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Abstract

Here is described a sonosynthesis method to produce nanostructured TiO, pure and doped (Al, C, Co, Fe and Rh). The synthesized
TiO; is amorphous and is transformed to anatase, brookite or rutile by heat treatments at temperatures between 100 and 300 °C. Pure
TiO, can be partially transformed to brookite between 100 and 300 °C. The band gap in all heat treated samples from 100-600 °C is
relatively constant, 3.2eV, except for those doped with Fe. This effect on the band gap is the results of a bi/tri-crystal
(anatase:brookite:rutile) framework. Rhodium is the most effective dopant to narrow the band gap, the opposite effect is observed
with C. In single phase frameworks the bandgap can be modified ranges from 2.38 to 4.10 eV depending on the dopant. TiO, lattices are
rigid enough to promote an outwards diffusion of the dopants to the surface of the particles forming nanostructured precipitates. The

precipitates develop a network of quantum-dots with sizes between 5 and 10 nm.
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1. Introduction

The three allotropes of titanium dioxide (TiO;) and their
respective crystalline structures are: (i) rutile has a P4,/
mnm symmetry with a tetragonal structure, (ii) anatase is
I4;/amd and is a body centered tetragonal and (iii)
brookite is P/cab with an orthorhombic structure. Rutile
can be obtained from heat treated anatase under different
conditions [1-3]. The TiO, is widely used for photo
catalysis, solar energy conversion, protective surface coat-
ing, ceramics, pigments, biological, catalysis, as a reductor,
for photo-corrosion applications, etc. [1,3]. In recent years
the sono-synthesis has demonstrated success to produce
nanostructured TiO, [4-6] and other nanostructured mate-
rials [7,8]. Anatase seems to be more attractive than rutile
for a wide range of applications that is attributed to its
lower band gap [3,9-15]. The band gap in anatase and
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rutile can be controlled by heat and mechanical treatments
having direct effects on catalytic and photo catalytic
activities [16-18].

Many efforts have been directed to control the TiO,
nanostructure; however, several problems still remain
unsolved. For instance, annecaling significantly affects
microstructure, crystalline structure, phase(s) and the grain
size of TiO, that might influence their catalytic and photo
catalytic activity. Anatase and rutile are active in the UV
range of the spectrum [1,2]. Band gap modifications are
attributed to grain size; however, this does not seem to be
the main contributor to band gap, but rather the frame-
works among anatase, brookite and rutile [19,20].

In the present work is proposed a methodology for
in situ doping of the TiO, during sonochemistry along with
a heat treatment methodology to control phase transfor-
mations and grain growth within single, bi- or tri-crystal
frameworks. The identified phases in the investigated
samples include anatase, brookite and rutile. In this work
is proposed a methodology to synthesize TiO, with
combinations of the above phases and specific band-
gaps. The characterization methods used in this work
include X-ray diffraction (XRD), Electron (Transmission
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Chemical agents used in the present work with their respective purity and vendors.

Name Formula Purity (wt%) Vendor

Titanium isopropoxide Ti[OCH(CH3)]4 97.00 Sigma Aldrich
Aluminum chloride anhydrous, metals basis AlCl; 99.99 Sigma Aldrich
Carbon soot C 99.99 SERES

Cobalt (IIT) fluoride CoF; 99.99 Sigma Aldrich
Iron (III) nitrate anhydrous, trace metal basis Fe(NO3)3 99.99 Sigma Aldrich
Rhodium (III) nitrate ~36 wt% rhodium Rh(NO3)3 99.99 Sigma Aldrich

and Scanning) Microscopy, UV—vis, Raman spectroscopy,
and X-ray Photoelectron spectroscopy (XPS), the results
of which are provided and discussed.

2. Experimental
2.1. Synthesis

The chemicals used in the present work are described in
Table 1. De-ionized water (30 ml) is added drop wise to
150 ml of titanium isopropoxide (TifOCH(CHs3),]4) during
sonication. The temperature in the sonicator was moni-
tored not to exceed 40 °C. The samples were doped with
0.1 at% of Al, C, Co and Fe. Rh additions were at 0.075
and 0.15 at% and the respective samples are identified as
Rhgy75 and Rhj ;5. Most of the results presented herein
correspond to Rhgq75; however, the band gap and other
relevant results are presented for both samples.

The titanium isopropoxide is poured into a flask that
was submerged in room temperature water that was stirred
thoroughly to keep a temperature of 40 °C through the
entire synthesis. The sonication was assisted by a Misonix
S-2000 apparatus operated with micro-tip using amplitude
of 100%, 20 kHz for 30 min delivering 15 j/s. The resulting
colloid was placed on a hot plate at 60 °C for 24 h, the
resultant powders are TiO, with traces of organic residue.
The dried powders have a dry and loose appearance. The
organic residue is removed by washing the powders several
times with de-ionized water and drained using micropore
filter paper connected to a vacuum system via funnel-flask.
Following the washing procedure the powders are dried
again using the process described above.

2.2. Thermal analysis and heat treatment

Thermal analysis for the heat treated samples was
carried out using a workstation consisting of a high-
speed—high-resolution National Instruments data acquisi-
tion system (cFP 1804, Austin, TX) linked to a personal
computer. The cFP 1804 data acquisition system has
capabilities of up to 4 interchangeable modules with capa-
city for 8 thermocouples each and is internet (remotely)
controlled. The data collection was set to 10 temperature
readings per second. The thermal analysis is conducted
to determine the transition temperatures for TiO,. The

transition temperatures were identified using the thermal
analysis procedures proposed by Robles Hernandez et. al.
[21-25].

The synthesized TiO, was heat treated at temperatures
from 100 °C to 800 °C in a tube electric resistance furnace
in open air atmosphere for 12 h. In all cases the heat
treatments were performed in open air atmosphere, except
for C doped samples. The C doped samples were heat
treated in helium atmosphere at a pressure of 100 Torr,
this helps preventing excessive interaction among carbon
and oxygen to hinder potential oxidation.

2.3. Characterization

The XRD characterization was conducted on a SIEMENS
Diffractometer D5000 equipped with a Cu tube and operated
at 40 kV and 30 A with a corresponding K, =0.15406 nm.
The lattice parameters (“«” and “c”) for anatase and rutile
phases were determined using the (101)4'/(200) and (110)g%/
(101)g reflections respectively. The Scherrer method was used
to determine the grain size [26] using the (101)4 (101)g
reflections and the following equation: D=kA/f;,.- cosd
where: D is the average diameter of the calculated particles,
“k” is the shape factor of the average crystallite (0.9), 4 is
the wavelength (Ko) in A, B1,2 1s full width half maximum
(FWHM) of the X-ray reflection. The Scherrer method
was selected due to its relative high accuracy (4 15%)
when compared to Transmission Electron Microscopy
(TEM) [27].

The scanning electron microscopy (SEM) observations
were carried on a FEI XL-30FEG using a 15kV in
secondary electrons mode. The samples were prepared
depositing the powders directly on graphite tape and
coated with gold. High Resolution Transmission Electron
Microscopy (HRTEM) samples were prepared by adding a
pinch of powder on to a 3 ml of ethanol. The solution was
sonicated for 1 min to form a suspension that was allowed
to sediment until the liquid has a clear appearance. At that
time 2 drops of the suspension were deposited on a Cu grid
(300 mesh). The HRTEM was conducted on a JEOL 200
FX operated at 200 kV. -

Raman spectroscopy was conducted on an XploRA
apparatus, using a green laser (532 nm) on medium

"The subscript “A” indicates anatase.
’The subscript “R” indicates rutile.
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intensity and a shift of 1 cm ™', a spot size is | pm and a

resolution of 0.5 cm~'. Optical spectroscopy characteriza-
tion was conducted using a Triax 320 monochromator in
transmission mode equipped with a broad spectrum Xenon
lamp and a UV-enhanced Si photodetector. The spectral
measurements were performed using the diffused reflec-
tance method in a wavelength range between 250 and
500 nm. The band gaps were determined with the Kulbeka-
Munk method [28].

The samples for Raman and optical spectroscopy were
prepared by adding 0.01 g of each powder in 10 ml of
deionized water. The mix was subjected to sonication for
10 min using an intensity of 15j/s. The suspension was
deposited on fuse silica glasses (4 mm in diameter) using a
spinning-like approach followed by a drying procedure on
a hot plate at 60 °C for 2 h. The process was repeated 5
times to thicken the film and obtain representative values.

The x-ray photoelectron spectroscopy (XPS) was con-
ducted on a Physical Electronics XPS Instrument Model
5700. The XPS was operated via monochromatic Al-K,
X-ray source (1486.6¢eV) at 350 W. The analyzed area,
collection solid cone and take off angle were set at 800 um,
5% and 45° respectively. A pass energy of 11.75 eV was used
to obtain a resolution of 0.51 eV or better. The XPS was
conducted in a vacuum below 5x 10~° Torr. The data
analysis was conducted on MultipakTM software and the
Shirley background subtraction routine had been applied
throughout.

3. Results

Fig. 1 shows a representative thermal analysis curve for
the pure TiO, in the as synthesized conditions. The heating

curve was recorded and its first derivative was calculated.
The first derivative is used to enhance the transformation
temperatures allowing relatively easier and more precise
identification of the phase transformations [21-23,29].
The transformation temperatures correspond to anatase,
brookite, rutile and water that were confirmed with XRD
and Raman. The TiO, transformation temperatures occur
at: 136.16 °C, 280.81 °C, 463.84 °C and 100.5 °C respec-
tively. An important finding is the relatively lower trans-
formation temperatures observed for each phase that is
attributed to the effects of sonication along with the grain
size. The heating temperatures for thermal analysis were
selected to cover the entire transition (anatase-rutile)
temperature range. Previous work led to the synthesis of
different combinations of phases among pure anatase and
rutile or combinations with brookite [30].

Fig. 2 shows the XRD characterization of the as
synthesized and heat treated TiO,. The XRD results
indicate that the as synthesized product is quasi-
amorphous and transform to anatase at relatively low
temperatures, followed by the partial transformation to
brookite that is observed only for the pure TiO, sample.
The diffraction pattern at 200 °C shows the presence of the
following anatase reflections: (110), (112), (200), (105) and
(211). Brookite is identified by the reflections: (210), (111)
and (020) in the heat treated samples between 300 and
500 °C. The overlap between the anatase and brookite
reflections limits a precise grain size determination; there-
fore, the results are not reported. The above suggest a bi-
crystal framework among anatase and brookite in samples
heat treated between 200 and 300 °C. From 300 to 500 °C
there is a tri-crystal framework. The transformation to
rutile is initiated at a temperature above 300 °C and
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Fig. 1. Thermal analysis results showing the heating and the first derivative curves of the pure TiO, sample in the as synthesized conditions heated to

approximately 800 °C.
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Fig. 2. XRD results of the pure TiO, in the as synthesized and heat
treated conditions from 200 to 800 °C. The sub scripts (A, B, and R) are
used to identify anatase, brookite, and rutile respectively.

completed at around 500 °C. These results are in agree-
ment with the thermal analysis (compare Figs. 1 and 2).

Brookite was not identified in the doped; instead,
anatase transform directly to rutile. This transformation
occurs at different temperatures and is directly affected by
the dopant. The presence of brookite is important since it
is a known to be an indirect band gap semiconductor with
a narrow band gap (1.9 eV) [31]. It is expected that the
complete transformation to brookite can be achieved using
pure TiO, at the above mentioned temperatures for
extended periods of time and is contemplated for our
future work.

The XRD and Raman results for the as synthesized and
doped TiO, samples are given in Fig. 3. The XRD shows a
quasi-amorphous phase that is confirmed with Raman for
all the samples except for C and Co doped samples. The
estimated grain size of the as synthesized TiO, is approxi-
mately 6.2 nm [1,2,20]. These particles are likely to be
composed of TiO, with a high density of incomplete
bonds. These results are expected and correspond to a
quasi-amorphous phase with non-equilibrium stoichiome-
tries that is attributed to a lack of oxygen and hence
broken bonds. This is further confirmed by the Raman
characterization (Fig. 3b) of the samples doped with Al,
Fe and Rh.

The as synthesized C and Co doped samples present
intense Egjy and E,y» Raman bands respectively. We
presume that the high intensity of the E,;y band in the
Co doped sample is well resolved due to a short to
mid-range order that is in agreement with the XRD
results (Fig. 3a). The local nano-stoichiometry is strongly
effecting the C doped characteristics as observed in the
Raman results that is due to phonon confinement effects
on the Ey(jy and Ey() bands resulting in anomalies related
to hydrostatic pressures [32]. We believe that the E,(») band
at 193 cm ! (usually weak [33]) is well resolved and sharp
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Fig. 3. (a)XRD and (b) Raman characterization of the as synthesized
TiO, doped with Al, C, Co, Fe and Rh.

in our case by the presence of interstitial C atoms that
interact with the lattice building up hydrostatic stresses.
Based on the results in [32] the Raman shift in the Ey)
band correspond to approximately 50 kPa, presumably
hydrostatic. Carbon is the only interstitial dopant in
this work.

Other identifiable Raman bands in Fig. 3a for anatase
are: By, By,, and the doublet A,,. The E, mode is identified
by three bands (151, 193 and 630 cm ™), while the By, A
and By, are at 400, 508 and 512cm ™' respectively [34].
None of the other bands are well resolved in any of the as
synthesized samples. When anatase is nanostructured the
E, band shows a red shift (from 144 cm™ ") that is in agree-
ment with our current and previous work [19,35]. In the
case of the Co doped sample the corresponding grain size
is ~5nm that agrees with our previous work [1,2].

The heat treatments in all samples were conducted from
100 °C to 800 °C; although, to simplify this manuscript we
focused in the most representative results (Fig. 4a and b)
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Fig. 4. XRD spectrum of doped TiO, heat treated at (a) 300 °C and
(b) 800 °C.

the rest can be consulted in [30]. Selected XRD results for
the heat treated samples at 300 °C and 800 °C are pre-
sented in Fig. 4. The XRD results at 300 °C do not show
brookite that is attributed to a potential sensitivity of this
phase to composition and lattice distortions. The sample
with the smallest and wider peaks is the Co doped that
seems to hinder the transformation to rutile and has the
lowest crystal quality [26]. Samples heat treated at 800 °C
show only rutile (Fig. 4b). Comparing the main reflections
among anatase, (101)s, and rutile, (110)g, allows to
conclude that rutile has larger grain size, crystal quality
and seems to be a more rigid structure. This is concluded
based on the characteristics of the XRD reflections from
the respective structures. At the same time the stability of
the reflections imply a limited potential for solid solutions.

The SEM micrographs of the as synthesized samples are
presented in Fig. 5. From the SEM micrographs it can be
observed that the doping has effects on the particle’s
characteristics that may affect their physicochemical prop-
erties. For instance the un-doped sample seems to be the

densest of all the samples and has irregular morphology.
The doped samples tend to be more globular with loose
appearance. A qualitative analysis indicates the smallest
particles are found in the Al and Co dope samples. This
corresponds to the XRD results with wider and shorter
reflections. The largest particles are found in pure TiO»,,
Fe, Rh, and C doped samples.

The Raman characterization of the heat treated TiO, at
300 and 800 °C is given in Fig. 6a and b respectively. Both
figures show that anatase is the first transforming phase
followed by rutile confirming the XRD results. In the
spectrums can be identified the presence of the E,, By,
A, bands for anatase. It is also important to mention that
Al, C, Co and Fe enhance the E, band. We attribute this
effect to a surface enhancing phenomena [37,38] along with
a mid to long range crystalline structure. Similar effects
were reported on TiO, doped with Zn [38]. Rutile peaks
are evident in the Rh and Co doped samples; in fact, in the
Rh case rutile dominates the spectrum except for the Eq(y)
and Ey(») bands. Therefore, anatase is identified by a low
intensity E, band. Comparing Raman and XRD results is
clear that anatase is the predominant phases on the
sample; therefore, Rh may not have the same enhancing
effect on anatase as the other dopants. Rh actually
prevents the clear observation of anatase bands.

Fig. 6b presents the TiO, doped samples heat treated at
800 °C. In all cases the predominant component is rutile.
The intensity of the Raman signal for the Fe and Rh doped
is weaker than that seeing in the Al, C and Co doped
samples. This is attributed to the doping on TiO, that
prevents a clear visualization of the vibrational modes of
rutile. Although, the following rutile bands can be identi-
fied By,, E,, and A, and correspond to those reported in
[39]. The above bands are observed at 235, 270, 259 and
685cm ™' and correspond to second scattering features
and they do not have fundamental vibrational significance
[40]. The two bands at 567 and 685cm ™' are disordered
deactivated bands that are sensitive to grain size. The red
shift of the E, and A, bands can be used to determine the
grain size on rutile; however, careful considerations are
needed [40,41]. Therefore, we reported only the XRD-
Scherer results.

The inset in Fig. 6b shows that all the TiO, doped
samples have a clearly defined E, band; except for the Rh
doped sample showing a blue shift. These combination of
factors are common of a nanostructured anatase and is in
agreement with the results presented herein and previous
reports [42]. The disagreement among the XRD and the
Raman for the Fe and Rh samples is attributed to the
precipitation of the dopant along the surface of the TiO,
particles that are absorbing or preventing the Raman
scattering. Previous reports indicate that the surface
particles are oxides, Rh,O; likely [43]. The nanostructured
Rh,03 particles act as quantum sites (¢-sites) behaving as
electron holes effects, traps or both [43].

The grain size determination for anatase and rutile is
presented in Fig. 7. Previous reports indicate that when
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Fig. 5. SEM micrographs of the as synthesized powders for the un-doped (a) and doped (b—f) samples. The SEM micrographs correspond to the
following dopants (b) Al, (c) C, (d) Co, (¢) Fe and (f) Rh. The scale represents 10 um.

sonochemically synthesized pure TiO, is heat treated above
500 °C the anatase particles experience a coarsening that is
followed by a grain size reduction [1,2]. Rutile coarsens
continuously in an exponential-like fashion. In Fig. 7a it is
clear that larger anatase grains are usually found at
temperatures between 100 and 200 °C and in all cases the
grain size decreases. In addition, the anatase grains are in
all cases smaller than 21 nm that is below the range
previously reported [1,2,20]. The average grain size of
rutile is relatively larger (Fig. 7b), but it is still smaller
than reported values [2]. This is attributed to sonication
that allows the synthesis of smaller particles and doping
precipitation prevents coarsening. Carbon doped samples
have a grain size below 12 nm at temperatures of 400 °C.
The coarsening observed in rutile is unpredictable and does
not obey an exponential growth as seen for reported in [2].

Fig. 8 shows the fraction transforming anatase-rutile.
The transformation temperatures from anatase—rutile
occur at unusually low temperatures. For instance, in the

case of Rh doped samples anatase synthesizes at 100 °C.
Carbon doping allows the synthesis of rutile at tempera-
tures as low as 200 °C and fully transformed to rutile
below 400 °C. The opposite is observed in the Al and Co
samples where the transformation to rutile is completed
above 500 °C that is previously reported [1,2]. Therefore, it
can be concluded that C, Rh, and Fe are anatase and rutile
promoters; while, Co and Al does not have clear effects on
transformation temperature.

The X-ray photoelectron spectroscopy (XPS) is used to
determine the electronic state and fractions of the elements
present in the investigated samples. In all cases the ratio
Ti:O is approximately 1:2 suggesting a TiO, stoichiometry.
In the as synthesized powder, the dopant is well dispersed
within the TiO; particles. Table 2 shows the concentration
of the doping elements and how they change with heat
treatment temperatures. The increase in dopant concentra-
tion implies a diffusion of the dopant clements to the
particle’s surface where they precipitate. The high affinity
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Fig. 6. Raman characterization of the TiO, heat treated at (a) 300 °C and
(b) 800 °C doped with Al, C, Co, Fe and Rh.

among Ti and oxygen prevents their combination with
other elements making a rigid structure and forcing the
dopants to diffuse out of the TiO, particles.

In the XPS results show that the locations of the Ti 2p; »
doublets are at 465eV and 459 eV with a separation of
approximately 5.7 eV. This indicates a +4 oxidation state.
No doublets for the presence of Ti*" and Ti’t are
identified, confirming the TiO, stoichiometry. This condi-
tion is common in all the investigated samples (see Table 2)
and agrees with previous reports [44]. The C doped results
are not presented because carbon results were unusually
higher than expected that is attributed to external con-
tamination. Potential source of C contamination include:
(1) handling and (ii) traces of carbon from the titanium
isopropoxide. The lower Ti 2p;, values in the Co, Fe and
Rh doped and heat treated at 800 °C suggest that the
dopant is in the surface forming oxides. This is expected
because the heat treatments conditions can favor these
reactions.
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Table 2
X-ray Photoelectron Spectroscopy (XPS) results of the as synthesized and
doped TiO,.

Dopant Temperature Phases Ti2p O Is Dopant
°C) (at%) (at%) (at%)
Non doped Synthesized Amorphous 28.6 714 N/A
Aluminum (2p) 200 Anatase 309 67.8 1.3
300 Anatase+ Rutile 29.3 70.5 0.2
800 Rutile 21.0 712 7.8
Cobalt (2p) Synthesized Amorphous 29.1 70.7 0.2
100 Anatase 31.5 683 0.2
200 Anatase 30,5 692 0.3
400 Anatase+ Rutile 28.7 709 0.4
800 Rutile 16.4 809 2.7
Iron (2p) 200 Anatase 31.3 68.6 0.1
300 Anatase+ Rutile 30.8 68.3 0.9
800 Rutile 258 71.1 3.1
Rhodiumg ¢75 (3d) 200 Anatase 309 68.8 0.3
300 Anatase+ Rutile 29.2 704 04
800 Rutile 269 727 04
Rhodiumg ;5 (3d) 200 Anatase 314 684 0.2
300 Anatase+ Rutile 30.3 69.2 0.5
800 Rutile 16.8 80.1 3.1

The theoretical values for anatase and rutile are: anatase,
a=3.7842 nm, ¢=9.5143 nm and rutile, are: a=4.5937 nm,
and ¢=2.9587 nm [45,46]. The lattice parameters (a, c)
and volumes were calculated based on the XRD results.
A comparison of these values with our results is presented
in Fig. 9. The results were normalized to minimize the
systematic error in the XRD system against the theoretical
values. The lattice parameters for rutile were normalized
against the carbon doped sample that is the first sample
transforming to rutile.

The as synthesized samples show differences in lattice
parameter for anatase “a’” of 0.72 +0.20%, and “‘¢” of
1.50% =4 0.55%. For rutile the differences are: a=1.57 +
0.46% and ¢=1.15+0.29%. In the heat treated samples
the average differences are: a=0.88 +0.15% and ¢=1.85+
0.36% for anatase and for rutile, a=1.69 +0.27%, c=
1.24 +0.21%. For anatase, “a” increases with temperature
in the 300-400 °C range. At 500 °C the Al and Co doped
samples show a decrease in lattice parameter similar to
that observed in the pure sample demonstrating that their
solubility is practically negligible. The XRD results show
that rutile has more rigid lattices due to its stable lattice
parameter with rather poor potential to form solid solu-
tions. Although, the solubility of the dopants in TiO, is
low; anatase may dissolve more dopant because it has
larger interstitials [47]. However, solid solutions are not
expected.

Fig. 10 illustrates the band gap values for the investigated
samples in as synthesized and heat treated conditions. The
band gap for the pure TiO, is relatively lower (2.8 eV) that
commercial anatase (3.0-3.2¢V [48]); however, it reaches

similar values after heat treated at temperatures as low as
100 °C. Based on Figs. 2 and 4 pure TiO, is the only sample
where brookite is present and may have a direct contribu-
tion to band gap [31]. The band gap can be manipulated in
synthesized and selected samples heat treated at tempera-
tures 200 °C or above 700 °C. Samples heat treated from
200 to 600 °C have band gaps similar to anatase [20,49].

The Co, Al and Rhy o75° doped samples show band gaps
comparable to that of commercial anatase and are rela-
tively constant for heat treated samples of up to 600 °C.
Higher temperatures widen their band gaps. The opposite
behavior is observed in the as synthesized Fe and C doped
samples with wider band gaps: 3.94 and 4.17 eV respec-
tively. The heat treated (100—600 °C) C doped sample has a
relatively constant band gap of 3.27+0.11¢eV. Higher
temperatures result in band gap values similar to those
reported for rutile. To a naked eye the Al doped powders
are white, while the Rh, Co and Fe doped powders are red.

The band gap in Fe doped samples show an unusual
increase in heat treated samples at 200 and 300 °C (3.69
and 3.67 eV respectively). These changes are followed by a
decrease to 3.2+ 0.06eV through 600 °C. This sudden
increase is attributed to the transformation from magnetite
(Fe304) to maghemite (y-Fe,O3) between 200 and 300 °C
followed by a subsequent transformation to hematite
(a-Fey03) above 300 °C [50].

Fig. 11a and b shows HRTEM micrographs of TiO,
particles dope with Co and Rh respectively. Both micro-
graphs correspond to samples heat treated at 800 °C. There
are two types of particles that are clearly distinguishable in
size; the smaller ones correspond to the dopant as
identified by their characteristic d-spacing and crystalline
structure (see insets). The dopants form precipitates with
g-site characteristics that are shown in the right hand insets
with their respective d-spacing and crystallographic char-
acteristics. The larger particles correspond to rutile. The
precipitates decorate the TiO, particles with g-sites as
previously identified in the literature [43]. This confirms
the XRD, Raman and XPS results where is indicated that
the dopants diffuse out of the TiO, lattice and precipitates
at the surface’s particles. The HRTEM results indicates
(Fig. 1l1a) that the analyzed particle has a rock salt
structure similar to that of CoO stoichiometry as pre-
viously reported [51]. The Rh is in the form of Rh,0;
precipitates with hexagonal crystalline structure as seen in
the respective inserts.

4. Discussions

The phase identification conducted by thermal analysis
is in good agreement with the XRD and Raman results.
The recorded temperatures during thermal analysis are
relatively lower compared to previously reported values.
This behavior is attributed this to two main factors: (i)

*The 0.075 sub index indicates the at% of Rh added to the correspond-
ing sample.
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Fig. 9. Comparison among lattice parameters for (a,b) anatase and (c,d) rutile in the as synthesized and heat treated forms. The comparison was made
against the values reported in [45,46]. Notice that the differences in lattice parameter (with respect to the theoretical) is larger for anatase when compared
to that of rutile; further, C promote the transformation to anatase more rapidly than the other elements and seems to stabilize the lattice parameter “c”.

sono-synthesis/grain size and (ii) doping. The as synthe-
sized samples are quasi-amorphous, except for those doped
with Co. All samples, but pure TiO,, develop a bi-crystal
framework when heat treated between 100 and 600 °C.
Pure TiO, presents a tri-crystal framework between 100
and 300 °C followed by a bi-crystal arrangement at
temperatures below 600 °C. The only interstitial dopant
is carbon and sponsors the rapid transformation to rutile
at temperature as low as 200 °C. In Raman the C doped
sample present only the E,») band for anatase that is well
resolved and sharp. These characteristics are typical of
residual stresses in the TiO, lattice and are attributed to
the interstitial interactions of C.

The transition temperatures to anatase and rutile are
characteristic for each dopant. The following is the order
in which each sample transforms to anatase—rutile: C, Rh,
Fe, Al and Co. Co does not seem to influence the
transformation to rutile. The grain size of all the heat

treated samples is below 30 nm for rutile and 20 nm for
anatase and there is no correlation among temperature and
grain size. The XRD results indicate limited interaction
among the TiO, and dopant. No other phases were
identified and no significant changes in lattice parameters
were identified. This suggests that the rigidity of the TiO,
lattices prevents substitutional diffusion and force the
dopants to diffuse out and precipitate along the particle’s
surface. The precipitates prevent grain growth and stabilize
their size by hindering coarsening as demonstrated by the
Scherrer results. The increase in dopant concentration with
temperature reported by XPS is attributed to surface
precipitation.

The Raman, XRD and XPS results demonstrate that in
the as synthesized samples the dopants are dispersed or
dissolved within the TiO, lattice containing a high density
of defects. As the heat treatment temperatures increase the
crystal quality index of TiO, increases and the structure
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samples as well as for the heat treated. The scale on the right shows the approximate colors corresponding to the respective band gap values.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

becomes more rigid. This force the dopants to diffusion
out of the TiO, lattice and permit their precipitation along
the TiO, surface. This is observed by the increasing
concentration of the dopant with heat treatment tempera-
ture (Table 2). Some of the investigated samples show a
reduced intensity in their characteristic Raman bands,
which is unexpected. This is explained by the presence of
the precipitates along the TiO, particles that prevents an
effective Laser/Raman signal interaction. This effect is
clearly demonstrated by HRTEM with the nanoparticles
of Rh,0O3 and CoO.

The precipitates in the surface of the TiO, particles are
nanostructured and well dispersed. The TiO, is well known
for its catalytic character; however, its catalytic activity can
be enhanced by the observed g¢-sites [43,52]. The g¢-sites
may generate plasmonic effects that enhance their activity
[53]. Under certain conditions the Rh,Os3 is a p-type
semiconductor with high conductivity and is magnetic at
room temperature [54]. The CoO is a semi-conductor [51].
The plasmonic effect occurs if the particles meet specific
size, shape, electrical characteristics and distribution as
indicated in Ref. [53]. The precipitates observed in the
investigated samples (Fig. 11) meet the requirements
reported in [53]. Therefore, the reduction in the band gap
(to 2.38 V) in TiO, can be the results of combined effects;
namely, grain size and physicochemical nature of the
precipitates. The band gap reduction make some of the
doped anatase active in green light. Previous work reports
comparable effects; however, the dopant concentration is
significantly larger [16,43,49]. The effectiveness in our
work is attributed to our sono-synthesis and the controlled
heat treatments that permit the formation of g-sites [53].

In the as synthesized conditions the band gap for the C
and Fe doped samples is wider than that previously
reported. The opposite behavior is observed in the pure

TiO, and Rhy ;5 doped sample, while Al, Co and Rhg 75
does not seem to have major effects. The heat treated
samples, but Rhg s, have a relatively constant band gap of
approximately 3.21 +0.09 ¢V that is typical of anatase.
Increasing the Rh additions from 0.075 to 0.15at%
decreases the band gap from 2.97 to 2.38eV in as
synthesized and heat treated at 800 °C respectively.

Heat treated samples at 800 °C have single crystal
framework (rutile) without apparent coarsening (Fig. 7),
but variable band gap. For instance, the pure TiO,, C, Co
and Rhg ;s doped have a wider band gap and the other
samples present a narrower band gap. These changes
indicate that crystal framework is responsible for band
gap modifications. This is contrary to the idea that grain
size has a direct effect on band gap. Therefore, the crystal
framework is the most efficient mechanism to control the
band gap.

For low temperature applications (below 100 °C) C and
Fe doping are ideal to increase the band gap, while pure
and Rhy ;5 decrease the band gap. Heat treated pure TiO,
or doped is recommended when stable band gap are
required in working environments below 600 °C. For
working environments exceeding 600 °C the dopant must
be selected depending on the needs. For example, the band
gap in Al and Fe doped samples decreases to values of
approximately 2.7 eV that are comparable to that observed
in the Rhy ;5 sample. If lower band gaps are needed Rhg ;5
is the alternative, but limits its working temperature below
100 °C or less. For wide band gap applications the
recommendations for low temperatures are C and Fe
doped and for high temperature (above 600 °C) pure
TiO,, C and Co doped are suggested. The variety of band
gaps in the investigated samples allows to produce catalytic
materials active in a wide range of the visible spectrum
from the green (522 nm) to the UV (297 nm). Rutile is
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Fig. 11. HRTEM images of the Co (a) and Rh (b) doped samples and heat treated at 800 °C. The insets on the right are showing HRTEM and its
respective FFT-diffraction pattern of a particle (Q-sites) precipitate at the surface of a TiO, crystal. Note that the larger particles are TiO, showing a
decoration of Co and Rh oxides. The histograms in the insets are showing the interatomic distances for the respective phases (R =rutile, CoO = cobalt
oxide and Rh,O3;=rhodium oxide). The lattice parameters were compared against the following references [47,51,55].

more stable than anatase and with the right doping and
heat treatment rutile may be more useful for extreme
environments (e.g. aerospace) than anatase.

5. Conclusions

Thermal analysis can be used to detect phase transfor-
mations on TiO, (e.g. anatase, brookite and rutile).
Sonication is an ideal method to dope TiO, during the
synthesis producing nanostructured particles of quasi-
amorphous TiO, that can be transformed in a controlled
way into pure anatase, rutile, bi/tri-crystal frameworks.
Brookite was observed only in pure TiO,. As synthesized
TiO, tend to decrease its band gap in its pure and Rhg 5
doped form, while C and Fe widen the band gap. The
crystal framework (anatase, brookite, rutile, or mixes) has

the strongest effect on band gap, over dopant and grain
size. Sonicated samples are sensitive to transform to
anatase and rutile at relatively low temperatures. The band
gap reduction; hence catalytic activity, is affected by the
precipitates (g-sites) forming along the surface of TiO,
particles. Sono-chemically synthesized TiO, is catalytically
active in the visible spectrum ranging from UV (297 nm) to
the green (522 nm).
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