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Abstract

We investigated the CO oxidation at low temperature over Rh (1 wt%) supported on TiO,-nanotubes and nanoparticles. We
found that tri-titanic acid phase of the nanotubes promotes the interaction between Ti** and Rh** to reduce Rh** to Rh!* and
Rh*! to RKY, compared to the anatase phase. In fact, as the Rh%/Ti*" ratio increases, CO and OH adsorption increases and
CO oxidation light-off shifts to lower temperature, from 120 to 60 °C. We found that there is a redox equilibrium between
Rh?+ Ti**" and Rh®" + Ti** (6 <3). However, the Rh%Ti** ratio, hence redox equilibrium, seems to be limited by the valence
band energy of the catalysts. We concluded that there is a strong electronic metal-support interaction between nanotubes of
TiO, and Rh-nanoparticles that promotes the catalytic performance. Therefore, the valence band is a major factor determin-
ing the catalytic activity.
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Rh? + Ti** <> Rh¥* + Ti3* (8<3)
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such as the catalyst deposition method, the metal-support
interface interaction, and pretreatment of the catalyst [9].
Besides, the structure and chemical composition of the sup-
port are also relevant. TiO,, for instance, is exceptionally
active for low-temperature oxidation of CO [10].

On Au/Ti0O, and Pd/TiO, supported catalysts, CO oxida-
tion is structure sensitive and the reaction proceeds via the
interaction between weakly bonded CO and oxygen located
at the defect centers [9, 10]. The particle size of gold seems
to have a major impact when compared to the effects due
to the support [11]. In the case of crystals of Ru, Joo et al.
[12] reported that the catalytic activity for CO oxidation
increases as the size of the Ru nanoparticles increased (from
2 to 7 nm). The formation of a Ru oxide on the larger nano-
particles with a higher stability respect to that formed on the
smaller particles explains their results [12].

CO oxidation over Rh dispersed on SiO,, Al,O; and TiO,
was reported by Ioannides et al. [13]. They reported that the
maximum turn over frequency (TOF) is approximately the
same for the three catalysts [13]. However, Rh/SiO, pre-
sented an oscillatory behavior, a phenomenon not observed
over Rh/Al,0; and Rh/TiO, catalysts. They proposed [13]
that oxidation/reduction of the Rh surface was the dominant
mechanism responsible of the oscillatory behavior. However,
the support affects the particle size distribution [14]. Crys-
talline Rh was observed on Rh/Si0,, while dispersed clus-
ters were observed on Rh/Al,O5 and Rh/TiO, [14]. In fact,
adsorption and desorption of CO was not dissociative on Rh/
Si0,, whereas CO dissociation was reported on Rh/Al,0O;
and Rh/TiO, [14]. On single crystals, McClure and Good-
man [15] reported that catalytic CO oxidation on Pt-group
metals (Rh, Pt, Pd and Ru) follows Langmuir-Hinshelwood
kinetics. They also reported that the most active surface of
the Pt-group metals is one with minimal CO coverage [15].
Tauster et al. [16] reported that the reduction of noble metals
at low temperature (200 °C) produces well dispersed metals,
which have the capacity to adsorb CO. However, when the
reduction of the same materials was performed at high tem-
perature (500 °C), the adsorption of CO decreases almost to
zero. They reported [16] that the change in adsorption capac-
ity is not due to metal agglomeration. In fact, the chemical
interaction between the metal and the support affects the
chemisorption properties of the noble metals.

Use of an alternate support, as titanate nanotubes, gives
the possibility to achieve a high loading of active metal with
a high dispersion [17]. Besides, the morphology of the nano-
tubes (mesoporous), the high surface area, and the absence
of micropores enhances the transport of the molecules to
the active sites during reaction. Furthermore, in redox reac-
tions the semiconducting properties of the titanate nanotubes
result in a strong electronic interaction between the support
and the catalyst, improving the catalytic performance [17].
The electronic metal-support interactions (EMSI) involve
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the correlation between the electronic properties of catalytic
sites and catalytic activity [18-20]. EMSI results from the
contact between highly dispersed metal particles and reduc-
ible oxides [18]. The alteration of the chemical properties
of metal sites results from the perturbations in their elec-
tronic properties via bonding interaction with the support
[19]. In the case of CO oxidation on Cu/CeQO,, for instance,
it has been reported [20] that copper-ceria interactions are
involved with the formation of the Cu* active species via a
redox equilibrium Ce** + Cu* <> Ce** + Cu*. The reduc-
ibility and oxygen exchange of ceria is associated with the
O vacancies. In the case of Cu/CeO, catalysts, Lykaki et al.
[21] reported that the particle size and morphology play an
important role on the structural/redox properties on binary
oxides. The ceria morphology rather than structural/tex-
tural properties affects the reducibility and oxygen mobility
[21]. In fact, the oxygen mobility affects the copper-ceria
interactions of the Ce**/Ce®* and Cu**/Cu™ redox equilib-
rium. Lykaki et al. [21] reported 100% for CO conversion at
100 °C on Cu/CeO,-NR catalyst.

In this line, our research group [22] has also reported a
high CO conversion (100%) at 300 °C on titanate nanotubes.
Meéndez-Cruz et al. [23] reported 100% of CO conversion
at 190 °C on titanate nanotubes calcined at 400 °C. How-
ever, with the addition of 3 wt% of gold nanoparticles to the
nanotubes (with a pretreatment of the support at 400 °C and
the catalyst at 300 °C) they reported 100% of CO conversion
at 150 °C. During the thermal annealing process, however,
there is transformation from nanotubes to anatase that is
enhanced by the presence of Rh nanoparticles [24].

Catalytic oxidation of CO at low temperature is cur-
rently an important area of research. In spite of the exten-
sive reports in this field, however, more investigation is still
required in order to propose new catalytic materials, which
would ultimately help to improve the air quality of urban set-
tings. In this work, we report for a first time the catalytic CO
oxidation over Rh catalysts supported on commercial TiO,
(1Rh/P25), titanate nanotubes (obtained by the hydrothermal
method, 1Rh/NTSG), titanate nanotubes with 3 wt% of alu-
mina (1Rh/NTSG-Al,O53), and TiO, obtained by the sol-gel
method (1Rh/TSG). The main objective of this work was to
investigate the effect of the supports over Rh particle size
distribution, their redox properties and a possible correlation
with the catalytic activity during the CO oxidation reaction.

2 Experimental
2.1 Synthesis of TiO, (TSG)
TiO,-nanocrystals, labeled as TSG, were prepared by the

sol-gel method. 36.6 mL of titanium (IV) isopropoxide
(Aldrich, 97%) were dissolved in 145 mL of 2-propanol
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(Baker, 99.9%). The solution was set under constant stirring
and then HNO; was added to adjust the reaction medium pH
at 3. By adding bidistilled water to the system, the hydroly-
sis was accomplished. The solution was maintained under
constant stirring and reflux until the gel was formed. The gel
was dried at 80 °C for 12 h and then calcined at 400 °C for
4 h. The support was labelled as TSG.

2.2 Synthesis of the Titanate Nanotubes (NTSG)

Titanate nanotubes, labeled as NTSG, were prepared by
hydrothermal treatment. 1.5 g of the TSG support syn-
thesized from the sol-gel method and 60 mL of aqueous
NaOH (10 N) were mixed in a Parr reactor at 140 °C for
24 h at 200 rpm. The solution was filtered, and the slurry
was washed with a solution of HCI up to reach a pH of 3.
The solid was washed with deionized water up to reach a pH
of 7. The material was dried under vacuum at 80 °C for 12 h
and calcined in air at 400 °C for 4 h.

2.3 Synthesis of the Titanate Nanotubes
with Alumina (NTSG-3Al,0;)

Titanate nanotubes with alumina were prepared by the
hydrothermal method. 3.0 g of TSG containing 3 wt% of
Al, 05 were dissolved in 60 mL of a NaOH aqueous solution
(10 N). The solution was mixed in an autoclave Parr reac-
tor at 140 °C for 24 h. The autoclave was set at 200 rpm.
Thereafter, the solution was filtered, and the slurry was
washed with HCI up to reach a pH close to 3. The solid was
washed with deionized water up to reach a pH value close to
7. Finally, the material was dried under vacuum at 80 °C for
12 h, and then calcined in air at 400 °C for 4 h. The sample
was labeled as NTSG-3Al1,0;.

2.4 Deposition of Rhodium

The supports TSG, P25 (from Degussa), NTSG and NTSG-
3Al,05 were added to a solution (120 mL) of water con-
taining rhodium (III) nitrate hydrate. Rhodium was adjusted
to obtain catalysts with 1 wt%. The catalysts were dried at
80 °C for 12 h and then calcined at 400 °C for 4 h. The cata-
lysts were labeled as 1Rh/P25, 1Rh/TSG, 1RW/NTSG and
1RW/NTSG-3Al1,0;.

2.5 CatalyticTests

Samples of 50 mg of catalyst were tested in a tubular quartz
reactor mounted on a temperature-programmed electronic
furnace (Chromalox 2104). A porous quartz frit disk was
placed in the middle of the tube to support the catalyst.
Before the activity measurements, the catalysts were acti-
vated in situ, first, with a flow of 50 mL/min of H,/He at

300 °C for 4 h. New samples of catalysts (50 mg) were
activated in situ, second, with a flow of air (50 mL/min) at
300 °C for 4 h. The catalysts then were cooled down up to
—5 °C under the same flow of gas. The synthetic mixture
of gases containing 1 vol.% of CO and 1 vol.% of O, was
introduced to the system of reaction with a total flow of
100 mL/min. The gas balance was N,. The heating rate was
2 °C/min, from — 5 to 200 °C.

The gases were analyzed on-line by a GC (Agilent Tech-
nologies 6890 N) equipped with a FID detector and a metha-
nizer (HP Plot Q column). The stability of the catalysts as
a function of the time was analyzed at 100 °C during 16 h
using 50 mg of catalyst activated in situ, under the reaction
conditions described above.

2.6 Characterization

The X-ray diffraction (XRD) patterns were recorded at room
temperature with Cu Ka radiation (1.5404 A) in a Bruker
Advance D-8 diffractometer having a theta—theta configura-
tion and a graphite secondary-beam monochromator. The
data were collected for scattering angles (20) ranging from
4 to 80° with a step of 0.02° for 2 s per point. High resolu-
tion transmission electron microscopy (HRTEM) analyses
of the samples were performed with a JEOL 2200FS micro-
scope operating at 200 kV and equipped with a Schottky-
type field emission gun and an ultrahigh resolution pole
piece (Cs=0.5 mm, point-to-point resolution, 0.190 nm).
The samples were ground, suspended in isopropanol at room
temperature and dispersed by ultrasonic agitation. An ali-
quot of the solution was dropped on a 3-mm-diameter lacey
carbon copper grid.

Scanning transmission electron microscopy (STEM) was
obtained by using a high-angle annular dark field (HAADF)
detector, which collects electrons that undergo Rutherford
scattering; therefore, elements with high Z show higher
intensities and a white contrast in the image. The textural
properties were obtained by means of an ASAP-2000 ana-
lyzer from Micrometrics. The specific surface area was cal-
culated from the Brunauer—-Emmett-Teller (BET) equation
from N, physisorption at 77 K. The pore size distribution
was obtained by the Barrett-Joyner—Halenda (BJH) method
from the desorption branch.

Infrared (IR) spectra were obtained using a Nico-
let-8700 Fourier transform-infrared. FTIR spectra were
obtained with a vacuum chamber Spectra Tech DRIFTs
equipment. These spectra were registered after accumulat-
ing 50 scans at a resolution of 4 cm™!with nitrogen flow
at 10 cm?/min. The nitrogen flow was maintained during
the measurements (25 °C to 500 °C). The H,-TPR study
of the catalysts was performed in a RIG-150 unit under a
flow of 10% H,/Ar gas mixture (30 mL/min). The heating
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rate was of 10 °C min from room temperature to 600 °C.
H,0 produced during the reduction process was trapped
before the TCD detector.

Dispersion is defined as the surface Rh atoms divided
by total Rh atoms in the catalyst [24]. The mean particle
size of Rh was calculated by supposing they are hemi-
spherical in shape, by Eq. (1):

oM
2 DpoN, H

where M is the molecular weight of Rh (102.91 g/mol), D
is the Rh fractional dispersion, p is the Rh metal density
(12.4 glem®), o is the area occupied by a surface Rh atom
(7.58 A%atom), and N A 1s the Avogadro constant [24]. We
assume that the chemisorption stoichiometry is H:Rh=1
[24].

X-ray photoelectron spectroscopy (XPS) was performed
with a Thermo VG Scientific Escalab 250 spectrometer
equipped with a hemispherical electron analyzer and an
Al Ka radiation source (1486.6 eV) powered at 20 kV and
30 mA, respectively. The binding energy (BE) was deter-
mined by using carbon C (1 s) line as reference with a
binding energy of 284.6 eV. The powdered samples were
pressed into a disk and placed on a sample holder in a
vacuum chamber. The spectrometer was operated at a pass-
energy of 23.5 eV, and the base pressure in the analyzing
chamber was maintained in the order of 3 x 10~ mbar.
Peak fitting was done by using XPSPEAK 41 with Shirley
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background. A Thermo Scientific Evolution 600 UV-vis
spectrometer was used to record directly the diffuse reflec-
tance spectra between 200 and 800 nm (using the reflec-
tance spectra as a reference) at room temperature.

2.7 Band Gap Energy, Valence Band,
and Conduction Band

The band gap energy (Eg) was estimated from the UV—vis
spectra [25]. The Kubelka—Munk function F(R) was plotted
versus hv (h is the Planck’s constant, Js, v is the light fre-
quency, 1/s). The band gap energy (eV) was estimated from
the linear fit of the flat section from the UV—vis spectrum. In
fact, the Eg value was estimated by extrapolating the slope
to F(R)=0. The valence band (VB) energy was estimated
from the XPS valence band spectrum [26]. The VB values
were estimated by extrapolating the slope to the base-line.
The conduction band (CB) energy can be estimated from the
Eg and VB (Eg=CB - VB).

3 Results and Discussion

3.1 Catalytic Tests and Deactivation

Figure 1a presents the conversion of CO as a function of the
temperature on 1Rh/P25, 1IRh/NTSG-3Al,0;, IRh/TSG and

1Rh/NTSG catalysts. CO oxidation starts at 60 °C on 1Rh/
P25 catalyst and its conversion increases with temperature
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Fig. 1 CO oxidation as a function of the temperature over several catalysts. a Pre-reduced catalysts at 300 °C for 4 h under H,/He (50 mL/min).
b Pre-oxidized catalysts at 300 °C for 4 h under air (50 mL/min). 1 vol.% of CO, 1 vol.% of O,, 50 mg of catalyst, and total flow of 100 mL/min
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until reaching 100% at about 130 °C. The four catalysts
show a similar behavior for the CO oxidation. However, CO
oxidation light-off and 100% conversion shift to lower tem-
perature when compared with 1Rh/P25. For the 1Rh/NTSG-
Al,Oj; catalyst, the complete conversion of CO was reached
at 110 °C, and 90 °C for the 1Rh/TSG catalyst. The best
catalyst to remove CO at low temperature, under our reac-
tion conditions, was 1Rh/NTSG. This catalyst (1IRh/NTSG)
starts the CO oxidation at 25 °C. At 75 °C, CO conversion
was 98%, and 100% at 80 °C. CO conversion on pre-oxidized
catalysts, presented in Fig. 1b, follows the trend observed on
pre-reduced catalysts. However, the complete CO conversion
occurs at even lower temperature on pre-oxidized catalysts.

Table 1 presents some of the structural characteristics of
the catalysts used in this work. The Rh surface density (Rh
atoms/nmz), defined as the number of rhodium atoms per
square nanometer of the catalyst; was calculated from the Rh
content and the BET surface area as follows [27]:

Rhpercentage x 6.023 x 103
surface area x 102.9 x 1018

Rh surface density = 2)
The Rh surface density provides a convenient parameter for
comparing catalysts prepared on supports with a wide range
of surface areas [27]. Rh dispersion was obtained by Eq. (1).
We found that there is not a clear correlation among CO
conversion, surface area, and Rh surface density. However,
the catalytic activity seems to correlate with the Rh disper-
sion and Rh particle size. We found that as the particle size
diminishes, the dispersion increases, and the CO conversion
shifts to lower temperature. In fact, our results show that
1Rh/NTSG catalyst presents the highest dispersion (88%),
the lowest particle size (0.5 nm) and the best catalytic activ-
ity (100% at 80 °C) when compared to the other catalysts.
Note that as the procedure for the addition of Rh was the
same for the four catalysts, Rh dispersion and the particle
size depend on the support.

Commercial TiO, (P25 as support) presents a particle size
between 25 and 35 nm. In this case, Rh reached 45% of dis-
persion with a support particle size around 3.5 nm. However,
on nanoparticles of TiO, obtained by the sol-gel method
(TSG) with a crystal size around 9 nm, the Rh dispersion
was 73%, with a particle size of Rh around 1.0 nm. Further-
more, the support composed by titanate nanotubes (NTSG)
improved the Rh dispersion up to 88% with a particle size
around 0.5 nm, but the addition of 3 wt% of Al,O; to the
titanate nanotubes (NTSG-3Al,05) hindered the Rh disper-
sion, which only reached 40% with a particle size around
3.0 nm, slightly above of that reported for P25 (37%). We
suggest then that titanate nanotubes, as support, promote the
Rh dispersion by decreasing their particle size when com-
pared with supports composed by nanoparticles of TiO,.
However, the addition of Al,O; to the titanate nanotubes
(despite their high surface area, 182 m?/g) has a detrimen-
tal effect on the dispersion and particle size, and, in conse-
quence, upon catalytic activity.

It is interesting to observe in Table 1 that the band gap
energy (Eg) of the supports is affected by the Rh dispersion
and particle size. The P25 and NTSG-3Al,0; supports pre-
sent a band gap energy of 3.18 and 3.29 eV, respectively. For
these materials (P25 and NTSG-3Al,0;), the Rh dispersion
is very close, between 37 and 40%. For the TSG support, Eg
is 3.12 eV and 3.00 eV for the NTSG support. As the particle
size decreases and the Rh dispersion increases, Eg attains a
lower value. It is not clear how the band gap energy of the
support correlates with the CO oxidation.

There are some indications that the electronic metal-sup-
port interactions effect [19, 20], may play a role on CO oxi-
dation, as it is affected by the Rh dispersion, Rh particle size
as well as by Rh oxidation state. Khodakov et al. [27], in a
study on the effects of support on the structure and catalytic
behavior of supported vanadia, reported that at a given value
of surface density, the characteristics of the support influ-
ences the apparent dispersion and absorption edge energy

Table 1 Structural properties of
the catalysts used in this work

Property 1Rh/P25 IRWTSG 1IRh/NTSG IRh/NTSG-3A1,04
Rh theoretical content, wt% 1 1 1 1

Sggr> M2/ 55 155 260 182

Band gap energy Eg, support, eV 3.24 322 3.18 3.31

Band gap energy Eg, catalyst, eV 2.85 3.15 3.09 3.24
Valence band energy, eV 0.26 0.33 0.38 0.31
Conduction band energy, eV —-2.59 —2.82 —-2.71 -2.93
Activation energy Ea, kJ/mol 65.6 153.4 116.7 101.3
Pre-exponential factor, 1/s 23.78 58.07 43.20 37.53

Rh particle size, nm 35 1.5 0.5 3.0

Rh surface density, atoms/nm? 1.06 0.38 0.23 0.32
Dispersion, % 37 73 88 40

Rate, mol/g, s (at 50 °C) 036x10™*  1.51x10™*  435x10™  0.73x107*
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of VOx species. They concluded that the structure and dis-
persion of VOX species depend on their surface density and
on their interaction with a given support. Furthermore, the
position of the absorption edge for low-energy charge trans-
fer transitions has been shown to correlate with the domain
size of the semiconductors and insulators [27]. In fact, the
energy at the absorption edge has been used to character-
ize the size of MoOx, WOXx, and VOx domains in catalytic
solids [24, 27-30]. In our case, the energy at the absorption
edge correlates with the dispersion and the particle size for
the catalysts synthesized in this work.

The catalytic stability as a function of time for the three
catalysts used in this work is reported in Fig. 2. At constant
temperature, 100 °C, we found that CO conversion reaches
100%, but after 2 h there is already deactivation. The CO
conversion falls up to 90% on 1Rh/NTSG, 92.5% on 1Rh/
TSG, and 94% on 1Rh/NTSG-3Al,0; catalysts after 16 h
of reaction.

Nanotubes (NTSG) and nanoparticles (TSG) show a
similar pattern of deactivation process during the first 6 h.
After this time (6 h), nanotubes present a higher deactivation
rate respect to the nanoparticles. The addition of 3 wt% of
alumina to the nanotubes, however, seems to stabilize the
structure of the nanotubes, hence the 1Rh/NTSG-3Al1,04
catalyst is less prone to the deactivation process compared
to the nanotubes and nanoparticles surface for the CO oxi-
dation. An explanation can be set forth, as the particle size

CO Conversion (%)

& 1RWNTSG-3A1,05,
A1RNTSG
O1RNNTSG

86 1 ! 1 1 1
0 2 4 6 8 10 12 14 16

Time (h)

Fig.2 Stability of the catalytic activity of the catalysts during CO
oxidation as a function of time at 100 °C. 1 vol.% of CO, 1 vol.% of
0,, 50 mg of catalyst, and total flow of 100 mL/min

@ Springer

of Rh, reported in Table 1, supported on NTSG-3Al,0; is
around 3 nm, almost two-fold with respect to the particle
size (1.58 nm) of Rh supported on TSG and six-fold respect
to that supported on NTSG (0.5 nm). There is an apparent
correlation between the deactivation process and the particle
size of Rh. As the particle size of Rh increases the deactiva-
tion process is hindered.

Deactivation is a complex phenomenon that can be caused
by poisoning, fouling, thermal degradation (evaporation, sin-
tering), mechanical damage, and corrosion [31-33]. Other
mechanisms of deactivation include masking and loss of the
active elements [33]. The activity of a deactivating catalyst
can be expressed according to the following equation:

a=rfr 3)
where r, is the initial rate of reaction, and r represents the
rate of reaction measured after a determined time, a is the
activity. Change of catalyst activity with time on stream is
described by the following equation [33]:

- = kd(a_asx)d (4)

where a; is the steady-state activity reached at infinite time,
d is the order of deactivation with respect to the driving
force (a - a,,). The general power-low Eq. (4) describes the
kinetics of sintering by applying deactivation rate order 1
or 2 [33]. For d=1, it is suggested [34] that there is a par-
allel deactivation with no pore diffusion resistance to the
reactant responsible for deactivation, oxygen in our case.
In this sense, the integrated form of Eq. (4) for the case of
d=11is given by

a=ag,+ (1 —am)e(_kd’) 3)
Besides,
Fuy = Fyy — a(=ry,)w (6)
F,,. — F
Xas — % (7)
A0
-7 )w
X, = a, + (1 —am)e(_kd’)[%] 8)

where F, is the initial molar flow rate (mol/h), w is the
weight of the catalyst, g. X, is the CO conversion at steady-
state, %. The best fit was obtained for deactivation rate order
d for a value of 1. Results are reported on Fig. 3. There is
a satisfactory agreement between experimentally obtained
and calculated CO conversion values for the three catalysts
in Fig. 3.

Konova et al. [35] reported that the capacity of CO
adsorption and the formation-accumulation of carbonates,
as well as the agglomeration of Au particles after heating
on the surface of the TiO, are the main causes involved in
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Fig.3 Model validity test. Experimental and calculated values
according to Eq. (8) for CO conversion as a function of time of reac-
tion at 100 °C

the deactivation process. However, in our case, the possible
formation of carbonates and the agglomeration of Rh parti-
cles on the surface of the support, as well as the changes in
chemical composition and structure on the surface or bulk of
the catalyst are investigated in the following sections.

3.2 Characterization by HR-TEM

The morphology of the catalysts 1Rh/P25, 1Rh/TSG, 1Rh/
NTSG, and 1Rh/NTSG-3Al1,0; obtained by HR-TEM is
reported in Fig. 4. Figure 4a shows that the particle size
of TiO, (P25) was around 23 nm, and the particle size of
Rh was, in average, 3.5 nm. The particle size of the TSG

support on average is around 8 nm, and the particle size of
Rh was around 1.5 nm, as reported in Fig. 4b. In the case
of titanate nanotubes (NTSG), Fig. 4c shows that they pre-
sented an open-end tubular structure with external and inter-
nal diameters of 10 and 3.5 nm, respectively. The addition
of 3 wt% of Al,O;, reported on Fig. 4d does not modify the
structure of the nanotubes. Most of the nanotubes are open at
both ends. Besides, each tube tends to have a constant diam-
eter along its length. The presence of Rh on the surface of
the supports was confirmed by EDS analysis (not showed).
A summary of the morphology of the catalysts characterized
by HR-TEM was included in Table 1.

3.3 Characterization by XRD

Figure 5 presents the characterization of the catalysts by
XRD. We found, in Fig. 5a, that 1Rh/NTSG and 1Rh/
NTSG-3Al,0; catalysts display the monoclinic tri-titanic
acid phase, H,Ti;0,, with diffraction peaks at 20 values
of 9.7, 24, 28, 32.2, 48.4, and 50.0°, according to JCPDS
file 36-0654. We also found in Fig. 5a that anatase is the
main phase of the IRh/TSG catalyst, as indicated by the
peaks located at 20 values of 25.2° (101), 37.8° (004), 48.0°
(200), 55.0° (211), 62.6° (204), and 75.0° (215), accord-
ing to JCPDS file 21-1272. Further analysis by the Scherrer
equation of the (101) diffraction peak at 20=25.3° showed
that the anatase crystal domains in the TSG catalyst meas-
ured about 8 nm.

In the case of the 1Rh/P25 catalyst, its diffraction pattern
corresponds to a mixture of phases. It has a bi-crystalline
structure composed of anatase and rutile phases. The pri-
mary size for the anatase crystals was estimated to be about
25 nm as measured from the X-ray line broadening technique
using the Scherrer equation on the anatase 260 =25.3° (101)
diffraction peak. The particle size of the rutile phase was
about 35 nm on the rutile 20 =27.3° (110) diffraction peak.

To verify the structural stability, we measured the XRD
pattern of the spent catalysts. Results are reported on Fig. 5b
and show that IRh/NTSG and 1Rh/NTSG-3Al,0; catalysts

Rhodium
N

Fig.4 HR-TEM micrographs for the catalysts used for CO oxidation. a 1/Rh/P25, b 1Rh/TSG, ¢ IRW/NTSG, and d 1Rh/NTSG-3A1,0,
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Fig.5 XRD diffraction patterns for a fresh, b spent, and ¢ annealed at 400 °C catalysts. A means anatase phase, R means Rutile phase, and

H,Ti;0; is the tri-titanic acid phase

display changes principally in the peak located originally at
20=9.7 (100). The (100) reflection shifts from 9.7° to 12.5°
for 1IRh/NTSG and to 10.0° for IRW/NTSG-3Al,05 catalyst.
The corresponding initial d spacing for both catalysts for the
20 angle located at 9.7° is 9.1 nm. For the 20 angle shifted
to 12.5°, i.e. for the IRh/NTSG catalyst, the corresponding
d spacing is 7.0 nm. In the case of the IRh/NTSG-3Al,0;
catalyst, the corresponding d spacing shifted to 26 =10.0°
is 8.8 nm.

The peak located around 20 =9.7° is attributed to the
interlayer distance [36], and it has been reported [36, 37]
that the shift towards larger angles may correspond to a
decrease in the interlayer spacing in the titanate nanotube
walls accompanied by removal of H,O. In the case of the
spent catalysts, this means that after 16 h at 100 °C, the
structure of the support has been modified, and this could
be part of the explanation for the loss in activity.

There is an apparent correlation between the spacing of
the nanotube walls and the catalytic activity reported on
Fig. 2. At 100 °C, CO conversion reached 100% on both
catalysts (IRh/NTSG and 1Rh/NTSG-3Al,0;). The ini-
tial spacing of the nanotube walls, for both catalysts, was
9.1 nm. After 16 h of reaction at 100 °C, CO conversion
reached 90% with a d spacing of 7.0 nm on 1Rh/NTSG cata-
lysts and 94% of CO conversion with a d spacing of 8.8 nm
on 1Rh/NTSG-3Al,0; catalyst. We can then suggest that as
the spacing of the nanotube walls decreases, CO conversion
diminishes. In the case of the IRh/NTSG-3Al,0; catalyst,
alumina probably acts as structure stabilizer of the nano-
tubes, as mentioned before.

In the case of the 1Rh/TSG and 1Rh/P25 catalysts,
Fig. 5b shows that the support crystal size changes after 16 h
of reaction at 100 °C. For 1Rh/TSG catalyst, the crystal size
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increased from 8 to 11 nm. In the case of 1Rh/P25 catalyst,
the crystal size increased from 25 to 27 nm. Sintering of the
support seems to be involved in the deactivation process
reported in Fig. 2. As the TiO, crystal size increases during
operation, the catalytic activity decreases.

Figure 5c shows the diffractograms for the samples
annealed at 400 °C. For 1Rh/TSG, it is observed that the
anatase structure is preserved. The anatase/rutile struc-
tures are observed for 1Rh/P25. However, 1IRh/NTSG and
IRh/NT-3Al,0; catalysts presented drastic changes. The
release of physisorbed water occurs up to 110 °C on the
support [38] and the thermal decomposition of H,Ti;O,
is associated with a dehydration reaction taking place
between 100 and 500 °C (H,Ti;0,— 3TiO, + H,0) [39].
The transformation of the nanotubes follows the sequence
H,Ti;0,-xH,0 — H,Ti;0, — H,Tizs0,; — Ti,(B) — TiO,
(anatase) between 140 and 500 °C [40]. In fact, nanotubes
undergo complete dehydration at 500 °C, losing approxi-
mately 18% of their mass.

3.4 Characterization by H,-TPR

Figure 6 shows the H,-TPR profiles for IRh/TSG, 1Rh/P25,
IRh/NTSG, and 1Rh/NTSG-3Al,0; catalysts. In all cases
the reduction of rhodium oxide species begins at low tem-
perature, in agreement with a previous work [41]. All Rh
species seem to be reduced at temperatures below 200 °C.
Besides, TPR profile of the four catalysts suggests different
degrees of strong metal-support interactions because of the
variations in the wide reduction peak, extending from 25 °C
to 175 °C depending on the sample studied. The second peak
on the TPR profile, present with the nanotubes, extends
between 270 and 500 °C and has been assigned to a partial
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Fig.6 H,-TPR profiles for a 1Rh/P25, b 1Rh/NTSG-3Al,0;, ¢ 1Rh/
TSG, and d 1RhW/NTSG catalysts. The inset shows the H,-TPR pro-
files for the four catalysts between 25 and 200 °C

reduction of the titanate nanotubes [42]. This region is not
considered as important in our case, because our analysis
was focused in the room temperature - 200 °C range, cor-
responding to the operating window of the catalytic tests.

1Rh/P25 reduction starts at 50 °C. It reaches a maximum
at 98 °C and H, consumption finish at 180 °C. This catalyst
(1Rh/P25) shows a low temperature shoulder located around
66 °C. Interestingly, the IRh/NTSG-3Al,0; catalyst starts
the reduction process at room temperature and the maximum
is reached at 98 °C, following the behavior of the 1Rh/P25
catalyst. The shoulder shifted slightly from 66 to 62 °C. In
the case of the 1Rh/TSG catalyst, we show in Fig. 6 that
the maximum of the reduction peak was reached at 89 °C
and the shoulder was shifted from 66 to 52 °C. A further
temperature shift was observed for the 1Rh/NTSG catalyst.
This catalyst reached the maximum at 85 °C and the shoul-
der was observed at 42 °C. These results indicate that the
support has an important impact on the reduction process
of our catalysts.

The correct parameter for comparison purposes dur-
ing TPR process is the temperature-integrated H,

consumption. The ratio of integrated H, consumption
for IRh/NTSG-3Al,0; to that of 1Rh/P25 was 1, i.e. H,
consumption for both catalysts was essentially the same.
However, in the case of the shoulder, the integrated-tem-
perature H, consumption ratio was 3. This result means
that H, consumption by the shoulder corresponding to
1Rh/NTSG-3Al,05 was threefold than that of the 1Rh/
P25 catalyst.

The integrated-temperature H, consumption ratio for
the catalysts used in this work is presented in Table 2, with
1Rh/P25 catalyst used as a reference. Interestingly, for the
IRh/NTSG-3Al1,0;, IRh/TSG, and 1Rh/NTSG catalysts,
we found, in Table 2, that H, consumption increased when
compared to that for 1Rh/P25 catalyst. Furthermore, as
the Rh particle size ratio decreases, the H, consumption
ratio increases, and the shoulder reduction temperature of
the catalysts was shifted to lower temperature, from 66 to
42 °C, as reported on Fig. 6.

It has been reported [43, 44] that the first peak is assigned
to the reduction of Rh** (Rh,0;) to Rh!* (Rh,0), and the
main peak is assigned to the reduction of Rh!* to Rh’. We
suggest then that Rh** species plays an important role in the
CO oxidation at low temperature. Furthermore, the Rh**
species seems to be also involved in the shift to lower tem-
perature of the CO oxidation, as reported on Fig. 1. How-
ever, the support has a strong influence on the Rh®* species
formation. In fact, the reduction of Rh*3 is improved by the
supports as follows NTSG >TSG > NTSG-3A1,0,>P25. In
this line, we explore in the following section the Rh** spe-
cies by XPS characterization of the catalysts.

The reaction that might take place during TPR is
Rh,0;+3H, — 2Rh+3H,0. In this sense, the stoichiomet-
ric amount of H, to reduce Rh is 3 mol H,/mol of Rh,0;,
or H,/Rh=1.50. Table 3 presents the amount of hydrogen
consumed by the catalysts during TPR experiments. The
amount of hydrogen consumed during TPR experiments is
slightly higher than stoichiometric requirements for 1Rh/
P25 and 1Rh/NTSG-3Al,0; catalysts. In this case, hydrogen
reduces Rh,0; to Rh’. For the 1RW/TSG and 1Rh/NTSG cat-
alysts, the hydrogen consumed is higher than stoichiometric,
indicating that these peaks cannot be attributed only to the
reduction of Rh,0; to Rh°, In fact, a possible contribution
of TiOx reduction at low temperature may be occurring in
the IRh/NTG and 1Rh/NTSG catalysts.

Table 2 Integrated-temperature

> h Catalyst-to-1Rh/P25 ratio
H, consumption ratio

Total integrated-tempera-
ture H, consumption ratio

Integrated-temperature H, Rh par-
consumption ratio at shoulder ticle size
ratio

1Rh/NTSG-3Al,05-to-1Rh/P25
1Rh/TSG-to-1Rh/P25
1IRh/NTSG-to-1Rh/P25

1.00 3.00 0.85
1.51 3.60 0.42
2.20 4.35 0.14
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Table 3 TPR-H, consumptions

Catalyst Total H, consumption Peak I (umol H,/g Peak II (umol H,/g Total H,/
for 1Rh-supported catalysts u 2 2 2 2
to 175 °C PP Yy P (umol H,/g cat) cat) cat) Rh ratio
0
1Rh/P25 168 8 160 1.12
IRh/NTSG-3A1,0, 159 10 149 1.06
IRh/TSG 202 11 191 1.34
1Rh/NTSG 281 28 253 1.87
h3d 1Rh/P25 b \Ti 2p,,, (a) 1Rh/P25 (b) 1Rh/TSG -
(a) N EZ; 1Rh/TSG (B) 4570 1201 (c) R/NTSG () =330 A\ 0i=5310 O 1s
(c) 1Rh/NSTG Ti2p (d) 1Rh/NTSG/3Al,0, 1Rh/P25 0,,=532.4
3 w0 | 5 e | =
S 372 Al2Ys3 S ; S : ;
> > > |1Rh/TSG : :
‘B ‘@ ‘@
= c [t .
2 2 ] :
= = £ 1
1Rh/NTSG VAN :
1Rh/NTSG-3A1,0,/ k ‘
304 368 3I1 2 3I1 6 320 454 4l56 4l58 4l60 4l62 4l64 4l66 468 526 528 530 532 534

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Fig.7 XPS of a Rh 3d core level spectra, b Ti 2p core level spectra, and ¢ O 1 s core level spectra for IRh/P25, IRh/TSG, 1Rh/NTSG, and 1Rh/

NTSG-3Al,0; catalysts

3.5 XPS Characterization

Figure 7 presents the XPS characterization of the catalysts
used for CO oxidation in this work. Figure 7a presents
the Rh3d core level spectra of the catalysts. It consists of
a peak with maximum around 309.8 eV with a satellite
located at 315 eV. These peaks correspond to an Rh3*
valence state. The result confirms the formation of Rh,04
during impregnation on the different supports.

After reduction, Rh particles from the 1Rh/NTSG
(309.8 eV) and 1Rh/NTSG-3Al1,05 (309.8 eV) catalysts
have a larger value (+0.3 eV) of Rhd5/2 binding energy
(BE) than those in 1Rh/P25 (309.5 e¢V) and +0.1 eV of
Rhd5/2 BE when compared to 1Rh/TSG (309.7 eV). The
increase of the BE by +0.3 eV in the case of the 1Rh/
NTSG and 1Rh/TSG catalysts may indicate that rhodium
particles are electron deficient [45].

This indicates that Rh particles in 1Rh/NTSG (0.5 nm),
IRb/TSG (1.5 nm), and 1Rh/NTSG-3Al1,0; (3.0 nm) cata-
lysts have a small positive charge (Rh®") compared to 1Rh/
P25 (3.5 nm) catalyst, i.e. Rh on titanate nanotubes has
a stronger interaction than with P25. By deconvolution
of the Rh3d core level spectra, we found that there is a
peak with binding energy of Rhd5/2 about 307 eV, which
is attributed to Rh® metal (not shown). The Rh**-to-Rh’
ratio of our catalysts is presented in Table 4. The relative
concentration of Rh®* species was around 70%. However,
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Table 4 XPS analysis for Rh3d and Ti2p core level of our catalysts

Catalyst Rh3*/Rh® ratio  Rh**/Ti** ratio Rh%/Ti** ratio
1Rh/P25 2.84 0.77 0.27
IRW/NTSG-3AL,0;, 2.57 0.77 0.29
IRW/TSG 2.22 0.73 0.32
IRh/NTSG 2.33 0.77 0.33

there is not a clear correlation between Rh**/Rh’ ratio and
the catalytic activity.

In addition to the Rh3d core level, Fig. 7b shows the Ti
2p XPS spectra for the catalysts reported in this study. We
found that 1Rh/P25 catalyst presents a peak around 458.3 eV
with a satellite around 464 eV. This suggests a 4 oxida-
tion state for Ti in this catalyst. However, the other catalysts
show a peak located at 457.9 eV. This value is close to that
assigned for Ti* [45]. It seems that a partial reduction of
the support through the Rh nanoparticles took place. It is
possible that the strong metal support interaction promotes
the formation of partially reducible oxide compounds like
Rh3+—Ti02_x, in agreement with Sheerin et al. [46]. However,
the Rh**/Ti** ratio, reported in Table 4, does not correlate
with the catalytic activity.

A further analysis of the Ti2p and Rh3d spectra, for Ti**
and Rh®, showed that there is a possible correlation among
these species (Ti** and Rh%) and the catalytic activity,
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however. In fact, Table 4 shows that Rh%/Ti** ratio is pro-
moted on NTSG support followed by TSG, NTSG-Al,O;,
and P25, in agreement with results obtained by H,-TPR,
reported on Fig. 6. Furthermore, the Rh%Ti** ratio also cor-
relates with the catalytic activity reported on Fig. 1.

We found that, as the Rh%Ti** ratio increases, the reduc-
tion temperature shifts to lower temperature, the catalytic
activity improves, and the temperature for CO oxidation also
shifts to lower temperature. Furthermore, the energy of the
valence band of the catalysts seems to be also involved. We
found that as the Rh%Ti** ratio increases, the valence band
energy of our catalysts, reported in Table 1, also increases.
This result implies that titania nanotubes (NTSG support)
with a H,Ti,O, phase facilitate Rh®* reduction to Rh’, when
compared to Rh supported on nanoparticles of TiO, with
anatase structure (TSG support) or anatase—rutile phase (P25
support). However, addition of Al,O5 to nanotubes hinders
the reducibility of Rh, as observed on Fig. 6, for NTSG-
3Al,0;5 support, apparently because the Rh%Ti* interaction
is restricted by alumina. The Ol s spectra are reported on
Fig. 7c.

The O 1 s peaks were fitted into three peaks. The first
peak, related to the lattice oxygen (denoted as Oy), is
located between 529.8 and 530.4 eV. The second peak has
been related with chemisorbed oxygen (labelled as Oyy). It
is located between 531.1 and 531.9 eV, and a third peak
(described as Oyy), located between 532.5 and 532.9 eV, is

Table 5 XPS results for the O/Oy; ratio

Catalyst O, (%) Oy (%) 0O,/Oy; ratio
1Rh/P25 62 31 2.00
1Rh/NTSG-3A1,04 61 29 2.12
IRhW/TSG 65 29 2.27
1Rh/NTSG 68 27 2.56
. a) 1Rh/P25
(a) Linear RhCO Eb; 1RN/NTSG
2074 (c) 1RNINTSG-3A,L0,
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related to the H,O or CO; bonds on the surface [47]. In our
case, Fig. 7c, shows that O1 s spectra of our catalysts present
a main peak located at 530.1 eV due to the oxide ions of the
TiO,. The other two types of oxygen are ascribed to Ti—-O
bonds in Ti,05 at 531 eV, and hydroxyl groups, at 532.4 eV.
In fact, the primary band located around 530 eV (labelled as
O,) represents the lattice oxygen bound to Rh;0, and TiO,
phases. The band located around 531 eV, assigned as Oy is
attributed to chemisorbed oxygen peak. This band includes
adsorbed oxygen, adsorbed water, hydroxyl, and carbonate
species [21]. We found that the O;/Oy; ratio correlates with
the catalytic performance of our catalysts. Table 5 presents
XPS results for O;/Oy; ratio.

3.6 DRIFTS Characterization

The DRIFTS study of the catalysts was performed after an
in situ reduction treatment under a flow of H,/He (50 mL/
min) at 400 °C for 1 h. Results of DRIFTS at 50 and 100 °C
are reported in Fig. 8. Figure 8a shows that after introduction
of CO at 50 °C, a band located at 2103 cm™' appears on 1Rh/
NTSG, 1Rh/TSG, and 1Rh/NTSG-3Al,0; catalysts. This
band is attributed to the stretching mode of linear mono-
carbonyl CO adsorbed on Rh° [48]. We also found a band
located at 2074 cm™! that has been identified as a linearly
adsorbed CO species on Rh crystallites [49]. However, in
the case of 1Rh/P25 catalyst, the twin bands at 2120 and
2090 cm™! are attributed to the symmetric and asymmet-
ric carbonyl stretching frequencies of gem dicarbonyl on
the isolated Rh! sites [49]. The adsorption band located at
2006 cm™! observed on Fig. 8a for the four catalysts cor-
responds to CO which is linearly adsorbed on Rh®~ sites or
in the bridge form on Rh®" sites [49]. As the Rh®~ species
were not detected by XPS, however, we suggest that the band
located at 2006 cm™! corresponds to CO linearly adsorbed
in the bridge form on Rh®* species.

(b) 2074
T=100°C co- Rn®*
089 (a) 1RW/P25
2008 2022 (b) 1R/NTSG

(c) 1RN/NTSG-3A1,0;
@  (d) 1RVTSG

Absorbance (a.u.)

CO

1950 2000 2050 2100 2150 2200 2250
Wavenumber (cm™)

Fig.8 FTIR-DRIFT spectra for CO adsorption at a 50 °C and b 100 °C on 1Rh/P25, 1IRh/NTSG, 1Rh/NTSG-3Al,05, and 1Rh/TSG catalysts
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The relative proportion of linear monocarbonyl CO
adsorbed on Rh, linear adsorbed CO species on Rh crystal-
lites, and the CO adsorbed in the bridge form on Rh®* sites
on 1Rh/NTSG, IRh/TSG, and IRh/NTSG-3Al,0; catalysts
are reported on Table 6. Interestingly, the relative proportion
of CO adsorbed species on Rh° (at 2074 cm™"), and Rh®*
(at 2006 cm™!) sites, correlates with the catalytic activity
reported on Fig. 1. In fact, IRh/NSTG catalyst promotes
the adsorption of linear monocarbonyl CO on Rh” and the
linear adsorbed CO species on Rh crystallites, followed
by 1Rh/TSG, 1Rh/NTSG-3Al,05, and 1Rh/P25 catalysts.
CO adsorbed in the bridge form on Rh®* sites is preferred
on 1Rh/TSG catalyst, followed by 1Rh/TSG, 1Rh/NTSG-
3Al,05 catalysts.

At 100 °C, Fig. 8b shows that the bands for CO adsorbed
species on 1Rh/P25 at 2120 and 2090 cm™! disappear. How-
ever, the bands corresponding to the adsorption of linear
monocarbonyl CO on Rh® and the linear adsorbed CO spe-
cies on Rh crystallites are enhanced. These results suggest
that the linear adsorbed CO species on Rh” and Rh crystal-
lites present a higher activity to oxidize CO when compared
to CO adsorbed in the bridge form on Rh®" sites. Further-
more, the dicarbonyl CO adsorbed species on isolated Rh!
sites (on 1Rh/P25) are probably involved with a lower activ-
ity to oxidize CO respect to the other CO adsorbed species
reported above.

Figure 9 presents DRIFTS spectra for the OH region at
3500-4000 cm™! for 1Rh/TSG, 1Rh/P25, IRh/NTSG and
1Rh/NT-Al,O5 catalysts. The spectra of the four catalysts
show the presence of an OH broad absorption band with
two bands located at 3657 and 3715 cm™!. Both bands cor-
respond to OH groups, highly basic, at terminal positions
due to stretching Ti—-OH modes [50].

Table 7 presents the relative proportion of OH species
adsorbed on the four catalysts for both bands reported
on Fig. 9. In line with results obtained by CO adsorption
(reported on Fig. 8), we found that the relative proportion
of OH species absorbed at 3657 cm™! is promoted on 1Rh/
TSG catalyst, followed by 1Rh/TSG, 1Rh/NTSG-3Al,0,
catalysts. In fact, the relative proportion of OH species
absorbed at 3657 cm™! seems to correlate with the catalytic
activity. As the relative proportion of OH species absorbed
at 3657 cm™! increases, the catalytic activity also increases.

Table 6 Relative proportion of adsorbed CO species on Rh at 50 °C

3657

Absorbance (a.u)

1Rh/NTSG 1Rh/NTSG-3Al,0;

1Rh/P25

3500 3600 3700 3800 3900 4000
Wavenumber (cm)

Fig.9 FTIR-DRIFT spectra corresponding to hydroxyl species bands
for the nanostructured catalysts

Furthermore, the Rh%Ti** ratio seems to promote the
adsorption of OH species at 3657 cm™!. We found that the
amount of OH species increases along with the Rh®/Ti**
ratio. It is important to note on Fig. 9, however, that adsorp-
tion of OH species was completetlly blocked at 3715 cm™!
on 1Rh/P25 catalyst. These results suggest that OH groups
absorbed at 3657 cm™! on the surface of the catalysts are
directly involved in the carbon monoxide oxidation on
Rh-nanostructured catalysts. The OH species absorbed
at 3715 cm™! on the surface of the catalysts are probably
involved with the shifts to lower temperature observed dur-
ing CO oxidation and H,-TPR test.

In this sense, it has been reported [51] that OH groups are
important in the oxidation of CO because they contribute to
the supply of active oxygen species and the regeneration of
active sites during the carbon monoxide reaction. In fact, a
moderate amount of OH species can promote low tempera-
ture CO oxidation on platinum-group-metal (PGM) catalysts
[52]. In line with these observations, we confirm that OH

Table 7 Relative proportion of OH species on Rh-supported catalysts

Catalysts 2006 cm™' 2074 cm™' 2013 ecm™! 2120 to

2090 cm™! Catalysts 3657 cm™! 3715 cm™!
IRh/P25 6.8 100 1Rh/P25 15.2
IRW/NTSG-3AL,0; 12.8 23.8 17.9 IRW/NTSG-3A1,0, 26.6 26.0
IRW/TSG 19.6 28.1 42.8 IRW/TSG 273 26.6
IRW/NTSG 60.9 48.1 39.3 IRh/NTSG 29.2 47.4
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species promotes the low temperature CO oxidation on Rh-
nanostructured catalysts.

3.7 Redox Equilibrium

Lykaki et al. [21] in a paper about CO oxidation on Cu/
CeO,, propose that ceria (as support) promotes the forma-
tion of active oxygen species, whereas the copper-ceria inter-
actions are involved in the formation of Cu™ active species
via the redox equilibrium Ce*t + Cu* <> Ce?* + Cu?*. The
proposed equilibrium is based on a Mars-van Krevelen redox
type mechanism.

They suggest [21] that strong electronic perturbations
result from the bonding interactions between metal nanopar-
ticles and single atoms of support with great consequences
in catalysis. However, as the size of the interacting parti-
cles increases the role of support is limited to the interfacial
atoms [21].

In our case, CO, can be formed through the reduction of
reducible species as Rh,0; as follows:

Rh,0; + 2CO — Rh,0 + 2CO, ©)

Rh,0 + CO — 2Rh + CO, (10)

Reactions (9) and (10) are supported by results obtained
by FTIR-DRIFT (reported on Fig. 8). Regeneration of Rh®
sites involves oxygen in gas phase as well as oxygen from
the lattice of TiO,.

2Rh + 2TiO, < Rh,0 + Ti,04 (11)

4Rh + 30, — 2Rh,0,4 (12)

There is an apparent redox equilibrium between
Rh?+ Ti** and Rh®* + Ti** (8 <3). However, the redox
equilibrium Rh%Ti** seems to be modulated (limited) by
the valence band energy of the catalysts, as observed in
Fig. 10. The energy levels for the valence and conduction
bands (reported in Table 1) were estimated from the XPS
and UV-vis spectra, as reported by Ansari and Cho [26].

The Rh%Ti*" ratio and the redox equilibrium between
Rh®+ Ti*" and Rh®* 4+ Ti** (8 < 3) are supported by the XPS
results (reported on Fig. 7 and Table 4). We can then sug-
gest that there is a clear electronic metal-support interaction
effect (EMSI) that promotes the CO oxidation on Rh/TiO,
catalysts. In fact, the Rhodium-TiO, interactions could be
considered responsible for the formation of Rh®" active spe-
cies via the redox equilibrium Rh®+ Ti*" <> Rh®" + Ti**.
However, the EMSI effect seems to be limited by the valence
band energy of the catalysts.

The band gap is the energy difference between the high-
est occupied energy state of the valence band (the top of
the valence band) and the lowest unoccupied state of the
conduction band (the bottom of the conduction band) [53].
The band gap is the energy required to promote a valence
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Fig. 10 Correlation between Rh%Ti** ratio and valence band energy
of our catalysts as part of the equilibrium Rh®+Ti** and Rh®* +Ti**
6<3)

electron bound to an atom to become a conduction electron.
The valence band is the outermost electron orbital of an
atom of a specific material that electrons occupy. In fact,
the electrons located in the outermost shell of an atom are
called valence electrons, they are involved in the chemical
reactions and determine the electronic properties of the solid
[53]. We suggest then that the valence band is a major factor
determining the catalytic activity.

4 Conclusions

We investigated the CO oxidation on Rh-supported on nano-
particles and nanotubes of TiO,. During light-off, we found
that Rh supported on nanotubes presents the better cata-
lytic activity compared to that supported on nanoparticles
of TiO,. At 70 °C, for instance, CO conversion was 93% on
IRh/NTSG, 65% on 1Rh/TSG, 33% on 1IRhW/NTSG-3Al,0;,
and 10% on 1Rh/P25 catalysts.

Redox properties of the catalysts are involved in the per-
formance of the catalytic activity. We found that, as the Rh%
Ti** ratio increases, the reduction temperature of Rh shifts
to lower temperature, the catalytic activity improves, and
the temperature for CO oxidation also shifts to lower tem-
perature. Furthermore, the energy of the valence band of
the catalysts seems to be also involved. We found that as
the RhTi*" ratio increases, the valence band energy of our
catalysts also increases.
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There is also an apparent redox equilibrium between
Rh®+Ti** and Rh®" 4+ Ti** (8 <3). The redox equilibrium
seems to be modulated (limited) by the valence band energy
of the catalysts. Therefore, the valence band is a major fac-
tor determining the catalytic activity. We can conclude that
electronic metal-support interactions (as a result from the
contact between highly dispersed nanoparticles of Rh and
nanotubes of TiO,) facilitate the formation of the active
Rh®* species via the redox equilibrium, hence the catalytic
performance improves.
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