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Abstract

Vapor-phase hydrogenation of toluene and selective hydrogenation of crotonaldehyde (2-butenal) have been performed at 333 K over Cl-free
Pt/ZrO, and Pt/CeyZri_, Oy catalysts (0.2 < x < 0.8) after reduction under Hy at low (473 K) and high (773 K) temperatures. The catalysts
were characterized by X-ray diffraction, Raman spectroscopy, temperature-programmed reduction, and X-ray photoelectron spectroscopy after
each reduction treatment. An important effect of the support composition on the catalytic activity was observed for both reactions. The catalytic
behavior of Pt in the two test reactions studied was strongly dependent on the support composition and on the reduction temperature. For toluene
hydrogenation, after reduction at 473 K, catalytic activity was higher for catalysts with no or low ceria content. Furthermore, whereas the increase
in the reduction temperature hardly modified the activity of Pt/ZrO,, it strongly deactivated the catalysts with high cerium content in the support.
For crotonaldehyde hydrogenation, on the other hand, increased reduction temperature produced a general increase in activity (except for the
catalyst with the highest cerium content), along with an increase in selectivity toward the hydrogenation of the carbonyl bond to yield crotyl
alcohol. The results are explained on the basis of the effect of partial reduction of Ce(IV) in the support.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction can be achieved by, among other methods, using a support that
can interact with the metal after a reduction treatment, with
TiO; [5,6], ZnO [7], and CeO, [8-10] the most commonly stud-
ied. Using this kind of support with strong metal-support inter-
action (SMSI) properties leads to an increase in activity and
selectivity of noble metals in selective hydrogenation reactions
involving unsaturated aldehydes like crotonaldehyde [6,8—11],
cinnamaldehyde [12,13], furfural [14], and citral [15,16]. In all
cases, the effect of the support seems to be related to activation
of the C=0 bond through the interaction of the oxygen atom
with oxygen vacancies created at the metal-support interface
on the reduction treatment.

On the other hand, it is well known that the incorporation of
some elements, principally Zr, in the ceria lattice can change
the redox and textural properties of the lattice. Thus, zirconium
improves the reducibility of cerium by enhancing the mobility
of oxygen through the CeO» lattice [17] and at the same time
increases the thermal stability of CeO,, thereby improving the
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Selective catalytic hydrogenation of organic substrates con-
taining a number of unsaturated functional groups is an impor-
tant step in the industrial preparation of fine chemicals and has
been attracting much interest for fundamental research in catal-
ysis. Allylic alcohols obtained by selective hydrogenation of the
C=0 group of «, f-unsaturated aldehydes are important inter-
mediates for the production of perfumes, flavorings, and phar-
maceuticals [1-3]. But hydrogenating a carbonyl bond in the
presence of an olefinic bond [4] is not an easy task, due to the
fact that the C=C bond is preferentially reduced by both ther-
modynamic and kinetic considerations. Monometallic platinum
catalysts usually hydrogenate the C=C bond with 100% selec-
tivity, and it is necessary to promote the metal to obtain a certain
selectivity toward the hydrogenation of the carbonyl bond. This
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catalytic reactions in recent years, due mainly to their important
role in the three-way catalysts for the treatment of automobile
exhaust gas [18-21]. However, cerium and zirconium oxides
have been used very little for hydrogenation reactions. Rela-
tively few works on CO hydrogenation by metals such as Pd,
Rh, and Fe [22-25] and, more recently, on the vapor-phase hy-
drogenation of phenol [26] can be found in the literature.

This article reports the results of a study on the catalytic be-
havior of platinum catalysts supported on cerium—zirconium
mixed oxides with different Ce/Zr ratios in the vapor-phase
hydrogenation of crotonaldehyde. The study focused on the ef-
fect of the reduction temperature and the support composition
on the catalytic properties of platinum. Results obtained in the
vapor-phase hydrogenation of toluene (a structure-insensitive
reaction) are also included for the sake of comparison.

2. Experimental

The supports, ceria—zirconia mixed oxides with various mo-
lar compositions, were prepared from nitrate precursors by a
precipitation method. Aqueous solutions of Ce(NO3)3;-6H>0
(Aldrich, 99%) and ZrO(NOs3), (Fluka, 98%) were used with
the appropriate concentration to obtain the desired Ce/Zr ratio.
Once the solutions were mixed, concentrated aqueous NH3 was
slowly added to maintain a pH of 10 during the precipitation
process. Finally, the resulting slurry was stirred at room temper-
ature for 65 h. The solids were separated by filtration, washed
with ultra-pure water and ethanol, dried at 383 K overnight, and
calcined in air at 723 K for 2 h, with a heating rate of 3 K min~!.
These are referred to as Ce,Zr;_,0, (0.2 < x > 0.8) here-
inafter. Pure zirconium dioxide was prepared in a similar way,
but with calcination conditions of 773 K for 15 h [27]. The
actual bulk CeO, and ZrO; content of the supports was deter-
mined by X-ray fluorescence, as reported in Table 1.

Catalysts were prepared by impregnating the supports with
aqueous solutions of [Pt(NH3)4](NO3), (Aldrich, 99%). Ex-
cess solution was removed by gentle evaporation under flowing
nitrogen at 308 K. Finally, the catalysts were dried overnight
at 383 K and calcined in air at 673 K for 2 h. The catalysts’
platinum content was determined by ultraviolet analysis of the
solutions obtained after the samples were dissolved in aqua re-
gia at 313 K these values are reported in Table 2.

The surface area of the supports was determined on a Coul-
ter Omnisorp 610 by N; adsorption at 77 K; the results were
analyzed by the BET method. Before measurements, the sam-
ples were dried at 383 K for 12 h and outgassed at 523 K under
vacuum.

Table 1
Bulk composition and BET surface areas of supports

Support Bulk CeO; content ~ Bulk ZrO» content Surface

(%) (%) BET (m*/g)
CeO.Szr0,202 76 24 99
Ce0.6821r932002 65 35 100
Ceo_5Zr0'502 45 55 115
Ce0.20Zr9.802 16 84 52
710, 0 100 65

X-Ray powder diffraction (XRD) patterns were recorded on
a JSO Debye-flex 2002 system (Seifert), fitted with a Cu cath-
ode and a Ni filter, using a 2° min~! scanning rate. Raman spec-
tra were recorded on a 50-mW LabRam spectrometer (Yobin—
Yvon Horiba) equipped with an Ar laser (514.5 nm) as the
excitation source. Detection was done with a CCD (1064 x 256
pixels) refrigerated with a Peltier system.

Temperature-programmed reduction (TPR) measurements
were carried out in a U-shaped quartz cell using a 5% H»/He gas
flow of 50 cm® min~! and about 0.15 g of sample, with a heat-
ing rate of 10 Kmin~!. The sample was treated with flowing
He at 313 K for 1 h before the TPR run. Hydrogen consump-
tion was followed by on-line mass spectrometry.

X-Ray photoelectron spectroscopy (XPS) was performed
with a VG-Microtech Multilab 3000 spectrometer equipped
with a hemispherical electron analyzer and a Mg-K, (h =
1253.65eV; 1 eV = 1.6302 x 10719 J) 300-W X-ray source.
The powder samples were pressed into small Inox cylinders,
mounted on a sample rod placed in a pretreatment chamber,
and reduced in flowing Hy for 1 h at 473 and 773 K before be-
ing transferred to the analysis chamber. Before the spectra were
recorded, the sample was maintained in the analysis chamber
until a residual pressure of ca. 5 x 10~7 N'm? was reached. The
spectra were collected at a pass energy of 50 eV. The inten-
sities were estimated by calculating the integral of each peak
after subtracting the S-shaped background, then fitting the ex-
perimental curve to a combination of Lorentzian (30%) and
Gaussian (70%) lines. All binding energies were referenced to
the C 1s line at 284.6 eV, which provided binding energy values
with a accuracy of +0.2 eV. The surface Pt/(Ce + Zr) atomic
ratios were estimated from the integrated intensities corrected
by the atomic sensitivity factors [28].

The catalytic behavior of the samples in the vapor-phase
hydrogenation of crotonaldehyde (2-butenal [CROALD]) was
tested in a microflow reactor at atmospheric pressure under
differential conditions. Before their catalytic behaviors were
evaluated, the catalysts (around 0.15 g) were reduced in situ
at 473 and 773 K under flowing hydrogen (50 cm® min~!) for
10 h, then cooled under hydrogen to the reaction temperature
(333 K). Then, the catalysts were contacted with a reaction mix-
ture (total flow, 50 cm3 min~!; H, /CROALD ratio, 26) con-
taining purified hydrogen and crotonaldehyde (Fluka, >99.5%)
prepared by passing a hydrogen flow through a thermostabi-
lized saturator (at 293 K) containing the unsaturated aldehyde.
These conditions led to a reciprocal space time W/ Fcyor,0 Of
30.5 gcach mol—!, where W is the weight of catalyst and F crot0
is the molar feed flow of crotonaldehyde. The selectivity to

Table 2

Pt loading in catalysts (wt%)

Catalysts Pt/CexZr;_,Op Pt loading
(Wt%)

PUCeO'SZIOQOQ 1.98

Pt/Ce 371 3207 1.62

PUCSO'SZIO.SOQ 1.88

Pt/Ce( 20Zro 802 0.75

Pt/Z1O, 1.48
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the desired product i was calculated as S; =(moles of prod-
ucti/ Y moles of products) x 100. Toluene hydrogenation was
studied at 333 K, with a reactant mixture containing purified
toluene (Aldrich, HPLC grade) at a H /C7Hg ratio of 36, with
a W/Fro0 of 42.5 geat hmol~!. The concentrations of the re-
actants and the products at the reactor outlet were determined
by on-line gas chromatography with a Carbowax 20 M 58/90
semicapillary column.

3. Results and discussion
3.1. Textural and structural characterization

Table 1 reports the relative CeO, and ZrO» content in the
supports, as determined by X-ray fluorescence spectroscopy.
The oxide compositions cover a wide range, from pure zirco-
nia to 76 mol% CeO,. Hereinafter, samples are labelled with
the nominal composition, which in all cases differs only slightly
from the actual one.

The N, BET surface areas of the different supports are also
reported in Table 1. Surface areas of around 100 m> g~! are
obtained for the supports with higher cerium content (x > 0.5),
whereas pure zirconia and CegZrpgO, have surface areas of
only 65 and 52 m? g~!, respectively. These data are related to
the structural properties of the supports, as discussed below.

The XRD patterns for the Ce,Zr;_,O; supports calcined at
723 K and pure ZrO; calcined at 773 K are shown in Fig. 1.
For the pure zirconia support, the pattern can be assigned to
a mixture of monoclinic and tetragonal phases. The cerium-
containing supports show a transition from a pure cubic phase
for the high Ce content (x > 0.5) materials to the presence
of a tetragonal phase together with the cubic one, in supports
with lower cerium content (x < 0.5). This is in agreement with
the results obtained by Yashima et al. [29]. The shift of the
ceria-phase diffraction peaks toward higher 26 values can be
interpreted as resulting from a mixed oxide in which the substi-
tution of the Ce** by the smaller Zr** ions produces changes
in the lattice parameters [30-34]. Broad diffraction peaks were
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Fig. 1. XRD patterns of CexZr;_,O, supports (circles, cubic phase; square,
tetragonal phase; star, monoclinic phase).

detected in all cases, indicating the presence of small oxide par-
ticles.

XRD patterns corresponding to the calcined catalysts (at
673 K; not shown) are similar to those obtained with the sup-
ports. No peaks corresponding to platinum phases can be ob-
served, indicating the presence of very small metal particles in
all cases.

Raman spectra of the mixed oxide supports are collected in
Fig. 2. The spectra obtained with the Ce rich oxides are domi-
nated by a strong band at around 470 cm™!, which is assigned
to the F>, Raman active mode of a material with fluorite-type
structure. A weak shoulder can also be observed near 600 cm™!
due to the LO mode of CeO,, which appears because of the re-
laxation of symmetry rules [35]. The intensity of the band at
470 cm~! diminishes as the cerium content decreases, in such a
way that it nearly disappears in Ceg2Zrog30O». For this sample,
new bands appear at 254, 316, and 613 cm™ 1, characteristic of a
tetragonal structure. These findings corroborate those obtained
by XRD diffraction: the existence of a cubic fluorite-type struc-
ture for high-cerium content supports (x > 0.5), with the ap-
pearance of a tetragonal phase as the cerium content decreases
for oxides with x < 0.5.

3.2. Temperature-programmed reduction

The reduction properties of the mixed oxides used as sup-
ports were studied by TPR; the hydrogen consumption profiles
obtained as a function of temperature are plotted in Fig. 3. The
TPR profile of pure CeO; (not shown here) is characterized by
two peaks. The peak at the lower temperature (about 800 K)
is assigned to the reduction of the more superficial Ce** and
thus is very sensitive to the surface area of the oxide. The sec-
ond peak, appearing at about 1100 K, originates from the bulk
reduction of the oxide [36]. TPR profiles of mixed oxides in
Fig. 3 show a main reduction peak centered at about 850 K;
only the sample with the highest cerium content (Ceg gZrg>03)
shows a small broad peak at a higher temperature. The easier
reduction of the CeO,—ZrO; mixed oxides compared with pure
CeO; has been reported by several authors [34,37]. It is due to
the structural modifications induced in the cubic fluorite-type
structure of ceria when some Ce** cations are substituted with
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Fig. 2. Raman spectra of CeyZr|_, O, supports.
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smaller Zr** cations, thereby favoring the diffusion of O?>~ an-
ions within the lattice. Thus, the TPR profiles in Fig. 3 are
indicative of the mixed-oxide character of the supports.

Fig. 3 also shows that the reduction peaks shift to higher
temperatures as the cerium content decreases. This findings has
been reported previously [38] and seems to be related to in-
creased oxygen mobility favored by the higher concentration
of Ce** jons that can be reduced [39]. These data are in good
agreement with several works [20,40,41] proposing that the
presence of an irreducible structure like ZrO; in the mixed ox-
ide is responsible for the shift observed for the maximum. The
TPR profile for ZrO; shows no hydrogen consumption, as ex-
pected.

Different TPR profiles are obtained for the Pt/Ce,Zri_,O>
catalysts (Fig. 4). Pt/ZrO;, shows no reduction peaks, whereas
cerium-containing catalysts give rise to at least two peaks. The
low reduction temperature peak (around 450-500 K) is com-
monly assigned to the reduction of ceria in close contact with
the metal, as well as to the reduction of platinum (breakdown of
Pt—O—-CeO; species created on calcination). The second peak,
at about 650-700 K, is related to the surface reduction of CeO,
not in close contact with the platinum. It should be noted that
the presence of platinum clearly promotes the reduction of sur-
face ceria, as evidenced by the shift of the peak at around
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Fig. 3. Temperature-programmed reduction profiles of supports.

x=0

300 450 600 750 900 1050 1200
Temperature (K)

H, consumption (a.u.)
x
(IID
‘ )]

Fig. 4. Temperature-programmed reduction profiles of Pt/CeyZri_, O, cata-
lysts.

800-900 K (in supports) to below 700 K (in catalysts). This
phenomenon is assigned to the ability of the noble metal to pro-
mote the reduction of CeO; via spilling of hydrogen species
over the support. In any case, there are clear differences among
the different catalysts, with the easiest reduction obtained for
Pt/Ceg 5Zr9 50,, for which the main reduction peak appears at
only 450 K.

In conclusion, it seems clear from these results that in all
cerium-containing catalysts, the reduction treatment at 773 K
is sufficient to produce the surface reduction of ceria, with the
creation of oxygen vacancies and the presence of Ce3* ions. On
the other hand, reduction at 473 K should affect the catalysts
to a different extent, with the greatest reduction obtained for
catalyst Pt/Cep.5Z1r0505.

3.3. X-Ray photoelectron spectroscopy

The surface composition of the Pt/Ce, Zr;_, O, catalysts was
analyzed by XPS after calcination at 673 K. The most interest-
ing results are summarized in Table 3. It can be seen that the Zr
3ds2 binding energy remains unchanged, within the precision
limits of the measurement, at around 182.2 eV (typical binding
energy for Zr**) for the entire range of compositions. However,
there seems to be a shift of the positions of the O 1s band. The
higher the cerium content, the lower the O 1s binding energy.
This result can be explained in terms of the structural proper-
ties of the supports. XRD and Raman spectroscopy have shown
that Pt/Ce,Zr;_, O catalysts with x > 0.5 have a cubic struc-
ture, in which Zr*t is incorporated into the CeO» lattice. It has
been found that Ce** is reduced at lower temperatures when
it is incorporated into cubic structures rather than into tetrago-
nal structures. In addition, it is well known that cubic symmetry
favors oxygen diffusion through the lattice due to an adequate
size of the channels for oxygen migration [30,31,33,34], and a
decrease in the binding energy of oxygen would be expected as
the cerium content increases.

With regard to the Ce/Zr atomic ratio, it should be noted
that the (Ce/Zr)pux ratio (obtained by X-ray fluorescence
measurements) is close to (Ce/Zr)xps in all cases except
Pt/Ceo §Zrp20>. This means that there is no surface segrega-
tion, with the surface composition of the solid solutions being
similar to that of the bulk. In Pt/CeqgZr20,, the Ce/Zr ra-
tio in the bulk is higher than in the surface, indicating surface
enrichment in zirconium. This partial segregation was not de-
tected by XRD and can be described as a migration of Zr*+
cations toward the periphery of the particles, whereas the Ce*+

Table 3

XPS characterization of Pt/CeyZr|_, O, catalysts

Catalyst O 1s BE Zr 3d5/2 BE (Ce/Zr)puk® (Ce/Zr)xps
(eV) (eV)

Pt/Ce 3Zry 20, 529.8 182.2 3.17 2.45

Pt/Ceq 37193202  529.9 182.2 1.86 1.71

Pt/Ceg 5719 50, 530.0 182.2 0.82 0.77

Pt/Ceg 20Zrp30,  530.1 182.2 0.19 0.17

Pt/ZrO, 530.3 182.0 - -

4 Results obtained from XRF measurements.



J.C. Serrano-Ruiz et al. / Journal of Catalysis 241 (2006) 45-55 49

Pt 4f Pt/Ce, gZr, ,0,

Red. 773 K
S5
S
2>
‘B

g Red. 473 K
=

Unreduced

65 70 75 80
B.E. (eV)

Fig. 5. XPS Pt 4f spectra of calcined and reduced Pt/Ce( gZrg > O, catalysts.

concentration increases in the center. Bozo et al. [20] proposed
a “cherry” model to explain this result, with a core composed
mainly of a cubic Ce-rich phase and an outer part richer in a
tetragonal Zr-rich phase.

The effect of the reduction temperature on the surface com-
position of the catalysts was also studied by XPS. The catalysts
were reduced in situ with Hy at 473 and 773 K before the
measurements were obtained. Fig. 5 shows the Pt 4f spectra
for the uncalcined and reduced samples are shown as a repre-
sentative sample for Pt/Ceg gZrp»0O,. Two broad bands appear,
corresponding to the Pt 4f7/, (at lower binding energies) and Pt
4fs5/5 levels (at higher binding energies). The XPS spectra in-
dicate a shift of the Pt 4f binding energies toward lower values
as the reduction temperature is increased. The Pt 4f band is de-
convoluted in two components corresponding to Pt(II) (around
73.0 eV) and PtV (around 71.0 eV) species. The presence of
a certain amount of reduced Pt should be noted even in the
just-calcined catalysts. On the other hand, complete reduction
of platinum is achieved only after reduction at high temper-
ature (773 K), with samples reduced at 473 K containing a
certain amount of oxidized platinum depending on the support.
Fig. 6 plots the amount of metallic platinum (%) as a function
of the cerium content in the support after the various reduction
treatments. As mentioned before, a given amount of metallic
platinum is already obtained after calcination in all samples ex-
cept Pt/Ce( sZrg 50;. Thus, for the low-ceria content supports,
nearly 50% of the platinum is already reduced after calcination,
and for supports with x > 0.5, the amount of reduced platinum
increases from O (for x = 0.5) to 28.5% (for x = 0.8). For the
reduced catalysts, it is interesting to observe that only catalysts
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Fig. 6. Relative amount of metallic Pt in Pt/CexZr;_, O, catalysts, after dif-
ferent reduction treatments, as a function of the cerium content (CJ, unreduced;
O, reduced at 473 K; A, reduced at 773 K).
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Fig. 7. Atomic Pt/(Ce + Zr) XPS ratios in Pt/CeyZr| _, O, catalysts, as a func-
tion of the cerium content, after different reduction treatments ([J, unreduced;
O, reduced at 473 K; A, reduced at 773 K).

with high cerium content (x > 0.5) showed a total reduction of
platinum after treatment at 773 K. Furthermore, the difference
between the amount of metallic platinum after reduction at low
(473 K) and high (773 K) temperatures also increases with the
amount of cerium in the support, with the greatest difference
seen in Pt/Ce gZrp20;.

Fig. 7 plots the atomic Pt/(Ce + Zr) XPS ratios, which can
be considered a measure of platinum dispersion in the catalysts,
as a function of the cerium content in the supports, after the dif-
ferent reduction treatments. In general, the Pt/(Ce + Zr) ratios
decrease as the reduction temperature increases, although two
different behaviors can be can be envisaged. For catalysts with
x < 0.2 supports, very little modification in the Pt/(Ce + Zr)
ratios is observed between the calcined samples and those re-
duced at 473 K; the effect is somewhat larger after reduc-
tion at 773 K. In any case, platinum dispersion, measured as
Pt/(Ce + Zr) ratio, decreases with the cerium content in the
support. On the other hand, for catalysts with larger amounts
of cerium in the support (x > 0.5), reduction at 473 K al-
ready produces a large decrease in Pt dispersion as measured
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Fig. 8. Relative amount of surface Ce(Ill) (%) in Pt/CeyZr|_, Oy catalysts, as
a function of the cerium content, after different reduction treatments (CJ, unre-
duced; O, reduced at 473 K; A, reduced at 773 K).

by XPS, with a similar decrease after reduction at 773 K. It is
also significant that platinum dispersion after a given treatment
(as measured by XPS) increases with the cerium content in the
support, which can be related to the well-known ability of CeO;
to promote metal dispersion in ceria-supported noble metal cat-
alysts [42].

The chemical state of cerium ions in the catalysts after the
different reduction treatments was also studied by XPS. The
analysis of the Ce 3d XP spectra is not easy, due to its com-
plexity, which arises from the hybridization between the Ce 4f
levels and the O 2p states [43]. The two sets of spin-orbital mul-
tiplets, corresponding to the 3d3,> and 3ds/; contributions, are
labeled u and v, respectively. Up to five peaks for each con-
tribution can be obtained by a curve-fitting analysis [44,45].
Different approaches have been used to evaluate the degree of
ceria reduction from the XPS spectra; possibly the most com-
monly used approach considers the contribution of peaks that
are representative of Ce37 to the total Ce 3d region [9,44,46].
The relative amounts of Ce>¥ in the catalysts after the vari-
ous reduction treatments are plotted in Fig. 8 as functions of
the bulk cerium content. It can be seen that in all cases, there
is a certain amount of Ce3T even in the unreduced catalysts,
which is assigned to the partial reduction of Ce*t ions during
the XPS experiments [46,47]. One parameter that mainly affects
the photoreduction of CeO, during XPS analysis is its crys-
tallinity, in such a way that amorphous cerium oxide samples
are reduced more extensively than crystalline materials [48].
Taking into account that the supports have been prepared in
a similar way, and that the XRD patterns indicate a close de-
gree of crystallinity, it can be assumed that the reducibility of
Ce*t in the catalysts, both after calcination and after the re-
duction treatments, is due mainly to their own composition. As
expected, the relative amount of Ce>T increases with the re-
duction temperature, but as shown in Fig. 8, there is a similar
trend after the various treatments. The relative amount of Ce+
is the highest in Ceg2Zrg g0, passes through a minimum for
Ce(.5Zr9 507, and then increases with increasing cerium con-
tent. However, taking into account that a significant amount
of Ce*t in the calcined (unreduced) catalysts is already re-

duced, and that the XPS spectra are obtained successively on
the same sample, a more adequate estimation of the degree of
reduction of the support would be obtained by considering the
results on the unreduced samples as a baseline. In this way, the
relative amount of Ce>* after reduction at 773 K would be sim-
ilar in all catalysts, around 10% higher than that obtained in
the unreduced samples. On the other hand, appreciable differ-
ences can be observed after reduction at 473 K. In this case,
the degree of reduction would be higher in Pt/Ceg2Zrpg0O>
and Pt/Ce( gZr 07 (around 6% higher than in the unreduced
samples) and lower in catalysts with intermediate cerium con-
tent.

3.4. Catalytic behavior

3.4.1. Toluene hydrogenation

It is generally acknowledged that assessing the metallic dis-
persion in supported metal catalysts containing ceria [49] is not
an easy task. There are several reasons for this. First, ceria per
se can chemisorb most probe molecules used in chemisorption
techniques for metallic dispersion evaluation, such as H, and
CO. Second, it is known that in the presence of highly dispersed
metals at room temperature, large amounts of hydrogen can
be transferred from the metal to the ceria support (spillover),
falsifying the metallic dispersion results. On the other hand,
the poor contrast between cerium and metals such as platinum
makes it difficult to detect highly dispersed metal particles in
transmission electron microscopy images. In this way, alter-
native specific procedures, such as low-temperature hydrogen
chemisorption [50], quantitative measurements of the vco band
intensity [51], and measurement of the catalytic activity in a
structure-insensitive reaction, have been used to estimate the
metallic dispersion in this kind of system. In the latter case,
the catalytic activity in the structure-insensitive reaction would
depend only on the number of metal atoms available at the sur-
face of the catalysts and would not be affected by the metal
particle size or the crystallographic plane. Thus, benzene [§]
and toluene [6,9] hydrogenation, as well as cyclohexane dehy-
drogenation [52], have been used to successfully estimate the
fraction of metal exposed in noble metal catalysts promoted
by ceria. However, it must be kept in mind that the structure-
insensitive character of these reactions may be affected by any
electronic and/or geometrical effect due to partially reduced
ceria on the metal particles that could be generated on reduc-
tion at high temperature. To avoid this problem, we use the
measurements of catalytic activity in a structure-insensitive re-
action, such as toluene hydrogenation, only as a reference to
analyze the effect of reduction treatments on the catalysts. We
then compare these results with those obtained in a very differ-
ent reaction, such as crotonaldehyde hydrogenation.

Table 4 reports the catalytic activity (after 120 min on
stream) for toluene hydrogenation (umol s~ g;tl ) at 333 K after
reduction at 473 and 773 K, as well as the decrease in activ-
ity (%) at high reduction temperature. The increased cerium
content in the support produces a significant decrease in cat-
alytic activity after reduction at both 473 and 773 K. Table 4
shows that for catalysts reduced at 473 K, there is a decrease
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Table 4
Catalytic activity (umol 5! g;tl) in toluene hydrogenation at 333 K, and decrease (%) after reduction at high temperature (773 K)
Pt/ZrO, Pt/Ceq 20Zrg 802 Pt/Ce( 5721507 Pt/Ceq 68721932002 Pt/Ceg gZrp 20,

Reduction temperature (K)

473 95.0 69.5 27.0 22.8 20.8

773 92.5 46.5 10.8 2.4 0.8
Decrease (%) 3 33 60 89 96
in activity (per amount of Pt in the catalyst) from Pt/ZrO; to 1807 O Tred: 473 K
Pt/Cey 271y 30>, which can be correlated with the decrease in 1601
the amount of surface platinum detected by XPS (Fig. 7). When ™ B Tred:773 K
the amount of cerium in the support increases (x > 0.5), the & 1407
catalytic activity in toluene hydrogenation strongly decreases 2 4204
compared with that in Pt/ZrO,, with activity being rather sim- E
ilar for the three catalysts despite the fact that the amount of 2 10071
surface platinum detected by XPS increases. The strong metal— "g' 801
support interaction effect due to the partially reduced support is B
not expected after reduction at low temperature. In this way, % 601
and taking into account the structure-insensitive character of ‘E 40-
toluene hydrogenation, these activity values should be related =
to a decrease in the number of surface platinum sites avail- 207
able for the reaction. However, it must be kept in mind that 0
the catalytic activity may be affected by other properties of the 0 02 05 0.68 0.8

support besides reducibility. Lin and Vannice [53] showed that
the rate of toluene hydrogenation on platinum catalysts was
enhanced by the support acidity. For platinum supported on
Si0,, n-Al, 03, SiO; - Al, 03, and TiO3, these authors observed
that the activation energies for toluene hydrogenation, as well
as the reaction orders, had no dependence on the support, but
the turnover frequencies were four times higher for the most
acidic support (Pt/SiO; - Al,0O3) compared with the least acidic
support (SiOy). This rate enhancement was attributed to an ad-
ditional hydrogenation reaction occurring via hydrogen spilling
over the support surface and reacting with toluene adsorbed on
acid sites on the oxide.

After reduction at 773 K, Pt/ZrO; hardly loses activity with
respect to that obtained after reduction at 473 K. However, de-
activation becomes more and more important as the amount of
cerium in the support increases. The results shown in Fig. 7 in-
dicate that the amount of surface platinum as detected by XPS
decreases after reduction at 773 K, but the trend in relation to
the cerium content of the support is similar to that obtained af-
ter reduction at 473 K. Thus, the strong catalyst deactivation
after reduction at 773 K, which becomes more significant as the
amount of cerium in the support increases, is not due to a loss
of surface platinum but rather must be assigned to the strong
metal-support interaction effect induced after reduction at high
temperature [8]. This effect is related to the presence of partially
reduced ceria and has been explained based on two mecha-
nisms: (1) geometrical effects, such as the formation of inter-
metallic Pt—Ce compounds [54] and the coverage of platinum
particles by ceria patches [55], and (2) electronic effects arising
from the electronic transfer between the platinum particles and
partially reduced ceria. The modification of the electron density
in platinum would affect the strength of the platinum—benzene
bond, hindering benzene hydrogenation. The latter mechanism

Cerium content (mol CeO, %)

Fig. 9. Initial catalytic activity for crotonaldehyde hydrogenation for
Pt/CexZr1_, O, catalysts at 333 K, after reduction at 473 and 773 K.

seems more likely in this case, because the reduction tempera-
ture is too low to produce metallic cerium and the migration of
partially reduced ceria patches has not been observed for reduc-
tion temperatures below 973 K [56].

3.4.2. Crotonaldehyde hydrogenation

Here we discuss the effect of the cerium content in the sup-
ports on the catalytic behavior of the samples in a reaction such
as crotonaldehyde hydrogenation. During the first stages of the
reaction, carbon balance is not achieved, mainly due to the ad-
sorption of reactant and products on the support. Once the bal-
ance is obtained (i.e., when the amount of crotonaldehyde leav-
ing the reactor is equal to that fed minus that transformed into
products), reaction rates are measured. Fig. 9 shows the initial
overall activity (after 5 min on stream) of catalysts in the vapor-
phase hydrogenation of crotonaldehyde at 333 K, after reduc-
tion treatments at both 473 and 773 K. It can be seen that after
reduction at 473 K, catalysts with low cerium content (x < 0.5)
exhibit higher initial activities than those with high cerium con-
tent. After reduction at 773 K, an increase of initial activity
values is seen for all catalysts studied except Pt/Cep gZrp 203,
which shows a slight decrease in activity after reduction at high
temperature. After the first stages of reaction, activity strongly
drops in all cases. This deactivation of the catalysts has been
related to the decarbonylation of the reactant molecule yield-
ing carbon monoxide, which is irreversively adsorbed on plat-
inum at the reaction conditions [57]. Figs. 10 and 11 show the
evolution of catalytic activity for all catalysts versus time on
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Fig. 10. Catalytic activity for crotonaldehyde hydrogenation for catalysts

Pt/CexZr|_, O, as a function of time on stream at 333 K, after reduction at
473 K.
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Fig. 11. Catalytic activity for crotonaldehyde hydrogenation for catalysts
Pt/CeyxZr;_, O, as a function of time on stream at 333 K, after reduction at
773 K.

stream obtained after reduction at 473 and 773 K, respectively.
Fig. 10 shows that after reduction at 473 K, steady-state cat-
alytic activity follows the order Pt/Ceg29Zrp 802 > Pt/ZrO; >
Pt/Ceg 571050, ~ Pt/Ceg 63721932002 ~ Pt/Ce§Zr920,. This
trend is different than that seen for toluene hydrogenation, in
which the most active catalyst is Pt/ZrO,. After reduction at
773 K (Fig. 11), activity evolution shows a different trend; cat-
alysts with low cerium content (x < 0.5) have similar activity,
whereas catalysts with high cerium content (x > 0.5) are less
active as cerium content increases.

20

[1Tred:473 K
M Tred: 773 K

-
(9]

Act(Croald) / Act(Tol)
S

()]

—i
x=0 x=0.2

x=0.5
Catalyst

x=0.68 x=0.8

Fig. 12. Activity ratios for crotonaldehyde hydrogenation and toluene hydro-
genation for catalysts reduced at 473 and 773 K.

Data for toluene hydrogenation show that a more drastic
reduction treatment (from 473 to 773 K) leads to a strong de-
crease in catalytic activity, related to a strong metal-support
interaction effect (Table 4). But this effect does not negatively
affect the activity in crotonaldehyde hydrogenation. Fig. 12
plots the activity ratios between crotonaldehyde hydrogenation
and toluene hydrogenation after the different reduction treat-
ments. Although the ratio increases with the cerium content in
the support after reduction at low temperature (473 K), this in-
crease is much more significant after reduction at 773 K. Thus,
whereas Pt/ZrO, shows a similar activity for both reactions,
Pt/Ce( gZrp 0, is 17 times more active for crotonaldehyde hy-
drogenation than for toluene hydrogenation.

Although results for catalytic activity cannot be explained
straightforwardly because of the conjunction of several factors
(mainly the intrinsic activity of the catalyst and the more or less
pronounced deactivation), one other interesting indicator of the
support effect in this system is the evolution of selectivity. The
products obtained under the conditions used in this study are
butanal (formed by hydrogenation of the C=C bond), crotyl al-
cohol (but-2-en-ol, formed by hydrogenation of the carbonyl
C=0 bond), butanol (formed on hydrogenation of the primary
products butyraldehyde and crotyl alcohol), and the light hy-
drocarbons butane (formed through butanol hydrogenation) and
propane, which result from decarbonylation reactions. Fig. 13
plots the selectivity to crotyl alcohol (molar fraction %) as a
function of time on stream after reduction at 473 and 773 K.
Table 5 reports the corresponding conversion values. After re-
duction at 473 K, Pt/ZrO, shows higher selectivity values than
the cerium-containing catalysts during all stages of reaction,
yielding a maximum value of 18 mol% selectivity at the initial
reaction stages. Reduction at 773 K produces a strong increase
in the selectivity to crotyl alcohol for all catalysts studied. Fur-
thermore, higher cerium content in the support leads to a higher
value of selectivity during the initial stages of reaction (reaction
time, 5 min), with a maximum value of 66 mol% selectivity.
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Fig. 13. Selectivity towards crotyl alcohol as a function of time on stream at
333 K for catalysts reduced at (a) 473 K and (b) 773 K.

Table 5
Conversion degrees in crotonaldehyde hydrogenation at different times on
stream for catalysts reduced at 473 and 773 K

Catalyst Reduction at 473 K Reduction at 773 K

5’ 35 140’ 5’ 35 140/
Pt/ZrO, 11.3 33 2.6 20.8 6.9 5.0
Pt/Ceq 20Zro 0o 6.0 2.1 1.5 7.3 32 2.5
Pt/Ce( 5Zrp 50, 8.9 2.6 2.0 20.1 5.8 3.6
Pt/Ceq 632193002 9.4 2.9 1.9 14.0 34 2.1
Pt/Ce gZry 20, 14.7 3.4 2.5 17.3 3.4 1.9

These data can be explained in terms of the metal-support
interaction, which produces the formation of new sites in the
metal-support interface. These new sites created under thermal
treatment (reduction at 773 K) constitute coordinative unsatu-
rated Ce>T cations (ceria with oxygen vacancies, CeO,_,) on
the support. The interaction of the oxygen atom of the carbonyl
group in crotonaldehyde with the Ce>* cations can activate it,
thereby favoring its hydrogenation by hydrogen atoms adsorbed
on the platinum particles or spilled over from the metal to the
platinum—support interface. TPR and XPS findings show that
cerium-rich supports are easier to reduce than those with high
zirconium content, and although the relative amount of Ce3t,
as detected by XPS, is similar in all catalysts after reduction
at 773 K, its total amount clearly increases with increasing

cerium content in the support. Thus, the increased selectivity to
crotyl alcohol (hydrogenation of the C=0 bond) with increas-
ing cerium in the support that can be reduced seems reasonable,
at least while these special sites are active (10-20 min of reac-
tion). Poisoning of these sites by strong adsorption of reactant
and/or products would account for the loss of selectivity with
time on stream, which is also accompanied by a decrease in
overall activity.

For the cerium-free catalyst Pt/ZrO;, an enhancement of
selectivity toward crotyl alcohol after high-temperature reduc-
tion is also observed. TPR measurements show that the ZrO,
support is not reduced. Further, the TPR profile of Pt/ZrO;
shows no reduction peak. However, XPS data indicate that at
high reduction temperatures, the Pt/Zr atomic ratio decreases.
In addition, a slight decrease in the activity value for toluene
hydrogenation after reduction at 773 K could indicate a lower
number of accessible platinum sites at these conditions. Coq et
al. [58], in a study of zirconia-supported ruthenium catalysts
in cinnamaldehyde hydrogenation, proposed the formation of
specific sites, Ru—ZrOy, at the periphery of the Ru particles, for
the catalyst reduced at 623 K, to explain the enhanced selec-
tivity toward cinnamyl alcohol. TPR measurements were done
to evaluate this proposition. In addition, the presence of re-
duced zirconia (Zr3+) in the Au/ZrO; system has been detected
by ESR [66]. For Pt/ZrO;, it has been reported that hydrogen
spillover occurs at reduction temperatures above 823 K [59]. In
our case, the formation of Pt-ZrO, sites at the metal-support
interface seems unlikely, because reduction was carried out at
only 773 K and TPR results indicated no appreciable reduction
peaks. Furthermore, the Zr 3ds,, level binding energy showed
no shift with increasing reduction temperature, remaining stable
at 182.2 eV (which is the typical binding energy for Zr in ZrO5).
On the other hand, some authors have reported that Pt can inter-
act with zirconia to form a Pt—Zr alloy phase [60], and even that
zirconia can donate electrons to platinum [61], but only after a
reduction treatment at elevated temperatures. Another interest-
ing point is that the interaction between Pt and ZrO can induce
an epitaxial growth of the metal particles [62]. Thus, platinum
particles modify their morphology from a round to a flat shape,
characteristic of the low index planes of large particles, which
are selective to the formation of unsaturated alcohol [63]. Cro-
tonaldehyde hydrogenation on Pt catalysts has been shown to
be structure-sensitive, with selectivity and activity being func-
tions of platinum particle size [57]. Theoretical [64] and single-
crystal studies [65] have indicated that the adsorption structures
of unsaturated aldehydes depend on the metal surface planes
exposed. Beccat et al. showed that Pt(111) exhibits some se-
lectivity to crotyl alcohol, whereas other low-index Pt planes
do not [65]. Englisch et al. concluded that increasing the abun-
dance of Pt(111) planes in a catalyst can increase the selectivity
to crotyl alcohol [57], which could enhance the catalytic per-
formance (activity and selectivity) of Pt/ZrO,. But this is not
likely to apply in the case of cerium-containing catalysts with
x = 5, for which the increase in reduction temperature leads
to a decrease in the amount of surface platinum as detected by
XPS (Fig. 7). This effect could be assigned to the sintering of
platinum particles, growing with a preferential orientation that
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could be favorable for the reaction. However, the loss of surface
platinum atoms cannot explain the drastic decrease in activity
for toluene hydrogenation after reduction at 773 K.

4. Conclusion

Several cerium-zirconium mixed oxides, Ce,Zr;_, O, with
varying compositions were prepared using a co-precipitation
method. These mixed oxides were used as supports for platinum
catalysts, Pt/Ce,Zr|_,O>. XRD profiles indicate that the sup-
port preparation method produces varying cerium-zirconium
solid solutions; supports with high cerium content (x > 0.5)
have a cubic structure, whereas zirconium-rich supports (x <
0.5) have a tetragonal structure. TPR and XPS results con-
clude that supports with a cubic structure are easier to reduce
than those with a tetragonal structure. The metal-support in-
teraction, which is responsible for the decrease in activity for
toluene hydrogenation, becomes stronger as cerium content in-
creases. The reduction treatment at high temperature (773 K)
partially reduces the support, generating oxygen vacancies and
Ce3t cations close to the platinum particles that can electron-
ically modify the catalytic behavior of the noble metal. These
sites also can activate the carbonyl bond by interacting with its
oxygen atom, thus facilitating its hydrogenation and then in-
creasing selectivity toward the unsaturated alcohol. Selectivity
toward crotyl alcohol increases with the amount of cerium in
the support, at least until these sites are deactivated.
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