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Gold catalysts supported on TiO, doped with Y (1, 3, and 6 wt % of Y) were prepared by the deposition-precipitation with urea
method. Two yttrium precursors were used: yttrium acetylacetonate and yttrium nitrate. The Y-TiO, supports prepared by the
sol—gel method allowed the formation of solids with high specific surface area. The incorporation of yttrium restricted the growth of
TiO, anatase crystals and hindered the transformation to the rutile phase. The average gold particle size was very similar in all the
prepared catalysts (~3 nm). Au/Y-TiO, catalysts showed higher activity and stability at room temperature than Au/TiO, in the CO
oxidation reaction. This behavior is related to the strong anchoring of the gold particles on the structural defects and oxygen
vacancies of the support caused by the doping of the anatase with yttrium. The variation of the yttrium precursor (acetylacetonate or
nitrate) did not have an important effect on the catalytic activity or the temporal stability of the catalysts. In the samples with a high
content of Y, High Resolution Transmission Electron Microscopy (HRTEM) results suggest the segregation of yttrium as Y,O3 on
the surface of TiO,. The presence of Y,O5 crystals on the TiO, surface had a detrimental effect on the catalytic activity.
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1. INTRODUCTION

Since the discovery in the late 1980s that gold is catalytically
active when it is dispersed as small particles on an oxide support,
the preparation of gold-based catalysts has been widely studied."
They are active in many reactions of both industrial and environ-
mental importance. The most remarkable catalytic properties
of supported gold have been obtained for the reaction of CO
oxidation at ambient temperature.> ¢ The catalytic activity
strongly depends on the dimensions of the gold particles and is
the highest in the range of 1-3 nm,”'? the material used as
support, the synthesis method, and the catalyst activation
procedure.”' '3 14

The dimensions of gold particles in Au catalysts depend on
the preparation method,"® the parameters of the preparation
(contact time, pH, T), the parameters of thermal treatment used
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to reduce Au" into Au,” ™"’ and also depend on the interac-

tion between these particles and the support.®'®

If this interaction is weak, during the catalytic reaction, the
gold particles move on the surface of the support through
Ostwald ripening, producing larger gold particles and losing
their catalytic activity for the oxidation of CO."”~*' The catalytic
activity of gold catalysts for the oxidation of CO is also decreased
by the formation of carbonates adsorbed on the reactive sites
of the catalysts.'®**** The deactivation produced in this way is
reversible, and after heating the catalyst, the activity concern-
ing the formation of CO, is restored.’®** On the other hand,
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the agglomeration of the small Au particles giving larger but
less active particles'”?**>?¢ produces an irreversible and more
important deactivation.

Hence, in spite of their good initial catalytic activity, su 7ported
Au catalysts have still very few commercial applications.”” Thus,
it is important to stabilize the gold nanoparticles in the 1—3 nm
size range. In this way, the support plays a major role for the
stability of the gold particles that depends on both its structure
and the specific interaction occurring between the gold particles
and the support.

A way to overcome the deactivation process is to produce
oxygen vacancies on the surface of the support particles.”® >°
These oxygen vacancies generate crystalline defects that work as
pinning centers for the gold particles. The steps on the surface of
the support particles are also crystalline defects that could work
as pinning centers for the gold particles.”’ Theoretical calcula-
tions have demonstrated that the gold particles bind stronger to a
defect-rich surface than to a defect-deficient surface and that a
significant charge transfer occurs from the titania support to the
Au particles,>*>* which could explain the catalytic activity of the
Au particles for the oxidation of CO.

Many studies have been done to stabilize the supported gold
nanoparticles. It has been suggested that the use of binary mixed
oxides as gold supports could be a good solution for the stabiliza-
tion of gold nanoparticles.>® The gold particles can be anchored
to the support, which stabilizes them and prevents their sinter-
ing.”’* For example, Yan et al,*® prepared a highly stable
catalyst by impregnation of gold over an alumina thin layer on
TiO, (anatase) (Al,O3/TiO,), the catalysts showed high activity
for the CO oxidation even after calcination of the catalyst at
773 K. The high resolution transmission electron microscopy
(HRTEM) observations showed that the size of the Au particles
increases markedly at high temperatures on TiO, but slightly on
Al O3/ T102.46 On the other hand, Venezia et al.* and Tai et al.**
reported similar findings using TiO,/SiO, mixed oxides as gold
supports. It has been also reported that addition of iron to TiO,,
Sn0,, or CeO, diminishes the deactivation rate.*’ Goodman
et al,*® reported the stabilization of highly active Au nanoparti-
cles by surface defects via the substitution of Si with Ti in a
silica thin film. Some of us reported that Au/In-TiO, catalysts
showed hi%her activity and stability at room temperature than
Au/TiO,.* This behavior was related to the strong anchoring of
the gold particles on the structural defects of the support caused
by the doping of the anatase support with indium. Moreover, very
recently a study about the incorporation of yttrium in TiO, for
the preparation of gold catalysts was reported.*® It was shown
that the incorporation of yttrium in TiO, lattice favors the
formation of oxygen vacancies, which are the preferred adsorp-
tion sites for Au nanoparticles, acting as nucleation centers for Au
atoms. The Au particle size obtained in that work, using the
deposition precipitation (DP) with NaOH method was rather
large (9—11 nm); however, it was shown that the incorporation
of yttrium increased the activity for CO oxidation.>’

The goal of this work was to prepare Au/TiO, and Au/Y-TiO,
catalysts to study their catalytic performance and stability as a
function of time in the CO oxidation reaction. The Y-TiO, sup-
ports were prepared by the sol—gel method and the Au sup-
ported nanoparticles were obtained from the DP—Urea process.
The catalysts were characterized by X-ray diffraction, nitrogen
physical adsorption (BET method), photoluminescence (PL),
UV —visible, FTIR, and Raman spectroscopy, H,-TPR, HRTEM,
and high-angle annular dark-field scanning transmission electron

microscopy (HAADF). The catalytic activity and stability of the
catalysts in the CO oxidation was performed using a reactor
coupled to a GC analytical apparatus.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. 2.1.1. Preparation of the Y-TiO,
Supports. The sol—gel mixed oxides were prepared by using
titanium(IV) butoxide (Aldrich, 98%) and yttrium(III) acetyl-
acetonate hydrate (Aldrich, 99.95%) or yttrium(III) nitrate hexa-
hydrate (Aldrich, 99.8%) as initial precursors; 21.5 mL of titanium
butoxide was added dropwise to a vessel containing a basic
homogeneous solution (pH = 9) containing 6 mL of distilled
water, 16.6 mL of NH,OH (Aldrich, 28.0—30.0% as NH3),
150 mL of n-butanol (ACS, 99.4%), 1 g of polyvinylpyrrolidone
(PVP-29, Aldrich >98%), and the corresponding amount of
yttrium precursor calculated to provide 1, 3, and 6 wt % of Y
in the final Y-TiO, sample. Afterward, the solution was main-
tained under reflux at 70 °C for 4 h until gelling. Then, the
solution obtained was submerged in a cold bain-marie (T = 3 °C)
for 15 min. Then the solid was slowly dried in air at 70 °C for 12 h
and calcined in air at 500 °C for 4 h by using a programmed
heating rate of 2 °C/min. The obtained supports were labeled as
Y-TiO,(1-99), Y-TiO,(3-97), and Y-TiO,(6-94) respectively,
followed by N or Ac for the case in which yttrium nitrate or
yttrium acetylacetonate was used as yttrium precursor.

2.1.2. Preparation of the Catalysts. The catalysts were pre-
pared in the absence of light, since it is known that light
decomposes and reduces the gold precursors. The preparation
of the gold nanoparticles was gerformed by deposition-precipita-
tion with urea (DP Urea)."”*" The gold precursor, HAuCl,
(42 x 107> M) and the urea (0.42 M) were dissolved in 20 mL
of distilled water; the initial pH of the solution was 2.4. Then, one
gram of the titania or titania-yttrium supports was added to this
solution under constant stirring; thereafter, the suspension tem-
perature was increased to 80 °C and kept constant for 16 h. The
urea decomposition led to a gradual rise in pH from 2.4 to 7."°
The amount of gold in the solution corresponded to a maximum
gold loading of 3 wt % on the supported catalyst.

After the deposition-precipitation procedure, all the samples
were centrifuged, washed with water at S0 °C and then centri-
fuged four times and dried under vacuum for 2 h at 100 °C. The
thermal treatments were performed in a U reactor with a fritted
plate of 1.5 cm of diameter; the calcination under a flow of dry air
(1 mL min~* mgsamplefl) was performed at 300 °C, for 2 h. All
the samples were stored at room temperature under vacuum in a
desiccator away from light to prevent any alteration.'

2.2. Characterization. The physical adsorption of N,
at —196 °C was done using a Quantachrome Autosorb 1 automatic
instrument on samples previously outgassed at 150 °C. The
Brunauer—Emmett—Teller method (BET method) was applied
to calculate the specific surface area. The X-ray diffraction (XRD)
powder patterns of the calcined samples were recorded on a
Bruker D8 Advance diffractometer by using CuKa radiation
(within the 26 range going from 10° to 70°). The titania average
crystallite size was calculated by the Scherrer equation.

The chemical analysis of Au and Y in the samples to determine
the actual loading was performed by energy dispersive X-ray
spectroscopy (EDS) using an Oxford-ISIS detector coupled
to a scanning electron microscope (JEOL JSM-5900-LV). In
every sample more than 30 different areas were analyzed, and
the average metal concentration for every sample is reported.

dx.doi.org/10.1021/cs200332v |ACS Catal. 2012, 2, 1-11
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Figure 1. X-ray diffraction patterns of the studied Y-TiO, samples. For comparison the profile of TiO, Degussa P25 is shown.

The chemical analysis was performed after the thermal treatment
of the samples. The Au and Y loadings are expressed as g/g
sample. Some of the samples were also analyzed by Inductively
Coupled Plasma (ICP) in a Perkin-Elmer, Optical Emission
Spectrometer Optima 4300 DV. The measured concentration
values in both techniques were similar and differed in less
than 10%.

The PL excitation and emission spectra were recorded at room
temperature on a Perkin-Elmer LS 55 spectrofluorometer with
a quartz solid sample holder. The lamp intensity correction is
performed automatically by this instrument that measures the
excitation light intensity with an additional photomultiplier tube
and performs the correction accordingly before displaying the
data. The emission spectra were collected using a conventional
setup at an excitation wavelength of 330 nm. Experimental
precautions were taken for getting comparable intensities: the
same sample preparation procedure, parameters, and alignment
in the device were used.

The infrared spectroscopy experiments were carried out using
a Nicolet Nexus 670 spectrophotometer. In each experiment,
about 0.005 g of the catalysts were mixed with 0.1 g of KBr
previously dried. The mixture was pressed in a pellet and
analyzed in IR transmission mode. The spectra were collected
under air at room temperature from 128 scans with a resolution
of 4 cm ™.

Diftuse reflectance UV —visible spectra of the catalysts were
obtained using an Ocean Optics USB2000 miniature fiber optic
spectrometer. The equipment was calibrated with a Spectralon
standard (Labsphere SRS-99-010, 99% reflectance) then, the
Eg was estimated from the plot of the absorbance vs wavelength
of the absorbed light for indirect allowed transitions. The Raman
spectra were recorded on a Renishaw MicroRaman Invia
Spectrometer, equipped with an argon laser source. The laser
excitation line was 514 nm, and the power was of 25 mW.

Hydrogen temperature programmed reduction (H,-TPR) of
the dried catalysts (100 mg) was performed in a RIG-150 unit
under a flow of 10% H,/Ar gas mixture (30 mLmin ') and a
heating rate of 10 °C/min from room temperature to 600 °C.
H,O produced during the reduction process was trapped before

the TCD detector. Bulk CuO was used as a reference for the
calibration of the TCD signal.

HRTEM observations of the calcined catalysts were per-
formed in a JEM 2010 FasTem analytical microscope equipped
with a Z-contrast annular detector that allows obtaining high-
angle annular dark-field scanning (HAADF) images. The average
size of the gold particles and the histograms of the particle sizes
were established from the measurement of 800 to 1000 particles
obtained by HAADF observations. The size limit for the detec-
tion of gold particles on TiO, was about 0.5 nm. The average
particle diameter d; was calculated using the following formula:
d, = Yn,d;/¥n; where n; is the number of particles of diameter d;.

2.3. Catalytic Activity Measurements. The CO oxidation
reaction was studied in a flow reactor at atmospheric pressure and
increasing temperature range from 0 to 300 °C (light off test).
A 0.04 g portion of dried catalyst was first activated in situ in a
flow of 40 mL/min of air with a heating rate of 2 °C/min up to
the final activation temperatures followed by a temperature
plateau of 2 h. After this treatment, the sample was cooled to
0 °C under the same gas. The reactant gas mixture (1% vol. CO
and 1% vol. O, balanced N, ) was introduced with a total flow rate
of 100 mL/min, and the heating rate was 2 °C/min. The gases
were analyzed with an online gas chromatograph Agilent Techno-
logies 6890N equipped with a FID detector, a methanizer, and an
HP Plot Q_column.

Stability of the catalysts versus time on stream was examined at
15 °C during a 48 h run after activation in situ and under the same
conditions as described above.

3. RESULTS AND DISCUSSION

3.1. Supports Characterization. The XRD patterns of
Y-TiO, supports with different Y loadings show the formation
of anatase as the main crystalline TiO, phase (JCPDF 78-2486)
(Figure 1). In the samples yttrium oxide crystals are not observed
in any of the Y-TiO, samples by this technique, indicating even
that yttrium effectively doped TiO, or the formation of yttrium
oxide with nanometric size, which is not detectable by XRD. It is
important to consider that the low contents of yttrium make its

dx.doi.org/10.1021/cs200332v |ACS Catal. 2012, 2, 1-11
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detection difficult because in some samples it is under the detection
limit of the technique. The peak corresponding to the (101)
reflection of anatase (25418 of 26; JCPDF 78-2486) is slightly
broad for the sample with the highest yttrium content of 6%. It
seems that the incorporation of yttrium restricts the transformation
of the TiO, anatase phase to the rutile TiO, crystalline phase.
Normally, the rutile phase starts to grow at 450 °C in sol—gel
materials.>” It means that yttrium doping favors the retention of the
anatase phase on these sol—gel materials. Moreover, in the Y-TiO,
samples with the lowest Y content (1%) low intensity peaks were
detected that can be related to the oxygen deficient titanium oxide
structure TisOy (JCPDF 71-0627). In addition, in samples Y-TiO,
(1-99)-N and Y-TiO, (3-97)-N, a diffraction line at about 30.5° is
observed. This diffraction line is not present in the sample obtained
using yttrium acetylacetonate as precursor. According to the XRD
pattern from the ICSD database, this line can be assigned to
defective titanium oxide structures (TisOg or Ti;qO;g) but also to
a disordered pyrochlore (Y,Ti,O) structure. The complexity of the
titanium oxide structures and the sol—gel synthesis could have
favored the production of both types of structures.

The Raman spectra are shown in Figure 2. The nanocrystalline
powders show characteristic active modes at 144, 200, 402, 502, 522,
and 642 cm ™! which are attributed to the E @ Big Al Byg and E,
vibrational modes of TiO,, respectively.® These active modes
indicate the presence of the anatase phase.”> Comparing to the
TiO, bare materials, a slight Raman shift is observed in the E, mode
peaks that could support the assumptlon that some Y** catlons are
inserted in the titania framework.”* The Y*" radius is 104 pm

—Ti02 (P25)

——Y-Ti02(1-99)-N

——Y-Ti02(1-99)-Ac

Intensity

80 180 280 380 480 580 680
Raman Shift (cm™?)

Figure 2. Raman spectra of TiO,, Y-TiO, (1-99)-N and Y-TiO, (1-99)-
Ac supports.

(hexacoordinated), which compared with the Ti*" radius of
74.5 pm (hexacoordinated) is too high to expect a large substitu-
tion.” The difficulty in having long extent substitution is obvious
because of the big difference in the atomic radius of Ti*" and Y**. It
must be noted that the observed shift is also feasible because of the
effect of decreasing crystallite size in the Y-doped TiO, nanoparticles.
Once the crystallite size decreases a few nanometers, the effects on
the vibrational properties of these materials might occur. Also, the
formation of some oxygen deficient titanium oxide structure TisOg
and pyrochlore structures (Y,Ti,O) may possibly contribute to the
shift observed in the Raman spectra. The full width at half-maximum
(fwhm) of the 144 cm ™' Raman peak was obtained using a MicroCal
OriginPro 8SR1. The values are listed in Table 1. The fwhm varies
from 10.6 to 12.6 cm™'. The Raman shift of Y-TiO, samples is
related to the stress/strain state. The width of the Raman peak is
related to the quality of the crystal (deformation, thickness, and
defects). According with the values of fwhm it could be proposed that
Y-TiO, materials doped with yttrium nitrate have more crystalline
defects than Y-TiO, materials doped with yttrium actilacetonate.
Y-TiO, and parent anatase TiO, were analyzed by PL using an
excitation wavelength of 330 nm. PL characterization is an
effective way to investigate the electronic structure and the
optical characteristics of semiconductor nanomaterials by which
information such as the surface oxygen vacancies and the defects
can be obtained.** "’ The results obtained for Y-TiO,-N samples
are presented in Figure 3; similar results were obtained for
Y-TiO,-Ac series. As can be observed in Figure 3, well-defined

——Y-TiO5 (1-99)
—— Y-TiO5 (3-97)
—— Y-TiO; (6-94)
——TiO5 (anatase)

Intensity (a. u.)

350 375 400 425 450 475 500
Wavelength {nm)

Figure 3. PL spectra of the Y-TiO,-N samples. Parent TiO, is shown
for comparison.

Table 1. Characteristics of the Studied Oxides

theoretical
sample Y precursor Y loading, wt %
Y-Ti0,(1-99)-N Y(NO,),
Y-Ti0,(3-97)-N Y(NO,),
Y-Ti0,(6-94)-N Y(NO;),

Y-Ti0,(1-99)-Ac
Y-Ti0,(3-97)-Ac
Y-TiO,(6-94)-Ac
TiO, (P25)

“ Full Width at Half-Maximum calculated from Raman spectra.

Y(CH;COCH=COCH,),
Y(CH,;COCH=COCH,),
Y(CH,COCH=COCH,),

A W = O W =

actual BET surface crystallite Eg fwhm*
Y loading, wt % area (m*/g) size (nm) (eV) (em™)
0.54 73 11.8 3.18 12.6
2.1 98 11.0 3.18 12.4
5.6 112 10.3 3.19 122
0.52 64 13.9 3.16 11.9
2 78 11.6 3.16 11.6
5.1 98 11.0 3.19 10.6
S3 19.91 3.20 9.4

dx.doi.org/10.1021/cs200332v |ACS Catal. 2012, 2, 1-11
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peaks at 398, 423, 446, 462, and 485 nm are observed. The peak
at 398 nm can be assigned to self-trapped excitation localized in
the TiOg octahedron, and the peak at 446 nm to surface
defects.’® % Serpone et al. propose that the spectral band
centered near 420 nm® involves color centers associated with
oxygen vacancies created during the doping of TiO,. The
peaks at 462 and 486 nm have been also attributed to oxygen
vacancies.” %> It is well-known that a higher number of
surface defects and oxygen vacancies result in higher PL
intensity.”” As can be observed in Figure 3, the Y-TiO, samples
present higher intensity than parent TiO, indicating that oxygen
vacancies and other defect sites were created in the doped
samples. Especially, the Y-TiO, (1-99) sample has the highest
intensity, indicating that this sample has the highest quantity of
surface defects and oxygen vacancies.

The specific surface area for the different Y-TiO, samples is
reported in Table 1. High specific surface areas (64—112 m”/g)
for all the solids were obtained. The highest BET surface area is
observed with the Y-TiO, (6-94)-N (112 mz/g) sample. In both
cases (nitrate or acetylacetonate precursor) , the BET surface area
increases with the Y content in the sample. To understand the
increase of surface area, the crystallite sizes were calculated from
the peak width using the Scherrer equation: D = kA/f cos 0,
where D is the crystallite size, k is a constant (in this study k =
0.89), 4 is the CuK X-ray wavelength (1.5406 A), and 3 is the
half-width of the peak at 20. The results are shown in Table 1, at
higher content of yttrium, that is, Y-TiO, (6-94) samples, the
smaller crystallite size is obtained (~10 nm) with both precur-
sors, which reveals that doping TiO, with yttrium cations can
slightly prevent the growth of the crystallite size; smaller crystal-
lite size could lead to enhanced surface area on modified TiO,
supports. It must be noted that in addition to the decrease of the
crystallite size as the theoretical Y loading increased from 1 to 6%
in the sample, the average porous diameter slightly decreased
from 34 to 31 A as the Y loading increased in both series of
samples. Analogous crystallite size was reported when TiO, was
doped with indium; the crystallite size was also diminished from
24 nm (undoped) to 9 nm (12 wt %) by increasing the content of
indium.*

TEM and HRTEM observations of the oxides were carried out
to try to detect yttrium particles and titanium oxide microstrains
at the atomic scale. Figure 4 shows selected images of Y-TiO,
(6-94) samples synthesized with a nitrate or acetylacetonate
precursor. The overview image of yttrium TiO, doped semi-
conductors exhibited similar morphological features, whereas on
the border of TiO, modified particles, thin TiO, sheet-like
structures are observed. In particular, in the sheet-like structures
two different interplanar distances were measured by FFT on the
image, 0.35 nm corresponding to the anatase (101) TiO, phase,
and a lattice fringe of about 0.27 nm that can be correlated with
the lattice constant for yttrium (112), 0.271 nm, according to the
JCPDS standard PDF # 47-1274. These HRTEM results suggest
the segregation of yttrium as Y,O; on the surface of TiO, in the
samples with a high content of Y. In the samples with low content
of Y (Y-Ti0,(1-99)), no Y,Oj5 crystal was detected.

According to the characterization of the supports, it can be
proposed that at low yttrium loadings (<1 wt % Y), yttrium is
mainly doping TiO,; when the Y loading is increased, that is,
Y-TiO, (3-97) and Y-TiO, (6-94) samples, some yttrium oxide
nanoparticles are highly dispersed on the anatase surface. Doping
titania with a trivalent cation like Y** naturally gives rise to
structures with oxygen vacancies; when the Y atoms enter into

Figure 4. TEM images of (a) Y-TiO, (6-94)-N, (b) Y-TiO, (6-94)-Ac
supports showing thin TiO, sheet-like structures, (c¢) HRTEM image of
the sample Y-TiO, (6-94)-N showing an individual Y,O; crystal
supported on a thin TiO, sheet-like structure.

substitutional sites at the TiO, surface, the local geometry must
strongly relax to accommodate the Y atom.>® It has been shown
by DFT calculations that on an Y-TiO, (anatase) system, only
a limited amount of surface Ti atoms can be substituted by
yttrium.>® That explains the fact that only very low Y loadings
can be introduced to the TiO, structure; for high Y loadings
(3 or 6 wt %), the excess of yttrium is displaced to the TiO,
surface, forming small Y,O; crystals. In the doped Y-TiO,
systems, the oxygen vacancies generated to balance the charge
(bridge surface oxygen atoms) were found to be preferential
adsorption sites for Au atoms to form nanoparticles, acting as
nucleation centers that favor the dispersion of the catalyst active
phase over the support surface.>

dx.doi.org/10.1021/cs200332v |ACS Catal. 2012, 2, 1-11
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Table 2. Actual Au Loading, Average Gold Particle Size, and Experimental H/Au Ratio of the Studied Catalysts Activated in

Air at 300 °C

catalyst support actual Au loading, wt %

Y-TiO, (1-99)-N 2.6 3.0
Y-TiO, (3-97)-N 2.7 2.9
Y-TiO, (6-94)-N 2.4 3.1
Y-TiO, (1-99)-Ac 2.5 2.8
Y-TiO, (3-97)-Ac 3.0 33
Y-TiO, (6-94)-Ac 2.8 3.1
TiO, (P25) 2.9 3.1

average Au particle size (nm)

standard deviation (nm) experimental H/Au ratio”

0.85 1.39
0.88 137
0.94 1.33
0.90 1.61
0.95 1.50
0.85 171
0.86 148

“The theoretical gold loading was in all cases 3 wt %. b Calculated from TPR results.

3.2. Catalysts Characterization. Table 2 shows the actual
gold loadings in wt % for the prepared catalysts. As expected,
in all cases, more than 80% of the gold present in solution
(equivalent to 3 wt %) was deposited on the support. Related to
yttrium loadings, about 60% of the yttrium present in the pre-
cursor was incorporated to TiO, in Y-TiO, (1-99); for Y-TiO,
(3-97) and Y-TiO, (6-94) samples about 67% and 85% of
yttrium was respectively incorporated. As shown by HRTEM
(Figure 4), in these last samples, a mixed oxide Y,03—TiO, was
formed. Similar results were reported by Plata et al.>® who
observed the presence of nonstoichiometric pyrochlore crystals
when TiO, was doped with 20 wt % of Y.

Figure S shows the high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images of
the gold nanoparticles supported on doped Y-TiO,-N mixed
oxides. As it can be seen in Figure S, gold nanoparticles are well
dispersed on the support, when Y is added to TiO,, the average
size of the gold particles does not change significantly in com-
parison with the Au/TiO, reference catalysts. In all cases,
including the Au/TiO, catalysts, the average gold particle size
was about 3 nm (Table 2). Moreover, no gold peaks are observed
by XRD analysis of the catalysts. As it is well-known, highly
dispersed gold nanoparticles smaller than S nm cannot be
detected by XRD; this is in good agreement with the HAADF
results (Figure S).

Figure 6 shows HRTEM images of gold nanoparticles sup-
ported on Y-TiO, samples. The HRTEM image of the Au/
Y-TiO,(1-99) catalyst (Figure 6a) shows some anatase crystals
showing the (101) crystallographic plane with small gold parti-
cles deposited on it. As shown above, in the samples with the
higher Y loading (3 and 6 wt %), individual Y,Oj crystals were
detected on the surface of TiO, crystals by HRTEM (Figure 4);
Figures 6b and 6¢ correspond to catalysts with a theoretical Y
loading of 6%. In Figure 6b, not well crystallized gold nano-
particles are deposited on an Y,0; or Y,Ti,0; crystallite, and a
gold nanoparticle is also deposited on an anatase crystallite. In
Figure 6¢ a gold nanoparticle (Au” (111) JCPDS 4-784) is observed
on the edge of an Y,0; crystallite (112) JCPDS 47-1274. These
images also reveal the presence of a large number of defects on
the surface of the catalyst support, which could work as particle
pinning centers for the gold particles.

The reducibility of the catalysts was studied by TPR. Figure 7
displays the TPR profiles of Au/TiO, and the Au/Y-TiO,
samples. In the case of Au/TiO,, the reduction profile is char-
acterized by a peak with a maximum at T'= 130 °C. The reduction
of the sample begins at 100 °C and ends at ~155 °C. A low
temperature reduction peak like this has already been observed
for Au/TiO, samples,ég*70 and assigned to the reduction of A

or Au" ions to metallic gold nanoparticles. For the Au/Y-TiO,-N
and Au/Y-TiO,-Ac samples, the reduction profile is character-
ized by a peak with a maximum at temperatures between 121 °C
(for (1-99) samples) and 112 °C (for (6-99) samples), that is, the
maximum of the peak is systematically displaced to lower
temperatures as the Y loading was increased in the support.
The temperature of the end of the reduction was also slightly
displaced to lower temperatures as the Y loading was increased.
The displacement of the maximum of the peak of reduction to
lower temperatures as the Y loading is increased could be related
with the presence of small crystals of Y,O3 on the surface of TiO,
or with the increase of the number of surface defects on TiO,. It
has been previously shown that defective structures caused by the
dopants with an oxidation state lower than (+4) introduced in
oxides create vacancies which leads to higher lattice oxygen mobility
resulting in enhanced reduction processes.”' It is important to note
that as Y,05 is a nonreducible oxide, no peaks associated to the
reduction of Y,0; were observed in the TPR profiles.

Quantitative measurements of the H, consumption during the
TPR experiments, characterized by the experimental H/Au ratio
(Table 2), showed for Au/TiO, and Au/Y-TiO, samples values
in the range 1.3—1.7 which is close to the stoichiometric value
expected for the Au®* reduction process taking into account the
actual gold loading as determined by EDS analysis. In the case of
Au/Y-TiO,(1-99)-Ac, Au/Y-TiO,(6-94)-Ac catalyst (Table 2),
an enhanced reduction at low-temperatures is observed as con-
firmed by the slightly higher values of the experimental H/Au
ratio compared to the stoichiometric value. This result could
indicate both the reduction of Au®* species and a slight reduction
of surface titania species or the reduction of remaining species of
the Y precursor.

TheY-TiO, samples and the Au/Y-TiO, catalysts were studied
by UV—visible spectroscopy. The band gap energies (Eg) of the
Y-TiO, samples are in the range from 3.16 to 3.19 eV (Table 1).
The effect of yttrium present in the composite on the semicon-
ductor properties is negligible. Practically, the band gap energy
is not modified by the incorporation of Y. As reported by
Serpone,®® in our case the band gap energy practically was not
shifted to the visible region compared with bare TiO,. Thus, the
Y**-doping implicates defects associated with oxygen vacancies
where gold atoms were preferentially deposited. Hence, color
centers that can be attributed to the formation of distinct atomic
defects including oxygen vacancies were formed in the doped TiO,
which may have worked as pinning centers for gold nanoparticles.

When gold nanoparticles were deposited on the supports, an
additional absorption band with a maximum centered at 550 nm
was observed. This band is characteristic of the surface plasmon
resonance of gold nanoparticles and is directly related with the

dx.doi.org/10.1021/cs200332v |ACS Catal. 2012, 2, 1-11



ACS Catalysis

RESEARCH ARTICLE

a -

-

Figure S. HAADF images of gold nanoparticles supported on (a) Y-TiO,
(1-99)-N, (b) Y-TiO, (3-97)-N, (c) Y-TiO, (6-94)-N.

presence of gold in the metallic phase.”>”® The intensity of the
plasmon band is similar in all the samples and confirms the
similar content of gold (~3%), similar particles size, and similar
particle shape. The band gap energies (Eg) of the gold-containing
catalysts are red-shifted in the same proportion (~0.3 nm) in
comparison with the Y-TiO, samples.

3.3.CO Oxidation Activity and Temporal Stability. Figure 8
shows the conversion of CO as a function of the reaction
temperature for the Au/Y-TiO, catalysts after activation under
air at 300 °C. The catalytic activity of the Au/TiO, catalysts is
also reported for comparison. The Au/TiO, sample is already
active at 0 °C (CO conversion ~46%), at room temperature the

Figure 6. HRTEM images of (a) Au/Y-TiO,(1-99)-N, (b) Au/
Y-TiO,(6-94)-N, (c) Au/Y-TiO,(6-94)-Ac.

conversion of Au/TiO, is about 53%, whereas at this tempera-
ture, all the Au/Y-TiO, samples show a higher conversion than
Au/TiO, (Figure 8). It is important to note that the CO
conversion depends on the Y loading on the support. The
highest conversions as a function of the reaction temperature
were obtained with both Y-TiO, (1-99)-N and Y-TiO, (1-99)-Ac
catalysts, that is, with a Y loading of about 0.6 wt % (Table 1).
When the Y loading was increased (theoretical Y loadings of
3 and 6 wt %), the CO conversion decreased; however, it was
always higher than the one obtained from Au/TiO, for room
temperature and higher temperatures. As shown in Figure 8,
when yttrium oxide is present on the surface of TiO, particles,
mainly in the case of the 6 wt % Y loading, the CO conversion is
lower than that of Au/TiO, at very low temperature (0 °C).
The catalytic results show that the creation of defects on the
support surface by the incorporation of yttrium into the titania
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ACS Catalysis

RESEARCH ARTICLE

AUTIO, / e

AUN-TIO (6-94)-Ac k
AUNCTION3-97)-Ac o
AUN-TIO,(1-99)-Ac
AUNCTIO(6-94)N \\___‘_’___'“_____,
AUN-TIO(3-97)-N / \\
AUN-TIO(1-99)-N / \

50 100 150 200 250 300

Temperature (°C)

Figure 7. TPR profiles of the studied catalysts.
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Figure 8. CO oxidation light-off curves of gold catalysts supported on
TiO, (P25) and Y-TiO, samples.

lattice, accompanied by the creation of oxygen vacancies, as
shown by PL and by HRTEM results, increases the catalytic
activity in the CO oxidation reaction. It has been previously
proposed that the incorporation of yttrium in the titania lattice
favors the formation of oxygen vacancies.”® When the catalyst is
doped, vacancies on the surface of the support particles are
created.*”**7* These vacancies generate crystalline defects that
work as pinning centers for the gold particles.'®”* The amount of
dopant controls the number of surface oxygen vacancies created
as well as the gold particle size, which directly affects the catalytic
activity. For the Au/TiO, catalysts, theoretical calculations have
demonstrated that the gold particles bind stronger to a defect-
rich surface than to a defect-deficient surface of the titania
particles and, that a significant charge transfer from the titania
to the Au particles occurs.>”**** In the case of Y-TiO, catalysts it
is likely that the defect sites on TiO, helps to activate O, while Au
nanoparticles in proximity to these defect sites activate CO,
leading to better CO oxidation performance. It has been also
proposed that oxygen vacancies on the support have an impor-
tant role in activating 0,7%"7® because they can react with O, to
form peroxide and superoxide species. In the presence of gold
nanoparticles on the TiO, surface the superoxide species become
highly reactive, and the activity of the supported gold catalysts for
CO oxidation increases.””

Assuming that Y in Y-TiO, (1-99) catalysts was completely
doping TiO, (substituting Ti atoms by Y atoms), the highest

100
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Figure 9. Evolution of the CO oxidation activity as a function of time
on stream, at 15 °C, for the Au/TiO, and gold supported on Y-TiO,
(1-99)-N, Y-TiO, (1-99)-Ac, and Y-TiO, (6-94)-N oxides.

catalytic activity observed for these catalysts could be explained
by the surface defects created during the doping process. In the
case of Y-TiO, (3-97) and Y-TiO, (6-94), yttrium could not
substitute more Ti atoms so small Y,Oj3 crystals are formed on
the surface of TiO,. Some gold particles could have deposited on
these Y,05 crystals. As Y,O5 is a nonreducible oxide, the catalytic
activity of Au/Y,0; decreased when the Y loading increased in
the support because the Y,05 crystals on the surface increased;
however, the CO conversion of Y-TiO, (3-97) and Y-TiO,
(6-94) is higher at room temperature than that of Au/TiO,
because in these mixed supports some of Y was doping TiO,
which creates defects where gold particles could be also deposited,
so the sum of the activities (Au supported on defect TiO, sites +
Au supported on Y,O3 nanocrystals) produced catalysts with
catalytic activity higher than that of Au/TiO, but lower than that
of Au/Y-TiO,(1-99) where most of Y was doping TiO,.

To determine the stability of the Au/Y-TiO, catalysts, time-
on-stream experiments were performed at 15 °C for 48 h.
Figure 9 shows the results of Au/TiO,, Au/Y-TiO, (1-99)-N,
Au/Y-TiO, (1-99)-Ac, and Au-TiO, (6-94)-N catalysts activated
in air at 300 °C. As can be observed in Figure 9, in addition to the
increase of the activity because of the production of defects on
the support, the Au/Y-TiO, catalysts exhibit a much better
stability than the monometallic gold catalysts in the reaction of
CO oxidation; while Au/TiO, deactivates continuously during
the 48 h on stream, both Au/Y-TiO, (1-99)-N and Au/Y-TiO,
(1-99)-Ac catalysts deactivate much less than Au/TiO,. While
Au/TiO, decreased its initial CO conversion from 79% to 8%
after 48 h (loss of activity of 90%), the Au/Y-TiO, (1-99)-N
changed its CO conversion from 88% to 82% (loss of activity of
7%); the behavior of the Au/Y-TiO, (1-99)-Ac was very similar
to this last catalyst (loss of activity of 8%). In the case of catalyst
Au-TiO, (6-94)-N, the loss of activity was about 28% after 48 h
of time on stream. This catalyst was less stable than the catalysts
doped with 1 wt % of Y, but it was more stable than the Au/TiO,
catalyst. It is important to note that while the Au/TiO, catalyst
deactivates during all the time of the test, the Au/Y-TiO,
catalysts become stable after about 30 h on stream (Figure 9).
The initial decrease of activity within the first hours of reaction
observed in Figure 9 could be explained by the formations of
surface carbonates.'®** In a previous study using TiO, catalysts
containing In, we have shown that the Au/In-TiO, catalyst also
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Figure 10. FTIR spectra of the Au/TiO, and Au/Y-TiO,(1-99)-N
catalysts just after activation (day 0) and aged in reaction conditions for
30 days.

presented an enhanced stability compared to gold catalysts sup-
ported on TiO, synthesized by the sol—gel method; however,
after 46 h on stream, Au/In-TiO, lost 37% of its activity, and it
became stable after about 40 h on stream; Au/TiO, sol—gel
catalysts, as in the case of Au/TiO, (P25), continued to deacti-
vate throughout the test (46 h) so the catalysts doped with yttrium
seem to be more stable than the catalysts doped with indium.

To understand the origin of the differences in stability of
doped and undoped catalysts, the Au/Y-TiO, (1-99)-N and the
Au/TiO, catalysts were exposed at reaction conditions (flow of
CO + O, in N, at 15 °C) for 30 days. Both catalysts were
analyzed just after activation (day 0) and after 30 days under
reaction by FTIR and TEM. The FTIR experiments were carried
out to know if the differences in the deactivation of both catalysts
were related to the adsorption of carbonates. The absorption
spectrum of the fresh catalyst (Figure 10) presented some low-
intensity bands in the carboxylate region, 1400—1800 cm ™', that
are characteristic of adsorbed carbonates.””** When the catalysts
were aged, the intensity of some bands increased, mainly those
appearing at 1710 cm™ ' (Figure 10), which corresponds to an
asymmetric stretching of a side-on bend of CO,-carboxylate
species adsorbed on Ti’" sites in close contact with the gold
particles.*’ These species are known to be intermediate phases
during the formation of carbonates and bicarbonates on a catalyst
surface.’” The intensity of the band related with carbonate
species was very different in the Au/TiO, catalyst compared
with that in the Au/Y-TiO, (1-99)-N one, being much more
intense in the catalyst supported on the bare TiO,. The presence
of these carbonates in the gold catalysts, however, has been
related not only to unreactive species that block the active
sites'”** ™% but also to intermediate products that might repre-
sent a key step in the catalytic oxidation of carbon monoxide.*®~**
Because during the FTIR analysis the catalysts were not under
the reaction conditions for the oxidation of CO, the carbonate
species observed on the catalysts during their analysis must be
related to species that blocked the active sites.

TEM results showed that while the average gold particle size
practically did not change for the Au/Y-TiO, (1-99)-N catalyst
(3.0 nm for day 0 vs 3.1 nm for day 30), in the case of Au/TiO,
catalysts, the average gold particle size increased from 3.1 to 3.6 nm
after 30 days under reaction conditions. Therefore, the doping of the
catalysts has a double effect: it prevents carbonates from forming
and the gold particle from sintering during the reaction.

The higher stability of Au/Y-TiO, catalysts can be explained
by the defects created by doping the support, which could have
trapped the initial gold atoms that worked as seeds for the
formation of gold particles; this interaction was more favorable
than the interaction between the gold atoms and a local environ-
ment rich in oxygen. The affinity of the gold atoms with the
defects on the titania surface produced a strong interaction between
them, which stabilized the gold particles. Platas et al. have shown
that on a doped-dehydrated surface, there is a larger difference in the
binding energy of the gold atom at the vacancy or at nearby sites
(—0.81 to —0.64 eV) with respect to other sites at the surface
(—0.49 to —0.37 eV).* This means that the vacancies will play a
double role. First, they favor the dispersion of the metal NPs over
the surface as the number of vacancies increases with the yttrium
loading and, second, they will act as nucleation sites that will strongly
anchor those metal nanoclusters, reducing the sintering processes.

4. CONCLUSIONS

It was shown that the BET surface area of Y-TiO, prepared by
the sol—gel method increased with the Y content because the
increase of the Y content on the support prevented the growth of
the crystallite size of the anatase crystals. Moreover, the incor-
poration of yttrium restricts the transformation of the TiO, anatase
phase to the rutile TiO, phase. Because of the big difference in the
atomic radius of Y** and Ti*, the substitution of Ti** by Y** cations
in the titania framework was limited to low Y loadings. High contents
of Y produced the segregation of yttrium as Y,O; on the surface of
TiO,. The incorporation of yttrium in TiO, lattice favored the
formation of oxygen vacancies, which are the preferred adsorption
sites for Au nanoparticles, acting as nucleation centers for Au atoms.

Using the urea deposition-precipitation method, gold particles
with average particle size of 3 nm were deposited on Y-TiO, and
TiO, (P2S) supports. Au/Y-TiO, catalysts showed higher acti-
vity and stability at room temperature than Au/TiO,. The highest
activities and stabilities as a function of time on stream were
observed for Au/Y-TiO, (1-99), in which it is proposed that all
Y was doping TiO,. This behavior is related to the strong anchor-
ing of the gold particles on the structural defects of the support
caused by the doping of the anatase with yttrium, which naturally
gives rise to structures with oxygen vacancies. The gold particles
bind stronger to a defect-rich surface than to a defect-deficient
surface of the titania particles and a significant charge transfer
from the titania to the Au particles occurs. HRTEM results show
that at high content of Y, Y,O3 is segregated on the surface of
TiO,. As Y,03 is a not reducible oxide, when it was on the TiO,
surface, the catalytic activity of the Au/Y-TiO, catalyst decreased;
however, it was always higher than that obtained from Au/TiO,
at room temperature and higher temperatures. The higher stabi-
lity of the Au/Y-TiO, catalysts compared with that of the Au/
TiO, catalyst is due to lower carbonate formation and to lower
gold particle sintering during the reaction.
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