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Abstract: Pt on mesostructured CeO, nanoparticles embedded within ultrathin layers of highly structured
SiO; binder shows highest activity reported with 80% selectivity for the chemoselective hydrogenation of
crotonaldehyde. Characterization by transmission electron microscopy (TEM), CO adsorption, and X-ray
photoelectron spectroscopy (XPS) show the presence of small Pt metal particles, preferentially located on
CeO; (70%) together with the formation of Pt—CeO,—, sites at the interface between Pt and CeO; (4 nm)
nanoparticles. These sites are able to polarize the carbonyl group and facilitate the selective hydrogenation
of this with respect to the double bond.

Introduction formation of the unsaturated alcohol. The promotion could
. ) . involve either the €0 double-bond polarization and/or the
. The search for chemoselecnve catalysts is an issue of gre_a'inhibition of the a,f-unsaturated aldehyde adsorption through
interest for the production of many ph_armaceutmal, agrocheml- the G=C bond! This promotion can be achieved by the addition
cal, and fragrance compounts. In this sense, the selective of a second, more electropositive metal like Foor tint212or
hydrogenation of the carbonyl bond @j-unsaturated alde- by the use of oxide supports such as GEO TiO,, 19207n0 2L
hydes by use of metal catalysts is still an unsolved problem in MgO .22 or SnG, 2 which are able to interact with the platinum.
heterogeneous catalysis. Se_lectlve reduction can be achlevee‘-he presence of electronic effects and/or alloy formation,
by means of properly deS|gne_d organometalhc catal‘ys_ts, together with the induction of strong metaupport interactions
through a Merwein-Pondorf reaction with alcohols as reducing (SMSI) when partially reducible oxides are used as a support,
agents and solid Lewis acids as catalysfsGood selectivities have been proposed to be responsible for the improved
can also be acgleved by means of sulfur-modme_d CM selectivity. In this sense, cerium-based platinum catalysts have
or gold catalystS.However, the use of monometallic platinum ooy extensively studied for the selective hydrogenation of an
catalysts and_HIe_ads mainly to the format|or_1 of _the saturated o,f-unsaturated aldehyde, such as crotonaldehyde. It has been
aldehyde, which (')S thermodynamically arld kinetically the most reported that platinum promotion by ceria enhances the selectiv-
favored product” Therefore, a promotion of the metal is ity toward the hydrogenation of the carbonyl bord8 either
necessary in order to increase the selectivity toward the e creation of defect sites at the metakide interface after
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a high-temperature reduction treatment (773 K), which are able Micromeritics (Autochem 2910) apparatus. About 100 mg of catalyst
to activate the &0 double bond, or by electronic effects on was first treated in argon at room temperature for 30 min. The samples
p|at|num that may even form C_é)t a”oy phases upon a were Subsequently contacted with dlkr mixture (HQ/AI' molar ratio
reduction treatment at high temperature (92373 K)1524 of 0.10 and a total flow of 50 cfrmin~?) and heated, at a rate of 10
T )
All the above potential positive effects of Ce@®@n the K'min™%, up to a final temperature of 1100 K. ) )

. . X-ray photoelectron spectra (XPS) were obtained in a VG Escalab

preparation of chemoselective Pt-supported catalysts should b921

h qif bl high ‘ I 0 spectrometer, by use of nonmonochromated &l(Ky = 1486.6
enhanced if one were able to prepare high surface area, we “eV) X-ray radiation. To avoid photoreduction of ceria, the energy of

structured Ce@supports. Here, we present a new Geferived the X-ray beam was limited to 100 W. Kinetic energies of photoelec-
material formed by nanocrystals of Ce®ith ~4 nm diameter  trons were measured with a hemispherical electron analyzer working
that have been mesostructured through a self-assemblingat constant pass energy of 50 eV. The pressure in the analyzing chamber
procedure with a block copolymer. These Gatanoparticles was maintained at 75& 10°° Torr. The binding energy scales were
were embedded within ultrathin layers of highly structured,SiO regulated by setting the Cls transition at 284.5 eV. Before XPS
binder. The resultant material presents surface areas above 3001easurements, catalyst samples were reduced in situ at 473 and 773 K
m2 g~* and gives the most stable, while active and chemose- Under a H flow (80 cr#* min™).

lective, Pt-supported catalysts we are aware of for the hydro- Fourtier_trf‘nSf‘érm ilrllfrfgt;eg (FILR&ERXSF’%W?':S were Cdond”Ctetd Wit?
genat|on Of crotonaldehyde a quartz Intrarea cell fittea wi -O windows and an externa

furnace. The IR chamber is glass-blown to a conventional vacuum
Experimental Section system with rotatory and turbomolecular pumps. Wafers of catalyst
) ) . ] samples (10 mg cn?) were reduced in situ under static conditions at
Materials. The composite material was prepared from colloidal £e0 473 and 773 K for 1 h. After the reduction treatment, the samples were
nanoparticle building blocks and the formation of mesostructured silica ¢qopjed in a vacuum and pulses of CO were introduced at 298 K with
together with the simultaneous inclusion of Ge@noparticles. The  cajibrated volumes (1.55 & IR spectra were recorded on a
assembly process was controlled by adjusting the interactions of a pc_controlled Bio-Rad FTS-40A FTIR spectrophotometer.
copolymer template with the Cehanoparticles and SiO More Catalytic Test. The catalytic tests for the chemoselective hydrogena-
specifically, a water, acid colloidal dispersion of Ge@noparticles jon of crotonaldehyde were carried out in a fixed-bed stainless steel
(~4 nm) was poured into an agueous solution of poly(alkylene oxide) ,pyar reactor (12 mm i.d., 340 mm length) equipped with a coaxial
block copolymer (E@PO,EO,0, Pluronic P123, BASF). Then TEOS thermocouple for temperature profile.
was added at room temperature into the dispersion with stirring for 60 gefore the catalytic runs, the catalysts (100 mg;-@% mm particle
min. The resulting dispersion was aged at 318 K for 16 h and & gjz¢ mixed with 0.4 g of SiC) were reduced in situ under flowing H
pr_ecnpltatg was formed._ The mlxture_ was aged overnight at 353 K (50 cn® min?) at low (473 K) and high (773 K) temperature for 1 h,
without stirring. The solid product (SIOCeQ;, Ceeq, = 0.5 M) was at a heating ratefo5 K min—1. Crotonaldehyde hydrogenation was
recovered, washed with water, and air-dried at 353 K. The copolymer yerformed at 353 and 303 K. The reduced catalysts were contacted
template was remqved by sloyvly increasing the calcination temperature i 4 reaction mixture (ICROALD ratio of 60) formed by passing
from 293 to 773 Kin 6 h, staying at this temperature f1°r6 h.The BET (he hydrogen flow through a thermostabilized saturator (278 K)
surface area of the resulting material was 378 gn'. A similar containing the unsaturated aldehyde. The reaction products were

procedure but without introduction of the silica was used to prepare a analyzed by on-line gas chromatography with a Rtx-WAX 30m
mesostructured Ce®naterial, whose BET surface area after calcination semicapillary column.

was 166 g
Pt/CeQ—SiO, (1, 3, and 5 wt % Pt) and Pt/Ce@l wt % Pt) Results and Discussion

catalysts have been prepgred by wet |mpregpat|on of the, €8I0, Catalysts Characterization: XRD, TPR, and TEM. The
support and Cegsupport with an aqueous solution of [Pt(§i (NOs). deri fh Icined Ce bedded in ultrathin SiO
(Aldrich), dried at 353 K, and calcined in air at 673 K for 4 h. ordering ot the caicine frays, émbedded In ultrathin it
Characterization. SAXS data for the support material were collected !aygrs are observed through SAXS. The SAXS pattern, given
and corrected for the scattering of the background. in Figure 1, shows a diffraction peak centered at 11.0 nm. The

Transmission electron microscopy (TEM) micrographs were obtained 2-D X-ray diffraction pattern of a selected area show a
on a JEOL 1200X electron microscope operating at 120 keV. The hexagonal structure (inset of Figure 1). The material consists
samples for TEM were prepared directly by dispersing the powders of an hexagonal array of nanoparticles as observed through TEM
onto carbon copper grids. For crystal analysis and indexation, the images (Figure 2), consistent with the SAXS data. Distribution
samples were examined by bright-field and dark-field transmission of the CeQ nanoparticles in the thin layer of mineral was
electron microscopy in a Field Emission JEOL 2200 high-resolution getermined through high-magnification TEM to consist of a
(HR) TEM operated at an accelerating voltage of 200 kV. Dark-field -, qqeneous distribution of perfectly individualized GeO
TEM consists of observing the image produced by the diffracted nanoparticles. TEM imaging indicates a constant interparticle
electrons instead of the transmitted ones. Dark-field imaging provides S ; .

spacing in the range of a single nanoparticles.

direct observation of the metallic nanoparticles (NP) within the oxide . . . . .
channels. Wide-angle X-ray diffraction studies on Pt/Cg€siO,-

X-ray diffraction analysis (XRD) of the catalyst was obtained by supported catalysts confirm the crystalline nature of the nano-
use of a Phillips 1060 diffractometer provided with graphite mono- Structured Si@—-CeQ; material. High-angle X-ray Bragg peaks
chromator employing nickel-filtered Cudradiation ¢ = 0.1542 nm). were observed at 27.3, 31.8, 46.0, and 54.8, which are
CeQ particle size was determined from the half-height width of the characteristic of Ce®fluorite structure. By taking the (111)
(111) fluorite phase diffraction peak@= 27°) by use of the Scherrer  line broadening of the fluorite phase of ceria and using the
equation. Scherrer equation, an estimation of mean ceria patrticle size gives

Temperature-programmed reduction (TPR) measurements on cal-ya|yes of 3.3 nm, which is in accordance with the mean ceria
cined catalysts were carried out on a U-shape quartz reactor with ananoparticle sizes used during the preparation procedure. This

(24) Bernal, S.: Calvino, J. J.: Cauqui, M. A Gatica, J. M.: Larese, C.. pere; PaTtiCle size is smaller than that reported previously for
omil, J. A.; Pintado, J. MCatal. Today1999 50, 175. precipitated Ce@(15.9 nm)?> CeQ, supported on Si©(5.8
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Figure 1. Small-angle X-ray diffraction pattern of Ce©SiO, materials.
Inset: 2D SAXS of a selected area of calcined material, showing a hexagonal
structure.

Figure 2. TEM mlcrographs of nanostructured Cp€5|02 materials
showing hexagonal array domains.

nm) 26 and CeQ supported on carbon (4.2 nif)Additionally,
no lines corresponding to P$OPtO, or Pt can be observed in

the 2-70° 20 range for any of the Pt supported catalysts used
here, this being an indication of the small metal particles present
on the support after the calcination treatment at high temperature.

The redox behavior of the Ce©SiO, support in the presence
or not of Pt has been studied by temperature-programmed
reduction (TPR). Figure 3 shows the TPR profiles (hydrogen
consumption against temperature) of (a) the mesoporous-€eO
SiO, support and (b) the Pt/Ce©SiO, catalyst (1 wt % Pt).
The mesoporous mixed oxide support exhibits two reduction
peaks, the first one at low (736 K) temperature (0.98 mmol of
H, g~1) and the second one at high (950 K) temperature (0.88
mmol of H, g71). This behavior is in agreement with previously
reported Ce® reductiong>28-31 with the low temperature
reduction peak (at ca. 770 K) attributed to the reduction of the
most easily reducible surface-capping oxygen of ceria and the
second high-temperature peak (at ca. 1100 K) attributed to the
bulk reduction of Ce@ It is worth mentioning the high amount
of hydrogen consumed in the low-temperature reduction peak
with respect to the bulk process. This phenomenon can be related
with the high proportion of surface Cg@pecies in the small
nanoparticles present in the support. For the mesostructured
CeQ—SIiO;, support, the ceria surface reduction temperature
appears close to that reported in the literature (7880 K),
although for the bulk reduction this value is downward shifted
by 150 K. Traditionally, it has been assumed that this high-
temperature reduction process was controlled by the slow bulk
diffusion of the oxygen vacancies created at the surface of the
oxide32 However, more recently Trovarelli and co-workers
suggested that the surface reduction process and the difference
of both thermodynamic and kinetic properties existing in the
ceria microcrystals as a function of their size are the critical
factors in determining the TPR trace of ceffawith this in
mind, the downward shift observed for the nanostructured
CeQ,—SIiO, support would be associated with the lower
reduction enthalpy of high surface area nanocrystalline ceria in
comparing with the bulk material, as obtained by the measure-
ment of defect thermodynamiés3*

The incorporation of Pt into the Ce©SiO, support com-
pletely modifies the TPR profile. Now, the surface ceria
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Figure 3. Temperature-programmed reduction (TPR) profiles for mesoporous-€®0; (grey line) and Pt/Ce®-SiO; (1 wt % Pt) catalyst (dark line).
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Figure 4. Bright-field (left) and dark-field (right) TEM images of 3 wt % Pt/Cg&SiO,. The brighter spots on the right picture correspond to Pt crystals
with the 111 direction perpendicular to the sample plane. The less bright crystals correspond wryS&ls with the 200 direction perpendicular to the
sample plane.

reduction peak at 736 K is completely lacking, giving rise to present in this case, together with the different thermodynamic
three new low-temperature reduction peaks centered at 367, 489and kinetic properties of the ceria microcrystals after Pt addition,
and 624 K, together with the bulk ceria reduction centered at can be responsible for the behavior observed.

918 K. The first hydrogen consumption at low temperature (367  In conclusion, the TPR profiles show the characteristic peaks
K) corresponds to the reduction of oxidized Pt td.RAn of CeQ, corresponding to the surface and bulk reduction, both
accordance with previous Pt/CeQPR studieg> 2729 this processes being shifted to lower temperatures by Pt addition.
reduction process must be associated with noble metal particles The morphological analysis of the different Pt catalysts after
that are not submitted to a strong metalpport interaction, the calcination treatment has been carried out by transmission
i.e., Pt particles that are present over the SiDhe small electron microscopy (TEM). Figure 4 shows the TEM analysis
hydrogen consumption associated with this reduction peak of the Pt/CeG@—SiO;, (3 wt % Pt) catalyst. As can be seen, the
would be either an indication of a preference of Pt particles by mesoporous structure constituted of wormlike and ordered
CeQ nanoparticles or a consequence of high Pt reduction during channels organized into hexagonal arrays shown before for the
the calcination treatment. The second reduction peak at 489 KCe—SiO, was preserved after Pt incorporation and the
corresponds to the surface reduction of GéDclose contact  subsequent thermal treatment. The pore size is fairly monodis-
with the noble metal particles, as well as to the breakdown of persed and is between 6 and 9 nm in diameter, a value that is
Pt—O—CeQ entities formed upon the calcination treatment. in agreement with the SAXS analysis and the wall thickness
This shift in the surface ceria reduction with Pt addition can be values. The observed platinum nanoparticles are all located onto
related with the presence of hydrogen spillover processes fromthe support, are not agglomerated, and have a mean diameter
the noble metal surfac&?®3! The other mild temperature of 2—3 nm, suggesting that the Pt has been successfully
reduction peak at 624 K can be related to the surface reductionencapsulated inside the pores. Pt particle size distribution
of ceria not in close contact with Pt. Finally, the high- histograms for Pt/Ce-SiO, catalysts with 1 and 3 wt % Pt
temperature reduction peak at 918 K is associated with the bulkare plotted in Figure 5. When the two samples are compared,
reduction of Ce@ a reduction peak that has been slightly shifted the catalyst with the higher metal loading shows a narrower
to lower temperatures after Pt addition (from 950 to 918 K). size distribution with the mean Pt particle size centered at 3
This result differs from the literature, where the bulk GeO nm.

reduction is shown to be unaffected by the noble metal A series of energy-dispersive X-ray elemental mapping
presencé®?9353¢ However, the smaller CeQparticle sizes  images of the calcined samples showed the following: the Pt
concentration is larger (10%) in the most crystalline grains,

(25) Seplveda-Escribano, A.; Coloma, F.; Rodriguez-Reinosd, Eatal.1998

178, 649. probably due to a larger porosity, and the Pt particles show a

(26) §‘"¥eﬁ§85’§“’2‘?8’ 132-?7 Rodriguez-Reinoso, F.; Seeda-Escribano, AJ. preference for the Cehanoparticles£70% of the Pt would
atal. . . . . . .

(27) Seplveda-Escribano, A.; Silvestre-Albero, J.; Coloma, F.; Rodriguez- D€ On ceria grains while the rest would be on silica). This

Reinoso, FStud. Surf. Sci. Catak00Q 130 1013. i i i i
(28) Yao. H. C.. Yao, Y. F. YJ. Catal. 1984 86, 254. observano_n vv_ould be_ln accordance with the presence_ Qf specific
(29) de Leitenburg, C.; Trovarelli, A.; Kaspar, . Catal. 1997, 166, 98. metal-ceria interactions (SMSI) that further stabilize the
(30) fglgr%%go, F.; Trovarelli, A.; de Leitenburg, C.; Giona, M Catal.200Q platinum particles through PO—CeO, entities formatiors?-38

(31) Trovarelii, A.Catalysis by ceria and related materialGatalytic Science

Series; Hutchings, G. J., Ed.; Imperial College Press: London, 2002; Vol. (35) Holgado, J. P.; Munuera, Gtud. Surf. Sci. Catall995 96, 109.

2, pp 106-102. (36) Bernal, S.; Botana, F. J.; Garcia, R.; Ramirez, F.; Rodriguez-Izquierdo, J.
(32) El Fallah, J.; Boujana, S.; Dexpert, H.; Kiennemann, A.; Majerus, J.; Touret, M. Mater. Chem. Phys1987, 18, 119.

O.; Villain, F.; Le Normand, FJ. Phys. Chem1994 98, 5522. (37) Brogan, M. S.; Dines, T. J.; Cairns, J. A.Chem. Soc., Faraday Trans.
(33) Hwang, J. H.; Mason, T. &Z. Phys. Chem1998 207, 21. 1994 90, 1461.
(34) Chiang, Y. M.; Lavick, E. B.; Kosacki, I.; Tuller, H. L.; Ying, J. Y. (38) Murrel, L. L.; Tauster, S. J.; Anderson, T. &ud. Surf. Sci. Catall99],

Electroceram.1997, 1, 7. 71, 275.
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Figure 5. Size distribution histogram of the Pt particles formed and
dispersed in the mesoporous silig@eria matrix. Sample 3, Pt/Ce©SiO;,

(1 wt % Pt); sample 4, Pt/CeBSiO; (3 wt % Pt).

Besides, no difference in the noble metal morphology was

observed depending on the support, either ceria or silica.
The crystal lattice of the metallic Pt nanoparticle is observed

in the high-resolution TEM images shown in Figure 6. To

dots or rings that appear in the FFT of the image was taken.
By doing this, the following preferential orientations were
observed: 200 Pt, 110 Ce(and 011 Ce@of the face-centered
cubic (fcc) Pt and rhombohedric CeO

Summarizing, while the Si©nanodomains are amorphous,
the CeQ particles are highly crystalline with a grain size
distribution remarkably narrow with an average size abet# 3
nm. As one may expect, such small crystals appear faceted,
displaying flat terraces and sharp edges. While the surface-to-
volume ratio decreases for round particles, faceted crystals occur
often for noble metal 23 nm particles, or atomic clusters, which
serves to expose the same atoms density (reactivity) in all the
surfaces. Pt crystals appear blended with the £at@s, with
similar sizes, size distribution, and shapes, indicating that the
original CeQ crystal size limited the growth of larger Pt crystals.
This support-induced growth leads to small and narrow size
distributions, significantly smaller and narrower than those
obtained by Pt impregnation on conventional GeO

From XRD and TEM results we can conclude that meso-
structured Ce@-SiO, samples mainly within an hexagonal

determine the lattice spacing, the inverse of the radius of the array have been obtained. The structure is preserved upon Pt

T

el
V) o

(L

-

Figure 6. (a, upper panel) High-resolution TEM of the Si@CeG—Pt composite. Black circles indicate crystals showing the 111 and 200 ftie@es,

and the white ones indicate crystals showing the 111 and 200 Pt planes.

(b, lower panels) High-resolution TEM of the Pt particles. On the left image, the

black circle indicates a crystal showing the 200 Gé&@hges and the white one indicates a crystal showing the 111 Pt plane. On the right image, a cubic

(bottom) and a faceted crystal (top) are circled.
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indicative of the presence of metal atoms in less dense close
packing arrangements such as 100 faces, while the CO low-
frequency band at 2064 crhis related to the presence of Pt
atoms in defect sites (steps and cornétgy.These results are
in agreement with the observations made previously by TEM.
Additionally, a small band at 2026 crhappears also at low
CO coverages and remains practically unchanged after an
evacuation treatment during 30 min. This low-frequency IR band
can be attributed to CO adsorption on noble metal atoms
interacting with an electron-donor center from the suppftt.
Indeed, we have detected by XPS the formation of'Gens
and oxygen vacancies during the reduction of ceria at low
temperature, and these €eions may act as electron-donor

. — . . : : . , centers to the platinum. Such an electron transfer will reinforce
2200 2100 2000 1900 1800 1700 the back-donation from Pt to CO, giving rise to the low-
Wavenumber/cm’™ frequency value described (2026 th and to the higher
stability of the band toward the evacuation treatment. The
formation of the 2026 crmi band can be also due to a secondary
interaction of the PtCO species with defect sites of the support,
which should cause the lateral tilt of the CO grddn the
other hand, when the CO pressure is increased, a broad
contribution at 1853 cm' also appears that is associated with
CO adsorbed in a 2-fold bridging mode on Pt si#&®.43CO
evacuation experiments at 298 K show a high stability of the
2026 cnt! band and the band at 2081 chwhich is red-shifted
by decreasing CO coverage, while the bands at 2064 and 1853
cm ! are less stable (see Figure 7A).

An increase in the reduction temperature from 473 to 773 K
produces important changes in the CO spectrum (Figure 7B).
At low CO coverages the spectrum shows a broad peak at 2067

T T — T ' T J cm! together with a tail at lower frequencies. After CO pressure
2200 2100 2000 1900 1800 is increased, the main band is blue-shifted to 2076cand a
Wavenumber/cm’ shoulder at 2068 cmt became evident. According to the
Figure 7. FTIR spectra of Pt/Ce£-SiO; (1 wt % Pt) catalyst reduced at literature, the low-frequency IR bands at 2076 and 2068cm
(A) 473 K and (B) 773 K and exposed to (a) 0.3, (b) 15, and (c) 300 Torr correspond to CO adsorbed on low-coordinated Pt sites, i.e., Pt
(crucible pressure) CO and then outgassed for (d) 0.5, (e) 5, and (f) 30 _ . - Ao . > ’
min. in defect sites, which are indicative of small particle sizes of
. . . . the Pt crystallite$? Increasing CO coverage also produces the
deposition and catalyst activation. Pt incorporation shows a appearance of additional bands at 2133, 2026, and 1972, cm
preference for Ce@particles and its interaction clearly affects while the band at 1853 cnd is practically absent. The band at
the reducibility of the support and the metal. There is a very 5733 .yt can be assigned to GECE entities?24546]t should
narrow distributign of Pt crystal sige with a maximum at 3 nm. pointed out that the intensity of the band at 2026 cm
Moreover, practically all the particles correspond to faceted puj ted to CO species adsorbed on Pt particles influenced by
crystals_. Then, frorr_1 a catalytlc point of view and before any the CeQ support (either electronically or morphologically),
adsorption or reactivity studies are performed, the Pt&ceO compared to the intensity of the bands due to CO species
Si0; catalyst already appears as quite a unique and interesting, s rhed linearly on Pt sites is higher for the samples reduced
material. . . at 773 K than for the sample reduced at 473 K (intensity ratio

CO Adsorption Studies. FTIR spectra of reduced samples ¢ gisiorted CO/linear CO of 0.42 and 0.15, respectively). This
prior to CO adsorption shows one band at 3747°%¥m o5 pe related to a higher reduction of the GaDpport at
corresponding to the OH-stretching vibration of 81H groups, i creasing reduction temperatures (i.e., higher amount &f Ce
which is not modified after CO adsorption (spectra not shown). ;. jefect sites) and to the small particle size of the Pt crystallites.
No bands in the 23061700 cnt? region or in the carbonate The band at 1972 cm disappears easily under vacuum
region are observed. Figure 7 shows the IR spectra of CO
adsorbed at 298 K on Pt/Ce©SiO; (1 wt % Pt) catalysts after  (39) Binet, C.; Badri, A.; Lavalley, J. Q1. Phys. Cheml1994 98, 6392.

a low-temperature (473 K) and a high-temperature (773 K) (40) Bensalem, A.; Muller, J. C.; Tessier, D.; Bozon-Verdurag,. EEhem. Soc.
. . Faraday Trans.1996 92, 3233.

reduction treatment. Adsorption of 0.3 Torr CO onthe Pt/€eO  (41) Silvestre-Albero, J.; Sépeda-Escribano, A.; Rodriguez-Reinoso, F.:

SiO, catalyst reduced at 473 K (Figure 7A) leads to appearance (42 #2?,21(?% q'vl\?Iﬁtgy% %e@étg?ig‘égglgogf 5, 208.

of a broad asymmetric band with a maximum at 2072€m  (43) Coloma, F.; Coronado, J. M.; Rochester, C. H.; Anderson, Laal.

When CO pressure is increased, the main band is slightly shifted E‘z‘;ﬁ%ﬁ%ﬁég%_ Bensalem, A Chem. Soc., Faraday Tranko04

toward higher frequencies (2081 tHy while a shoulder at 2064 90,653. o T

cm~! becomes evident. This increases in intensity with increas- Ejg Zaki, M. |.; Viekhaber, B., Khninger, H.J. Phys. Cherl986 90, 3176.

ing CO surface coverage. The-REO IR band at 2081 cnt is Lett. 1995 34, 293.

Absorbance

2076 . B

Absorbance

44

—~
N NSNS N A
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conditions and has been assigned to Pt-dicarbonyl spEciée is observed in the XPS spectra of the other elements. In this
presence of the last band in the Pt/GeSiO, sample reduced  sense, the presence of two components at BE 72.2 and 71.0 eV
at 773 K, which is not present in the sample reduced at 473 K (fwhm 2.4 and 2.5 eV, respectively) can be deduced. Finally
and in previous FTIR studies of adsorbed CO over Pt/C80O  the Pt 4§/, core-level spectrum of the reduced sample at 773 K
can be related to the high amount of low-coordinated, highly shows the presence of only one component at BE 71.2 eV (fwhm
unsaturated Pt sites. This assignation will be in agreement with of 2.3 eV). While binding energies about 76.80.7 eV are
the fact that the band at 1853 chy assigned to bridge CO  characteristic of metallic platinuf?, > the shift of the Pt 4f
species, was not observed in our cése. binding energy to higher values (71.2 eV) has been attributed
Finally, the FTIR spectra of adsorbed CO over a Pt/£eO to final state effects due to reduced screening of the photo hole
catalyst submitted to a reduction treatment at 773 K has beenafter electron emission in small particfsin fact, we have
studied (spectra not shown). Prior to CO adsorption, IR bands observed the presence of small particles by TEM and IR spectra
at 3747 cm?, referred to OH hydroxyl groups, and IR bands of adsorbed CO. The presence of both Rind P? species (Pt/
at 1526, 1470, 1397, and 1368 chdue to carbonate com- Pt atomic ratio= 0.7) in the 473 K reduced sample does not
pounds are observed. No bands in the 230000 cnT? region agree with the TPR results, which shows a high reducibility of
are present. After CO adsorption, intense IR bands attributedthe Pt but can be explained by diffusional problems in the
to linear adsorbed CO and Pt-dicarbonyl species are observededuction process in the XPS microreactor.

(spectra not shown), followed with the appearance of new bands  The XPS spectra of the Ce 3d core level have been fitted
in the 1606-1000 cn1! region, due to carbonate formation. into several components in accordance with Burroughs and co-
Carbonate formation due to decomposition of adsorbed CO to workers?® The Cé+/Ce+ atomic ratio has been obtained from
CO; and carbon has been reported in the literature at high the area of the peaks obtained by the deconvolution procedure.
adsorption temperaturégOn the other hand, CQOformation In this way a C&"/(Ce*t + Ce*t) ratio of 0.1 has been obtained
from adsorbed CO with the participation of lattice oxygen from on the calcined sample, while the amount of3Cepecies

the support in the interface between Pt and €eén also be increases appreciably after high reduction temperaturé‘{Ce
considered. In this case, a reaction mechanism in which CO (Ce#+ + Ce*) atomic ratio of 0.54].

dosed from the gas phase adsorbs on the Pt terrace, equilibrates The 015 XPS spectrum shows the presence of two oxygen

among more stable corner or step sites, and migrates to thecomponents at BE 532.9 and 530.0 eV, corresponding te SiO
interface where it picks up a lattice oxygen and forms,CO

and CeQ, respectively. These indicate that oxygen arising from
has been proposéd. carbonate impurities also appears around 532 eV, which could
Worth mentioning is the absence of the IR band at 2026'cm  |ead to some errors if quantitative measurements are required.
(observed on PY/CeQSIO, samples), which has been previously  However, it can be said on a qualitative bases that the oxygen
attributed to linear PtCO species partially distorted by defect component at BE 530.3 eV decreases by increasing reduction

defect sites at the PICe(;, interface by CQformation canbe  py reduction of the Ce@support.

respons@le for the observed behavior. Thus, from the XPS spectra of the Pt/GeSiO, sample the
According to our results, the presence or absence of the IOW‘presence of small Pparticles and a high reduction degree

frequency IR band at 2026 crhis related to the presence or (Cé#— Ce*) of the CeQ support is inferred. On the other

not of special Pt sites at the contact perimeter of the metal 54 5 substantial decrease in the peak area of the Ce 3d/Si 2s

particle with the support. These sites show a promoting effect ..o jevels in the Pt/Ce SiO, sample compared to the pure
in the activation of the CO bond and therefore can act as possibleCeQ_Sio2 support has been seen. This decrease in the peak

active sites in the chemoselective hydrogenation of crotonal- ;a5 can be attributed to a preferential localization of the Pt
dehyde. particles on the ceria nanoparticles, in agreement with the results
XPS Characterization. XPS spectra of the Pt 4f, O 1s, Si  gptained by HREM.

2s, and Ce 3d core levels of calcined and in situ reduced (at
473 and 773 K) samples have been collected and shown in
Figure 8 for the Pt/Ce®SiO, (1 wt % Pt) sample. It can be

seen there that the Pt 4f core-level XPS spectrum is shifted to
lower binding energies by reduction of the sample and a

broadening of the spectrum is clearly observed after low- BE of the Pt 4f5 core level is observed (70.9 eV), which is

temperature reduction (473 K). Deconvolution of the Piz4f characteristic of metallic Ptparticles. In this sense, higher

gfili(n';?:gree\;e;l;: ;) g lg cér:/e f&?&ogegntéc)thivﬁiiﬁluzi Sbaerggleparticle sizes can be inferred in the Pt/Gefample in contrast

: o h I icle si in the P i le.
attributed to PA" species in PtG! In the reduced sample at tothe small particle size observed in the PUGeSIO; sample

473 K the broadening of the Pt 4f core-level spectrum is due to On the other hand, the Ce 3d XPS spectra shows a lower

. .~ reduction degree of the Ce ions after in situ reduction of the
the presence of more than one component, since no broaden|n$UCeQ sample in H at 773 K [Cé/(Ce + Cé) = 0.27]

Nanostructured Pt/CeCratalyst has also been studied by
XPS, and large differences with respect to the Pt/£e®I0,
sample have been observed. The Pt 4f XPS spectrum shows
the presence of Pt species on the calcined sample, whilé Pt
is observed on the sample reduced at 773 K. However, a lower

(47) Jin, T.; Zhou, Y.; Mains, G. J.; White, J. M. Phys. Chem1987, 91,
5931 (52) Huidobro, A.; Sepulveda-Escribano, A.; Rodriguez-Reinosd, Eatal.
2002 212 94.

. )
(48) Dulaurent, O.; Chandes, K.; Bouly, C.; Bianchi, D.Catal. 1999 188
237 (53) Duekers, K.; Bonzel, H. FBurf. Sci.1989 213 25.
)

(49) Bourane, A.; Dulaurent, O.; Bianchi, D. Catal.2003 195, 6. (54) Mullins, D. R.; Zhang, K. ZSurf. Sci.2002 513 163.

(50) Jin, T.J. Phys. Chem1987, 91, 5931. (55) Henry, C. RSurf. Sci. Rep1998 31, 231.

(51) Drawdy, J. E.; Hoflund, G. B.; Gardner, S. D.; Yngvadottir, E.; Schryer, (56) Burroughs, P.; Hammett, A.; Orchard, A. F.; Thomton, G. Chem. Soc.,
D. R. Surf. Interface Anal199Q 16, 369. Dalton Trans.1976 17, 1686.
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Figure 8. Pt 4f, Ce 3d, and O 1s core-level photoelectron spectra of the 1 wt % Bt{330; catalyst (a) calcined, (b) reduced at 473 K, and (c) reduced
at 773 K. Broken lines show deconvoluted peaks.

At this point, we can claim the presence of small Pt metal around 22umol of CROALD (g of Pty! s~L. Polymerization
particles mainly located on the Ce@anoparticles of the Pt/  and decarbonylation processes during the first minutes of
CeQ—SiO, catalyst, with a high proportion of PCeG—x reaction appear to be responsible for the high deactivation
interfacial sites, which should favor the activation of thre@ observed. The increase of the initial catalytic activity after a
bond leading to a high selectivity toward unsaturated alcohol high-temperature reduction treatment is very similar to that
formation. reported previously for a 1% Pt/CeQatalyst in the title

Catalytic Behavior. The effect of the reduction temperature reaction?®> Abid and Touroud® observed a decrease in the
and noble metal loading on these Pt/GeSiO, and Pt/Ce®@ overall catalytic activity for the vapor-phase hydrogenation of
catalysts have been studied in the vapor-phase chemoselectiverotonaldehyde over 5% Pt/CeCatalysts, prepared from
hydrogenation of crotonaldehyde at both 353 and 303 K. Figure chlorinated and chlorine-free precursors, when the reduction
9 shows the evolution of the overall activity (micromoles of temperature was increased from 473 to 873 K, although the
CROALD transformed per gram of platinum per second) at 353 reported results were obtained at steady-state conditions. It is
K as a function of time on stream for the Pt/Ge€3iO, (1 wt also worth mentioning that this catalytic behavior is completely
% Pt) catalyst after low- and high-temperature reduction different from that obtained over Pt/CgSiO, 26 and Pt/SiQ 2°
treatment. The catalytic results were obtained once the carboncatalysts, where an increase in the reduction temperature gives
balance was achieved, i.e., once the amount of crotonaldehydeise to a decrease in the overall catalytic activity. Despite the
leaving the reactor matched that fed minus the amount trans- Pt sintering process with increasing reduction temperature, which
formed into reaction products. As can be seen there, while thewould lead to a decrease in the catalytic activity, the presence
overall activity after a low-temperature reduction treatment is of CeQ, modifies the catalytic behavior of Pt catalysts, probably
mainly constant at 2Zmol of CROALD (g of Pty s7%, an by electronic effects induced after the high-temperature reduc-
increase in the reduction temperature to 773 K produces antion treatment.
increase in the initial activity together with a strong deactivation
during the first reaction minutes down to a quasi steady state (57) Abid, M.; Touroude, RCatal. Lett.200Q 69, 139.
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Figure 9. Evolution of the overall catalytic activity (in micromoles per
gram of platinum per second) and the selectivity toward crotyl alcohol
formation at 353 K versus time on stream for a Pt/geSiO; catalyst (1

wt % Pt) after low- and high-temperature reduction treatment.

The products formed under the reaction conditions used in
our study are butyraldehyde, which comes frorr@ bond
hydrogenation; crotyl alcohol, produced byO hydrogenation;
butanol, which is the completely saturated product produced in
secondary hydrogenation reactions; and finally light hydrocar-

ARTICLES

100

90

80 gg(pdﬂ’ % zé?’%?DA‘;A;?ff@@@mm&wmm@&m&M&m—o o
= 704 o P0g.ong_
s d B—0—p—g_,
o 60 Teeea
2 i
s |
o 504
g w0 o 3% Picac, S,
2 | —0— 3% €0,-SiO,
8 304 —4— 5% PYCe0,-Si0,
[}
@ 20-

104

0 T T T T
0 50 100 150 200

Time on stream (min)

Figure 10. Evolution of the selectivity to crotyl alcohol as a function of
time on stream for the different Pt/Ce€SiO, catalysts in the selective
hydrogenation of crotonaldehyde at 303 K. Previous to catalytic reaction
catalysts have been reduced at 773 K.

Table 1. Catalytic Activities and Selectivities for Different Pt/
Ce0,-SiO, and Pt/CeO, Catalysts in the Chemoselective
Hydrogenation of Crotonaldehyde at 303 K. Treq: 773 K

activity [«mol selectivity conversion
catalyst wt % Pt (gof Pty s™ Croalc (%) (%)
Pt/CeQ—SiO, 1 16.4 75 2.7
Pt/CeQ—SiO, 3 17.0 81 9.6
Pt/CeQ—SiO, 5 21.0 80 18.9
Pt/CeQ 1 2.6 38 0.5

to 16.4umol of CROALD (g of Pt)t s71, while the selectivity
to crotyl alcohol is further improved up to a final value close
to 75% after 60 min on stream. Indeed, this improvement in
the selectivity at low reaction temperatures is associated with
the suppression of secondary processes, which are favored at
higher temperatures and which acts against crotyl alcohol
selectivity.

An increase in the Pt content from 1 to 5 wt % produces an
improvement in the catalytic activity and selectivity (Table 1).
It has to be remarked that with the higher Pt-containing catalyst

bons such as butane and propane, produced by further hydro-the selectivity remains unchanged with time on stream, not

genation and decarbonylation reactions. Figure 9 shows the

evolution of the selectivity toward crotyl alcohol formation for
the Pt/Ce@-SiO; (1 wt % Pt) catalyst after reduction treatment

at low and high temperature. These results reveal that an increas

of the reduction temperature from 473 to 773 K for the Pt/
Ce(O,—SIO;, catalyst produces a strong increase of the crotyl
alcohol selectivity from 10% up to 60% at 353 K. On the other

showing any sign of deactivation, at least for the time period
studied here (Figure 10). Moreover, when conversion was
modified from 2% to 20% by changing contact time, selectivity

éemained constant at80%.

When we considered the TEM results, which showed that
70% of the Pt was supported on Ce®hile 30% was located
on SiQ, we though the loss of chemoselectivity to be due to

hand, the FTIR-CO adsorption and XPS results presented above the Pt supported on SiOThus, it appeared logical to prepare
clearly show that by increasing the reduction temperature, the @ catalyst in where th_e Ptwas supported on a pure rlnesostruc-
number of P+CeQ_, interfacial sites increases, these sites tured CeQ support with a high surface area (166 gr™).

being responsible for activating the carbonyl groups. This
activation will increase the rate of hydrogenation of thre@

After reduction at 773 K, the catalytic results obtained with

this catalyst (Pt/Ceg) show (Table 1) a lower activity and

groups, increasing the selectivity toward the formation of the selectivity than those obtained with the Pt/Ge@iO; catalyst.

desired unsaturated alcohol.

This low selectivity value obtained when nanostructured £eO

The crotyl alcohol selectivity profile with time on stream Was used as a support can be related to the absence of the IR

(Figure 9) over 1% Pt/CefSiO, catalyst exhibits some

band at 2026 cmt, which has been attributed to Pt sites at the

deactivation, which could be related to the presence of secondarymetal-support interface. This can be related to the higher
reactions that are favored at high reaction temperatures.particle size as inferred from the XPS results and/or to the high
Therefore, the reaction has been carried out at lower tempera-proportion of carbonate species in the-Re(Q; interface as
tures (303 K). Decreasing the reaction temperature from 353 to deduced from IR spectroscopy.

303 K for the Pt/Ce@ SiO; catalyst reduced at high temperature

We have compared in Table 2 the activity and selectivity of

(773 K) produces a slight decrease of the catalytic activity down the Pt/Ce@—SiO, catalyst reported here with the best Pt
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Table 2. Comparison of the Catalytic Activities and Selectivities
for Different Pt/MOy Catalyst in the Selective Hydrogenation of
Crotonaldehyde

that the surface atoms of the very small crystals of £&ltow
electronic properties different from those of the bulk. This,
together with the very strong metesupport interaction showed

catalyst 22?#&'&? {:;f,“gg (;‘C;}V%Pﬁ‘l‘f’l] Se'?%v'w ref by FTIR-CO adsorption and with XPS that predicts the
PUSNG 243 353 13 77 50 formgtion of Pt—CgQ_x s'p.ecies as potential active sites, will
443 303 4.2 explain the very high activity shown by the mesostructured Pt/
Pt/CeQ 973 353 21 83 46 CeO—SiO..
973 303 0.7 Q-SIC,
Pt/ZnO 673 353 1.6 81 49 Conclusions
673 303 0.5 .
Sn—PYSIO, 333 0.9 90 40 High surface area, thermally stable mesostructured,@ed®
303 0.16 CeO—SiO, materials have been successfully prepared by a
Pt/CeQ—SiO, 773 303 21.0 80

a Catalytic activity values obtained considering a typical apparent
activation energy for the title reaction of 20 kJ mb#8

catalysts previously reported for the title reaction. The values
given clearly show that Pt on the nanostructured £€8i0;,

templating mechanism. SAXS and TEM measurements show a
perfectly uniform hexagonal array of mesoporous channels with

a mean pore diameter of 8 nm. The incorporation of Pt into the
CeO—SIiO, support produces highly active and selective
catalysts for the chemoselective hydrogenation of ogfi-
unsaturated aldehyde such as crotonaldehyde. The presence of

support is highly selective and close to 1 order of magnitude small Pt metal particles together with the creation of special
more active than previously reported catalysts. It has to be sjtes at the metaisupport interface, as deduced by XPS and
remarked that the apparent activation energy for the hydrogena-FT|R—CO, accounts for the excellent catalytic behavior ob-

tion of crotonaldehyde obtained with our catalyst is 12 kJThol
which is almost half of the 20 kJ mol obtained on other
supports® This will indicate that by supporting the Pt on the
nanostructured crystalline Ce@escribed here, we are changing

served. It is worth mentioning that this excellent catalytic

behavior is maintained with time on stream during successive
cycles. Thus, we can conclude that, within our knowledge, these
results are the best reported up to now for the gas-phase

the nature of the active sites by interaction of the nanocrystals hydrogenation of crotonaldehyde over Pt/M@talysts at 303

of Pt with the nanocrystals of CeQOlt may very well occur

(58) Vannice, M. A.; Sen, BJ. Catal. 1989 115 65.
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