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ABSTRACT: Understanding the structures and properties of interfaces
in (nano-)composites helps to reveal their important influence on
reactivity and overall performance. TiO, is a technologically important
material, and anatase/rutile TiO, composites have been shown to display
enhanced photocatalytic performance over pure anatase or rutile TiO,.
This has been attributed to a synergistic effect between the two phases,
but the origin of this effect as well as the structure of the interface has not
been established. Using Raman spectroscopy, here we provide evidence
of distinct differences in the thermal properties of the anatase and rutile
moieties in the composite, with anatase becoming effectively much
warmer than the rutile phase under laser irradiation. With the help of
first-principles calculations, we analyze the atomic structure and unique
electronic properties of the composite and infer possible reasons for the
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iO, has attracted substantial interest because of its activity

for generating hydrogen from water under ultraviolet
(UV) light irradiation.' ™ However, its overall efficiency for
solar-driven photocatalysis is very limited, because TiO, is a
wide band gap semiconductor (3.0 — 3.2 €V) and UV light
accounts for less than 5% of the total solar irradiation.” Many
efforts have been devoted at improving the TiO, photocatalytic
activity, such as doping with other elements® ' and coupling
with other phases or compounds."' "7 In this context, anatase/
rutile TiO, nanocomposites have been found to display
enhanced photocatalytic performance over pure anatase or
rutile, due to a synergistic effect between the two phases
presumably originating from the interface.''™"” It was
suggested that the interface allows for rapid electron transfer
from rutile to anatase," "' the rutile phase acts as an antenna to
extend the photoactivity into visible wavelengths, and catalytic
“hot spots” exist at the rutile—anatase interface.'’ It was also
suggested that within mixed-phase titania there is a morphology
of nanoclusters containing atypically small rutile crystallites
interwoven with anatase crystallites,'’ but the atomic level
details of the resulting interface are incomplete. The difference
between the work functions of anatase and rutile in mixed-
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phase TiO, has been recently proposed to cause the formation
of a built-in field, which facilitates the charge transfer across the
interface."* This solid—solid interface is also regarded as a key
structural feature that facilitates charge separation, reduces
electron-hole recombination and enhances the photocatalytic
efficiency, as well as the locus of defect sites that act as catalytic
“hot spots”."” Recent molecular dynamics (MD) simulations
reported that anatase-rutile interfaces are slightly disordered,
with the disorder limited to a narrow region at the interface.'®
Moreover, formation of rutile octahedral structures was
observed at the anatase side of the interface due to surface
rearrangements.'® Several interfaces between low-index anatase
and rutiles surfaces, such as (110),/(101), or (100),/(100),,
were identified as possible stable structures of the mixed-phase
catalyst."®

Raman spectroscopy has been widely used to characterize
crystal phases and to investigate phase transitions in
TiO,.'""** Anatase TiO, is tetragonal with space group 14/
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amd, and has 15 optical modes with irreducible representations
1A, + 1Ay, + 2B, + IB,, + 3E, + 2E,'%***! The modes A,
B,y and E,, are Raman active, the modes A, and E, are infrared
active, and the B,, mode is both Raman and infrared inactive.
The Raman active modes E, (639 cm™), By, (519 cm™), and
Ayg (513 em™), are Ti—O bond stretching vibrations, while the
modes By, (399 em™), E, (197 cm™), and E, (144 cm™) are
O-Ti—O bending type vibrations.”® Rutile is tetragonal with
space group P4/mnm and has 1S5 optical modes with the
irreducible representation 1A, + 1A, + 1A,, + 1By, + 1By, +
2By, + 1E; + 3E,.'"”?* The modes By Ey Ay and By, are
Raman active and all consist of motions of anions with respect
to stationary central cations, either perpendicular to the ¢ axis
(modes By Ay and Bzg), or along the c axis (mode Eg).22 The
size-dependent properties of TiO, nanocrystals have been
investigated with Raman spectroscopy by many groups.”">*~’
With increasing size of the anatase nanocrystal, the intensity of
the E; mode increases, the frequency shifts, and the linewidth
decreases.”**~*” Besides the influence of size, stoichiometry
defects of titania nanoparticles also affect the broadening of
Raman spectra.”” A recent report demonstrated that Raman
peaks originating from the E, and A,, vibrational modes were
related to different crystal planes and provided an apgroach for
measuring the percentage of the exposed facets.”® Raman
studies also suggested that the anatase phase in the surface
region can sustain higher calcination temperatures relative to
the bulk during the anatase-rutile phase transformation, and the
rutile phase starts to form in the inner regions of the
agglomerated TiO, particles.” Subsequent studies by the
same group showed however that the particle size is the critical
parameter determining the anatase-rutile transition temper-
ature, which decreases with the decrease of the initial particle
size.® Recently, Satoh et al. found evidence of the size
dependence of the irreversible anatase-rutile phase transition in
TiO, nanoparticles and proposed a kinetic control nucleation
model.®" Ricci et al. reported a visible light-induced phase
transition of TiO, nanoparticles from anatase to the rutile
structure under oxygen-poor conditions, and explained it in the
framework of oxygen adsorption and desorption with the
involvement of surface oxygen vacancies and F centers.*”
Chatterjee et al. found that carbon inclusions inside or on the
surface of TiO, facilitated the phase transformation from the
anatase to the rutile phase at high laser power annealing, by
creating oxygen vacancies.” Lee et al. performed spontaneous
Raman spectroscopy studies on a series of anatase Fe-doped
TiO, nanoparticles and investigated their structural trans-
formation under the exposure of a 532 nm green laser.>* They
found that the anatase phase of TiO, was effectively converted
into the rutile phase with the assistance of Fe doping, and the
critical laser intensity for phase transformation decreased with
increasing the Fe content, because of the enhanced optical
absorption and the photoinduced thermal heating effect
associated with the defect structure within the bandgap of Fe-
doped TiO, nanoparticles.**

Altogether, the existing literature clearly shows that the
structure and properties of the interface play a key role in the
structural transformation and photocatalytic performance of
anatase/rutile nanocomposites. Understanding these properties
is both of scientific and technological interest, as it can help the
design of photocatalytic materials with improved perform-
ance.*> ™7 In this work, we provide fundamental information
on three crucial aspects of the interface of anatase/rutile
nanocomposites: the atomic structure of the interface from
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modeling, the electronic properties from experiment and first-
principles calculations, and the unique vibrational and thermal
properties of rutile/anatase composites from experimental
investigations. These results improve significantly our under-
standing of the behavior of the TiO, anatase and rutile
polymorphs and highlight the key role of the interface in the
properties of the composite.

We prepared the rutile/anatase nanocomposites with the
sol—gel method followed by calcination at 550 °C.'® The
crystal structure of the nanocomposites was characterized with
X-ray diffraction (PXRD) using a Rigaku Miniflex PXRD
machine with Cu Ka as the X-ray sources (wavelength = 1.5418
A) and the 20 range was from 15 to 85° with a step width of
0.08 and count time of 3 s/step. The X-ray diffraction pattern
shown in Figure 1A suggested the nanocomposites included
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Figure 1. (A) Powder X-ray diffractograms (PXRD) and (B) Raman
scattering patterns of anatase/rutile TiO, nanocomposites (excitation
wavelength of 785 nm and laser power of 100 mW). (C) Low-
resolution and (D) high-resolution transmission electron microscopy
(HRTEM) image. The notations (*) and (o) in (A) point to the
anatase and rutile phases, respectively. The inset in C shows a selected
area electron diffraction pattern.

both crystalline anatase and rutile phases. The size of the
crystalline grain was calculated with the Scherrer equation and
the composition was deduced with the Rietveld fittings (see
Figure S1 and Table S1 in the Supporting Information). The
nanocomposites contained 65% 17 nm anatase and 35% 20 nm
rutile. The lattice structure of the nanocomposites was further
tested with Raman spectroscopy with the excitation wavelength
of 785 nm and laser power of 100 mW. The Raman spectrum
of the anatase/rutile nanocomposites in Figure 1B showed
however a typical pure anatase scattering pattern with peaks at
E,(a) ~ 146.5 cm™, E(a) ~ 201 cm™", Byy(a) ~ 399 cm ™, A,,
+ Byy(a) ~ 517 cm™, and E,(a) ~ 639 em™1.19292! No rutile
phase TiO, was clearly observed. This suggested that in the
anatase—rutile nanocomposites, the anatase part was on the
outside, whereas the rutile part was in the interior, because the
information depth of X-ray diffraction is on the order of tens of
micrometers, while Raman scattering tends to provide
information sensitive to the surface of the particles. This
observation was consistent with a previous study showing that
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Figure 2. (A) Raman spectrum change of the TiO, nanocomposite as LP increased from 0.760 mW to 478.0 mW, (B) Raman spectrum change of
the TiO, nanocomposite as LP decreased from 478.0 mW to 0.546 mW. All Raman spectra were normalized to the peak near 146 cm™". The arrows
point to the changes of the vibrational modes of anatase and rutile phase. The (*) and (o) denote the peaks from anatase and rutile phases,
respectively. The arrows in A and B show the directions of laser power change. (C) Position and (D) FWHM change as a function of LP power for
the Eg(a) Raman mode (~ 146 cm™") of the anatase phase in the TiO, nanocomposite. (E) Position and (F) FWHM change as a function of LP
power for the Eg(r) Raman mode (~ 442 cm™") of the rutile phase in the TiO, nanocomposite.

the rutile phase evolved mainly from the inner regions of the
agglomerated TiO, particles and the anatase phase in the
surface region could sustain higher calcination temperatures
relative to the bulk during the anatase—rutile phase trans-
formation induced by heating.*

The morphology of the nanocomposites was investigated
with transmission electron microscopy (TEM) on a FEI Tecnai
F20 TEM with an electron accelerating voltage of 200 kV. The
low-resolution TEM image in Figure 1C showed that the
anatase/rutile nanocomposites were aggregates made of smaller
particles with size in the range from 20 to 50 nm, consistent
with the results from XRD measurements. The clear diffraction
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pattern in the selected area electron diffraction pattern in the
inset of Figure 1C suggested that the anatase—rutile nano-
composites were highly crystallized. The high crystallinity
nature of the anatase—rutile nanocomposites was also seen
from the well-resolved lattice fringes in the high-resolution
TEM image shown in Figure 1D.

On the basis of the apparent discrepancy between the XRD
and Raman spectra, it seems reasonable to conclude that the
rutile phase is present mainly in the inner regions of the
agglomerated TiO, anatase nanoparticles during the anatase-
rutile phase transformation. This is consistent with previous

studies.””*** On the basis of TEM measurements, Penn et al.
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proposed that structural elements with rutile-like character were
produced at a subset of anatase interfaces, and these might
serve as rutile nucleation sites.>® Through investigation of the
growth and transformation of nanometer size TiO, powders by
in situ TEM, Lee et al. suggested that the nucleation of rutile
occurred at the amorphous interface of anatase particles where
there were strain and disorder.>* On the basis of kinetic data
from XRD, Zhang et al. found that rutile nucleated primarily at
interfaces between contacting anatase particles when densely
packed, compared to the nucleation at both interfaces and free
surfaces of anatase particles with less dense packing.*” Wang et
al. suggested that rutile-like structural elements developed at
the interface between anatase nanoparticles and evolved into
rutile nuclei with time, followed by nuclei growth, to convert
nanocrystalline anatase into rutile rapidly in the temperature
range where the phase transformation does not occur in coarse
anatase TiO,.*!

Because the rutile phase nucleates primarily at interfaces
between contacting anatase nanoparticles, what else would
account for this phenomenon besides the commonly suggested
surface extra free energy? Is there any heat sink effect or
selective heating in the anatase/rutile interface to promote the
transformation of anatase into rutile after nucleation? As Raman
spectroscopy is sensitive to both the anatase and rutile phases
of TiO,,"*~*" we expect it to be a suitable tool for investigating
their interfaces. Different from other studies where the laser
power (LP) was normally fixed, we manually changed the LP to
investigate the response of the TiO, nanocomposites to the
laser-induced heating effect.”****~* The heating introduces
changes of the Raman spectrum, from which we can deduce the
temperature. Spectra were recorded after first increasing
(Figure 2A and Figure S2A in the Supporting Information)
and then decreasing (Figure 2B and Figure S2B in the
Supporting Information) the LP (see the Supporting
Informatlon) The followmg peaks were observed E,(a) ~
146 cm™ E o(a) ~ 201 em™ Blg(a) ~ 399 cm” A1§ + B1 (a)
~ 517 cm ) and E (a) ~ 639 cm™), for anatase;' E (
442 cm™ and Alg(r) ~ 590 cm™ for rutile.'” 1922 The relatlve
intensity of E (a) ~ 201 cm™' monotonously increased/
decreased as the laser power increased/decreased (see Flgure
S2), whereas the relative intensities of E (r) ~ 442 cm™" and
Alg(r) ~ 590 cm™' decreased/increased as the LP increased/
decreased. At the higher LPs, the rutile peaks became weaker or
barely seen, consistent with the results of Figure 1B. For
anatase, the Eg(a) peak (at ~146 cm™') shifts to higher
wavenumbers as LP increases, and shifts back to lower
wavenumbers as LP is reduced (Figure 2C); similarly, the full
width at high maximum (FWHM) increases/decreases
monotonically as LP increases/decreases (Figure 2D). For
rutile, instead, the Ey(r) peak (~ 442 cm™) shifts to lower/
higher wavenumber (F1gure 2E) and the FWHM increases/
decreases (Figure 2F) as LP increases/decreases.

It is well-known that laser irradiation during Raman
measurements causes sample heating.*"****~* The position
and width of the phonon peak can be independently used to
measure the temperature.u’zz’“_45 In a previous study
conducted with LP in the range 5—200 mW,*® the position
of the anatase E,(a) increased almost linearly with an increase
of the local temperature, independent of the particle size, ie.,
144(150) to 145(155) cm™ from 280 to 380(780) K for
17(5.5) nm nanoparticles (see the Supporting Information). To
extract the peak positions in the Raman spectra of anatase TiO,
nanoparticles in that study, we digitalized their Figure 2 and
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fitted the graphs with Lorentzian functions. We then used the
results of this fitting on the 17 nm nanoparticles to deduce the
temperature of the anatase part in our nanocomposites.
Assuming that the trend in ref 43 also holds valid in the LP
range of our study, we estimate an increase of the local
temperature from 300 to about 1050 K for the anatase phase, as
the E,(a) shifts from 142.5 to 150.2 cm™' when the LP
increases from 0.76 to 478.0 mW in our work.

For bulk rutile, the E,(r) undergoes a large softening with
temperature, decreasing from 448 cm™" at 300 K to 405 cm ™" at
1150 K.** Although it would be obviously desirable to deduce
the temperature of the rutile phase from data on nanoparticles
of exactly the same size as those in the composite, to the best of
our knowledge, ref 22 is the only study for rutile TiO, that
investigates the relationship of the sample’s temperature with
the positions and widths of the Raman peaks. For anatase, ref
43 shows that the position of the Eg(a) increases almost linearly
with the increase of the local temperature, and the slope is
independent of the particle size. We assumed that this property
holds for the rutile phase TiO, as well, and used bulk rutile
TiO,’s temperature-dependent Raman spectra to estimate the
temperature of the 20 nm rutile phase particles in our
nanocrystalline anatase—rutile composite. Because the position
of the E,(r) mode of our rutile phase shifts from 445.9 to 434.5
cm™! when the LP increases from 0.76 to 478.0 mW, we
estimate that the temperature increases from 300 to 525 K. The
reasonableness of our procedure is also supported by the fact
that we observed almost identical spectra for the same
commercial powder which was used in Ref 22 and for 40 nm
pure commercial rutile nanoparticles we measured (see Figure
S3 in the Supporting Information). We further notice that the
data for anatase in ref 43. show that the change of the Raman
spectrum of 17 nm relative to 10 nm particles is much smaller
than that of 8 nm relative to 2 nm particles.

Altogether, the above analysis shows that the temperature in
the rutile phase is much lower than that of the anatase phase
under laser irradiation. To verify this conclusion, we
independently estimated the local temperatures from the
FWHM'’s temperature dependence.”>* For anatase, our results
show that the FWHM of the E,(a) mode increases from 16.7 to
28.5 cm™ when the LP increases from 0.76 to 478 0 mW. The
Eg(a) s FWHM increased from 8.9 to 10.2 cm™ and the local
temperature changed from 280 to 380 K when the LP increased
from S to 200 mW in a previous study.*’ Assuming that the
local temperature increases linearly with LP also in our case, we
infer that the temperature of our anatase nanoparticles is ~1180
K when the LP is 478.0 mW. For rutile, the FWHM of the
E,(r) mode was reported to increase linearly from 32 to 78
cm™' when the sample’s temperature increased from 300 to
1200 K.** In our case, the FWHM of the E,(r) mode increases
from 41.5 to 56.9 cm™' when the LP increases from 0.76 to
478.0 mW, suggesting a temperature change from 300 to ~601
K

Thus, independent analysis of the Raman peak position and
FWHM values provide very similar estimates of the local
temperature changes for the anatase and rutile phases in the
composite, notably the local temperature of the anatase phase is
much higher than that of the rutile phase at higher LPs, the
temperature difference between the two phases becoming larger
when the LP increases. Apparently, the heat dissipation is
directional, occurring preferentially towards the anatase phase.
This asymmetric heating should make the phase transition from
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anatase to rutile much easier at the interface
nanocomposites, as indeed observed in many studies.

To further understand our observations, we built a
theoretical lattice model of the rutile/anatase interface in the
composite. Among the many possible combinations of rutile
and anatase atomic surfaces, we found that rutile (101) and
anatase (001) show the closest bonding arrangements and
parameters. These are minority surfaces in the Wulff shapes of
the corresponding crystal phases, and, having relatively high
energies, they have also a stronger tendency to form interfaces
than the most frequent and stable rutile (110) and anatase
(101) surfaces.>>**™* We thus constructed a rutile/anatase
interface by connecting a rutile (101) slab (Figure 3A) with an
anatase (001) slab (Figure 3B). The (1/(2)"? x 1/(2)"*)R45
cell (R4S: rotated 45°) in the rutile (101) surface (Figure 3C)
has a Ti—Ti distance (dr;) of 3.57 A, and Ti—Ti—Ti angles
(Ori_ti_ts) of 80.1 and 99.9°. The 1X1 cell in the anatase (001)
surface (Figure 3D) has a dr; of 3.78 A and O;_r;_r; of 90°. We
assumed that the structural parameters of the interface have
intermediate values, specifically 3.68 A for the Ti—Ti distance
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(2.6% distortion), and 85 and 95° for the Ti—Ti—Ti bond
angles (5.6% distortion) (Figure 3E). Upon relaxation of the
atomic coordinates using density functional theory (DFT)
calculations, only minor changes of the assumed interface
structure took place.

We also studied the electronic structure of the anatase/rutile
interface with DFT. Figure 4A and 4B show the computed
density of states (DOSs) and projected DOSs (pDOSs),
respectively, of the bulk anatase and rutile phases, the anatase
(001) and rutile (101) surfaces, and the rutile (101) / anatase
(001) interface. The corresponding electronic band structures
are shown in Figures S4—S8 in the Supporting Information.
The extent of the mixing of the O 2p orbitals and Ti 3d orbitals
in the rutile (101) / anatase (001) interface is larger than that
present in bulk anatase, anatase (001), rutile (101), or bulk
rutile (Figure 4B). The three-dimensional (3D) and two-
dimensional (2D) charge density maps of the interface (Figure
SA and Figure S9 in the Supporting Information) show indeed
that at the interface the oxygen atoms have lower charge
densities and the titanium atoms gain higher charge densities

dx.doi.org/10.1021/am402983k | ACS Appl. Mater. Interfaces 2013, 5, 9883—9890
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Figure S. Charge density of the TiO, composite and the directional
heating effect. (A) 3D charge density map of the rutile (101)/anatase
(001) composite. The charge density increases as the color changes
from blue to red. (B) Qualitative illustration of the directional heating
effect from the rutile (101)/anatase (001) interface to the rutile and
anatase phases in the composite. Red and blue represents hot and cool
area, respectively.

than the corresponding atoms in the anatase or rutile moieties,
confirming a stronger covalent character for the Ti—O bonds
and more delocalized charge density at the interface. As DFT
notoriously underestimates band gaps, the experimental band
gap value of bulk anatase, 3.2 eV, was used as a reference to
determine a “scissor ” value of 1.25 eV, which was then applied
to the band gaps of all the other systems.'® In this way, the
computed band gap of bulk rutile TiO, is 3.0 eV, very similar to
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the experimental value, whereas the anatase (001) and rutile
(101) surfaces have smaller band gaps, 2.3 and 2.0 eV,
respectively (Figure 4C), due to the presence of surface
states.>>>! With the same correction, the band gap of the
anatase (001)/rutile (101) interface is 2.1 eV, i.e., intermediate
between those of the separate anatase (001) and rutile (101)
surfaces (Figure 4C), because some of the surface states are
removed in the interface.

In this experiment, the band gap can be determined by
measuring the optical properties. The diffuse UV—vis
reflectance spectrum (Figure 4D) of the composite shows a
gradual decrease from 98% near 1000 nm to 80% near 416 nm,
followed by a sharp drop to 5% near 350 nm and a small hump
near 200 nm. The Tauc plot in the inset suggests a main band
gap of 3.0 eV and a smaller bandgap of 1.2 eV.'® The sharp
absorption around 3 eV is due to the bulk of the rutile and
anatase phases in the composite. The smaller band gap
associated with the long-tail absorption and smaller than our
calculated band gap for the interface can be attributed to defect
states in the anatase—rutile composite,16 not present in our
ideal interface model. This result is consistent with the
suggestion that the rutile phase acts as an antenna to extend
the photoactivity into visible wavelengths, and catalytic “hot
spots” exist at the rutile—anatase interface.'"

On the basis of the above results, we propose to rationalize
the directional heating effect across the rutile/anatase interface
as follows (Figures SB). The interface has a smaller band gap
than bulk rutile and anatase, as indicated by the DFT
calculations and by the experimental optical bandgap of ~1.2
eV in the composite. Thus, it can absorb the laser excitation

dx.doi.org/10.1021/am402983k | ACS Appl. Mater. Interfaces 2013, 5, 9883—9890
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with wavelength of 785 nm. Part of the absorbed photon
energy transfers into phonon energy, heating up the rutile—
anatase interface. The lattice vibrations at the interface can
propagate either along or across the interface. As suggested by
our anatase—rutile interface model, the propagation across the
interface is more effective in dissipating the energy, because it
directly changes the Ti—O bond lengths by either dragging or
pushing the adjacent Ti—O layers. Anatase [001] is a soft axis,
Young’s modulus along [001] being much smaller than for any
other direction of anatase and rutile.’*** Thus phonons’
amplitudes along [001] in anatase are larger than along the
rutile [101] direction, causing the anatase phase to heat up
more efficiently than the rutile one.

In conclusion, in this work, we have identified unique
electronic and thermal characteristics of the rutile/anatase
interface, notably deep tail states with absorption in the near
infrared, and directional heat dissipation across the interface.
This asymmetric heat dissipation at the interface can explain
the facilitated phase transition from anatase to rutile at the
interface in the nanocomposites after nucleation. Based on an
explicit plausible model of the interface, this effect is attributed
to the distinctly different elastic properties of the anatase and
rutile phases at the interface. By contributing to the
fundamental understanding of the differences between the
TiO, anatase and rutile polymorphs,®* our results can be useful
for the development of TiO, materials with enhanced
performance.
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