the surface region
is different from that in the bulk region, particularly when TiO, is in its transition
stage of the phase transformation from anatase to rutile.

A direct correlation between the surface phases of TiO, and its catalytic,
especially photocatalytic performance is of great significance because catalytic
reaction takes place on the surface. A great deal of research has been conducted
to investigate the effect of the surface properties on the photoactivity of TiO,.
However, the direct relationship between the photocatalytic performance and the
surface phase of TiO, remained a challenging subject. This may be due to the
difficulty to characterize the surface phase of TiO,, especially of TiO, nanopatrticle,
which has been practically used as a catalyst or a photocatalyst. Taking the
advantage of UV Raman spectroscopy for understanding the surface phase of
TiO,, if the photocatalytic activity of TiO, with different crystalline phase compo-
sitions was evaluated, it is possible to correlate the surface phase of TiO, and
its photoactivity.
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