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Abstract

By using modifiers in platinum catalysts it is possible to modulate the hydrogenation selectivity inα,β-unsaturated aldehydes carbon
bond with regard to olefinic bond hydrogenation. The challenge is to find an emergent catalytic material able to produce 100% u
alcohol. In this field, 1% Pt/ZnO catalysts were tested in hydrogenation of crotonaldehyde, in gas phase, at atmospheric pre
catalysts were prepared by impregnation of ZnO from two different precursors, H2PtCl6 and Pt(NH3)4(NO3)2, followed by calcination
at 673 K and tested after reduction at different temperatures, 473–773 K. The ex-nitrate and ex-chloride catalysts showed quit
catalytic behaviors. The ex-chloride was much more active and selective; in certain conditions 90% crotyl alcohol selectivity was
Different techniques (TPR, XRD, TEM, XPS, FTIR) were used to characterize both types of catalysts and to correlate the structu
reactivity. The Lewis acidity of ZnO after the reduction treatment and the formation of PtZn alloy were found to be the key factors
to high crotyl alcohol yield. It was proposed that modification of the electronic properties of platinum both by alloying to zinc and b
acidity of the support reinforced by chlorine changes the adsorption mode of crotonaldehyde by favoring the binding of the termin
of the molecule to the electronically modified platinum atom.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

An emergent material in heterogeneous catalysis is
example, a material able to catalyze a reaction whic
usually performed by a noncatalytic process. The heter
neous catalytic process is always easier to handle than
other process and leads to a lower amount of waste p
ucts with lower risk for the environment. For example,
the past few years considerable effort has been devot
develop a heterogeneous catalytic system able to per
selective hydrogenation of the carbonyl function ofα,β-
unsaturated aldehydes into unsaturated alcohols with a
yield. This process could replace the metal hydrides usu
used in preparative organic chemistry for this purpose [1
The production of unsaturated alcohol fromα,β-unsaturated
aldehydes is a very important reaction in the prepara
of many pharmaceutical, agrochemical, and fragrance c
pounds.
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Hydrogenation reactions are mostly carried out with s
ported group VIII metal catalysts. Thermodynamically
hydrogenation of the carbonyl group into an unsatura
aldehyde is not favored. To achieve a high selectivity,
thermodynamic constraint must be removed by a pre
ential adsorption of the carbonyl function on the cata
surface. It was found that the addition of promoters [1
and the use of bimetallic catalysts [4,5] improve largely
selectivity in unsaturated alcohols of platinum-based c
lysts. The improvement of selectivity in a bimetallic catal
was attributed to the possible existence of polar sites in
bimetallic phase able to change the adsorption structu
the reactant. An alternative way to improve the selecti
of platinum was the use of a reducible support [6]. In t
field the TiO2-supported Pt catalysts have attracted m
attention because of the increase in selectivity obtained
ter a high-temperature reduction treatment of the cata
The authors [6,7] interpreted this selectivity improvemen
the creation of oxygen vacancies in the TiOx phase which
interact with the oxygen end of the C=O bond, polarize
this bond, and then favor the intermediate which, after
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dition of hydrogen atoms, gives the crotyl alcohol produ
In this line of research CeO2 [8–11], SnO2 [12], and ZnO
[13] were also found to influence the selectivity of platinu
catalysts. The presence of chlorine, brought by the me
lic precursor, played a prominent role in this catalyst ty
It affected the selectivity of crotonaldehyde hydrogena
into crotyl alcohol in a detrimental way on Pt/CeO2 [10,11]
and Pt/SnO2 [12] and in a beneficial way on Pt/ZnO [13
In the latter case a parallel was found between the evolu
of the crotyl alcohol selectivity and the PtZn alloy form
tion. Therefore, it was proposed that the catalytic surf
consisted of PtZn entities in which the bond polarizati
increased by the vicinity of chlorine, forced the molecule
adsorb by the C=O polar bond. On the other hand, Boffa
al. [14] found that submonolayer quantities of metal oxid
such as AlOx , TiOx , VOx , FeOx , ZrOx , NbOx , TaOx , and
WOx , deposited on Rh foils, enhanced the reactions inv
ing the C–O bond hydrogenation. The enhancement in
CO2, and acetone hydrogenation was attributed to the
mation of a Lewis acid-base complex between the O en
the polar CO bond with exposed metal cations of the ox
located at the boundary between the oxide and the Rh [1

In this research field and to understand better the rem
able effect of chlorine on the performance of Pt/ZnO wh
could be linked to the ZnO Lewis acidity we persevered
studying the crotonaldehyde hydrogenation on Pt suppo
on ZnO, choosing catalysts with 1% metal content. O
choice of this lower Pt content compared to the 5% Pt/Z
studied in [13] was a compromise: high enough Pt con
to measure the activities in our experimental conditions
low enough to perform Fourier-transformed infrared sp
troscopy analysis of the catalysts. This analysis could
more information on the surface nature such as electr
properties of metals and the nature and the power of the
port acidity. In fact, with 5% Pt supported on ZnO, no
transparency could be detected, due to the high ZnO re
tion; using 1% Pt-supported ZnO, we could expect a m
dispersed metallic phase and a decrease in ZnO redu
and then an increase in IR transparency. On the other h
it was also of a great interest to analyze the influence of
Pt content on the reaction behavior of a Pt/ZnO catalytic
tem which shows exceptional properties in selective cro
aldehyde hydrogenation. Moreover, to understand the di
ences in the catalytic behavior of the catalysts prepared
different metal precursors, beside FTIR characterization
samples were characterized by other methods, in partic
X-ray diffraction (XRD), photoelectron spectroscopy (XP
and transmission electron microscopy (TEM) to control
alloy formation and the size of particles.

2. Experimental

2.1. Catalyst preparation

The 1 wt% Pt-supported catalysts were prepared by
pregnation of ZnO (Asturienne des Mines, 42.6 m2/g) with
-

-

,

an aqueous solution of H2PtCl6 or [Pt(NH3)4](NO3)2 salts
(Strem Chemicals), followed by evaporation of water a
drying overnight at 393 K. The samples were calcined,
in air, at 673 K. Prior to the reaction studies, the samp
were reduced, 4 h, at different temperatures. In the text
catalysts are called ex-chloride and ex-nitrate catalysts
spectively.

2.2. Crotonaldehyde hydrogenation

The crotonadehyde hydrogenation was carried out in
gas phase at atmospheric pressure of hydrogen, usua
353 K, using a quartz tube reactor. The crotonaldeh
(Fluka puriss) (100–300 µl) was introduced in a trap
273 K, which maintained 8 Torr as crotonaldehyde par
pressure, with very few exceptions specified in the t
The quantity of catalyst used varied between 0.1 and 0
The reaction products,trans and cis crotyl alcohol (CRO-
TOL), butanal (BAL), butanol (BOL), hydrocarbons (HC
and minor by-products (generally< 1%) were analyzed b
gas chromatography with a DB-Wax column (30 m lon
0.53 mm of inner diameter). The identification of the v
ious hydrocarbons was occasionally made using a CP
5CB column. The minor by-products are taken into acco
in the calculation of the product selectivities but they w
not reported in Tables 1–3 for the sake of clarity. The crot
aldehyde, used without further purification, contained 0
0.3% butanal, therefore the selectivity values were alw
compared at conversions higher than 4% to minimize the
rors. In fact, at 4% crotonaldehyde conversion, the buta
selectivity error could reach a maximum 10%, at lower c
version it would be more.

2.3. Characterization

The catalysts and the support were characterized
atomic absorption spectroscopy (AAS), nitrogen adso
tion (BET), X-ray photoelectron spectroscopy, temperatu
programmed reduction (TPR), Fourier-transformed infra
spectroscopy (FTIR), and transmission electronic micros
py, after different pretreatments.

The quantities of chlorine and platinum were obtained
AAS at CNRS, Vernaison (France). BET surface areas
total pore volume were obtained using a Coulter SA3
machine. The XRD analyses were performed on a Siem
D 5000 polycrystalline diffractometer using Cu-Kα radia-
tion. The zincite phase could be identified in every spectr
However, the spectra, reported here, are limited to the 3
42.5 2θ region, where Pt (111) (JCPS 4-0802) and Pt–
(111) (JCPS 6-0604), the most intense lines, are expecte
Pt and PtZn phases, respectively. XPS measurements
carried out with a VG ESCA III spectrometer with a magn
sium anode (Kα = 1253.6 eV). Sample treatments were ca
ried out in situ in the preparation chamber attached dire
to the analysis chamber. The Pt4f7/2 binding energy (BE),
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Table 1
Crotonaldehyde hydrogenation on 1% Pt/ZnO, precursor Pt(NO3)2 (NH3)4, reduced at different temperatures (Pcrotal= 8 Torr,PH2 = 752 Torr)

ReductionT (K) 473 573 673 773

ReactionT (K) 353 353 353 353 393 413

Number of cyclesa 1 1 1 1

F (µmol s−1) 0.23 0.23 0.15 0.14

Time on stream (min) 12 72 12 72 12 72 8 18 30 11

Cv (%) 10.7 4.6 8.6 4.5 24.0 5.3 4.7 8.4 11.8 6.0

A (µmol s−1 g−1
Pt ) 12.0 5.2 9.9 5.2 17.7 3.9 3.3 5.9 8.3 4.2

Selectivity (%)
HC 2.0 2.0 3.0 3.8 0.7 1.7 4.5 2.0 1.3 1.5
BAL 63.3 65.7 61.4 68.5 39.5 46.8 43.5 50.7 58.6 55.3
BOL 8.1 3.2 7.8 2.7 21.2 4.4 14.3 8.2 6.4 9.2
CROTOL 25.0 29.0 26.0 25.0 38.0 47.0 33.0 37.0 33.0 34.0

C=O/C=C 0.5 0.4 1.0 0.8 0.8 0.6 0.7

BAL yield 7.6 3.4 6.1 3.6 7.0 1.8 1.5 3.0 5.0 2.3
CROTOL yield (µmol s−1 g−1

Pt ) 1.0 1.5 2.6 1.3 6.7 1.9 1.1 2.2 2.6 1.4

a Cycle is equivalent of one reduction treatment followed by one experiment.

Table 2
Crotonaldehyde hydrogenation on 1% Pt/ZnO, precursor H2PtCl6, reduced at different temperatures (Pcrotal= 8 Torr,PH2 = 752 Torr)

ReductionT (K) 473 573 673 773

ReactionT (K) 353 353 353 353

Number of cycles 1 2 4 1 2 4 1 2 4 1

F (µmol s−1) 0.16 0.38 0.14 0.17 0.41 0.27 0.21 0.35 0.18 0.2

Time on stream (min) 12 88 82 78 12 82 12 84 12 76 12 82 12 82 12 84 12

Cv (%) 36.6 29 10.1 10 45.8 25.7 30.2 9 21.5 9.5 31.0 11.7 27 8.5 15.8 7.3 10 7.4

A (µmol s−1 g−1
Pt ) 19.8 16 13 5 26.3 14.7 41.4 12.4 19.8 8.7 22.4 8.4 31.9 10 9.3 4.3 6.2 4.6

Selectivity (%)
HC 3.7 0.8 2.4 0.4 9.1 0.7 7.1 1.2 0.9 0.1 3.3 0.8 1.1 0.7 3.5 0.7 0 0
BAL 44 34 24.6 40 29 18.7 18.4 14.2 17.1 12.6 15.9 12.9 13.9 13.5 11.3 8.4 12.9 14.2
BOL 6.4 5 2.7 2.8 8.1 4.6 4.9 2.8 2.3 1.7 5.2 1.8 3.4 1.6 3.2 0.7 2.9 0.8
CROTOL 45.6 60 69.8 56 53 76 74 83 79 85 73.4 83.1 81 83.2 80 89 84 85

C=O/C=C 2.7 1.4 5.0 6.1 5.6 9.9 5.7

BAL yield 5.4 3.2 2.0 2.7 1.8 1.1 1.1 1.4 0.4 0.7

CROTOL yield 9.6 9.1 2.8 11.2 10.3 7.4 7 8.3 3.8 3.9
(µmol s−1 g−1

Pt )
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γ (4f) (half-width at half-maximum) and peak areas were
duced using a curve-fitting procedure described in Ref. [
The Pt4f7/2 BE were referenced to the Zn3p3/2 BE, 88.3 eV,
recorded in the same spectra. O1s BE was found at 530.
The C1s was too small and not well defined enough to
taken as a BE reference. The reducibility of the catalysts
followed by TPR in a flow system with a 1.5% H2/Ar us-
ing an X-sorb-(S) instrument (GIRA society). After in si
calcination at 673 K and cooling to room temperature,
samples were flushed by Ar and by a H2/Ar mixture, and
then the TPR was recorded with a linear ramp of tempera
(8 K/min) from 293 to 873 K. The samples were kept at t
temperature for 1 h. The calibration measurement of the
paratus was repeated at the end of each experiment and
the moles of hydrogen consumed were deduced from
.

n

peak area. TEM analyses were performed on a Topcon 0
electron microscope, operating at 200 kV, with a point
point resolution of 0.18 nm in HRTEM mode. Some cata
grains, taken after the different catalytic pretreatments
formed in the catalytic apparatus, were ground and dilute
an ethanolic solution. One drop of this solution, previou
dispersed in an ultrasonic tank, was deposited onto a Cu
coated by a holey carbon film and dried in air. Various
gions of the grid were observed and the particle sizes w
measured from the observation of 250 to 500 particles.
following formula was used to calculate the mean surf
diameter,ds = ∑

nid
3
i /

∑
nid

2
i , whereni is the number o

particles of diameterdi . Nanoprobe X-ray fluorescence w
also used to check the nature of elements present in
selected area (d = 14 nm). The IR measurements were p
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Table 3
Crotonaldehyde hydrogenation, at different temperatures, on 1% Pt
ex-chloride, reduced at 673 K

ReactionT (K) 313 353 393
F (µmol s−1) 0.2 0.2 0.8
Conversion (%) 7.9 19.9 10.7
Activity (µmol s−1 g−1

Pt ) 5.5 13.8 29.3
Selectivity (%)

HC 0.8 0.6 0.9
BAL 8.7 14.9 16.7
BOL 2.7 2.2 0.9

CROTOL 88.0 82 81
BAL yield (µmol s−1 g−1

Pt ) 0.5 2.0 4.9

CROTOL yield (µmol s−1 g−1
Pt ) 4.8 10.9 23.7

Ea of total action (kJ/mol−1) 21± 0.2
Ea of CTOL formation (kJ/mol−1) 20± 1
Ea of BAL formation (kJ/mol−1) 28± 3

formed with an infrared quartz cell, where in situ treatme
were carried out at the desired temperature. After eva
tion at 473 K, pulses of CO or pyridine were introduced
room temperature. The spectra were recorded using a N
let Magna 550 spectrometer.

3. Results

3.1. Crotonaldehyde hydrogenation

No hydrogenation activity was observed on the supp
alone, after reduction at 673 K, for the crotonaldehyde
drogenation performed at 353 K. We just remarked on
formation of a very low quantity of by-products (< 0.5%)
which were not identified.

In Tables 1 and 2 the conversions (Cv%), product se-
lectivities (HC, BAL, BOL, CROTOL (%)), and activi
ties (µmol s−1 g−1

Pt ), observed during the time on strea
in the initial period (at 12 min) and in the quasi-stead
state regime (more than 70 min), for the ex-nitrate and
chloride catalysts are reported, respectively. These cata
were reduced at different temperatures, 473, 573, 673,
773 K. For the ex-nitrate catalyst, the reactivity was st
ied in the first catalytic run, after one reduction treatm
while, for the ex-chloride catalysts, successive catalytic
cles (cycle is reduction treatment followed by experimen
353 K) were performed and the reactivity is reported in
first, second, and fourth catalytic runs. The BAL and CR
TOL yields (A ∗ SBAL and A ∗ SCROTOL, respectively
and the C=O/C=C hydrogenation ratios ((SCROTOL+
SBOL)/(SBAL+ SBOL)) were also calculated.

Both catalysts showed a deactivation period at the be
ning of the time on stream in which the selectivities w
not exactly the same as those obtained in the steady-
regime. However, the most striking features in the prod
distributions were already present in the initial as well a
the stable regime; namely, butanal was mostly produce
the ex-nitrate catalyst while, on the ex-chloride, crotyl
-

e

cohol prevailed. In addition to the main products, buta
and hydrocarbons were formed. Looking at the evolu
of these minor products during the time on stream, one
serves (i) on the ex-nitrate catalyst, butanol initially appea
in a significant amount and then decreased at the expen
butanal and crotyl alcohol while hydrocarbons remaine
a constant low value (1–4%) all along the time on stre
(ii) on the ex-chloride catalyst which formed mainly cro
alcohol, hydrocarbons appeared initially in large amount
deeply decrease at the expense of crotyl alcohol; but
followed the same evolution, in a less pronounced m
ner. Hydrocarbons, initially formed, contain only C4 pro
ucts, butadiene, butenes, and butane, which are reaso
assumed to be formed by dehydration–hydrogenation r
tions of crotyl alcohol; C3 hydrocarbons, which would i
dicate a decarbonylation reaction, were not observed.
result is interesting to compare with those found on Pt/S2
[5,15,16] and Pt/TiO2 reduced at low temperature [17] whe
the decarbonylation reaction was suggested to be the o
of the deactivation step.

A detailed deactivation kinetic modeling was not und
taken in the scope of this paper where we have rather foc
our analysis on the data obtained in the steady-state reg
keeping in mind that the deactivation did not change sign
cantly the main characteristics of the catalytic results.

In the quasi-steady-state regime, remarkable differe
in activity and selectivity were obtained with both catalys
For a more explicit comparison the results are illustra
in Fig. 1 where the activities and the CROTOL yields a
compared for both ex-nitrate and ex-chloride catalysts in
first catalytic run and the CROTOL selectivities obtained
both catalysts are compared in the same range of con
sions (4–10%), which corresponds to the results reporte
the underlined columns of the Tables 1 and 2.

The ex-chloride catalysts showed the highest activi
whatever the reduction temperature. For both catalysts
increase in the reduction temperature from 473 to 673 K
not affect significantly the activity, while after reduction
773 K, the activity decrease was remarkable as clearly il
trated in Fig. 1.

In the stable regime of the ex-nitrate catalysts (Table
29–25% CROTOL selectivity was obtained after 473–57
reduction; this selectivity increased up to 47% after 673
reduction and, after 773 K reduction, it decreased in favo
butanal selectivity. These values are compared at the s
conversion, about 5%. In fact, after 773 K reduction te
perature, the activity of the catalyst was so low that
conversion was obtained in the first 10 min of the time
stream. Under these conditions, to get reliable select
values in the steady-state regime we increased the rea
temperature knowing that this parameter, in the 313–39
domain, does not influence significantly the selectivity
will be discussed further. After 773 K reduction temperat
the selectivity values were always lower than those found
the catalyst reduced at 673 K. In contrast, on the ex-chlo
catalyst (Table 2), in the first catalytic run while the o
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Fig. 1. Crotonaldehyde hydrogenation at 353 K in steady-state regime (Pcrotonaldehyde= 8 Torr,PH2 = 752 Torr).
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tained conversions were usually higher than on the ex-ni
catalyst, a high CROTOL selectivity (60%) was obtained
473 K reduction and it increased to 76, 81, and 85% a
573, 673, and 773 K reduction, respectively.

To test the reproducibility of the experiments and/or
deactivation, a series of experiments was performed
cessively, with reduction treatment in-between on the
chloride catalyst (Table 2). Whatever the reduction tem
ature a weak decrease in activity was observed. Howe
concerning the selectivities, while the values were found
dependent of the number of cycles after reduction at 473
573 K, after reduction at 673 K the selectivities increase
90% in the fourth catalytic run (with 7% conversion).

The CROTOL yield was higher on the ex-chloride ca
lysts compared to the ex-nitrate whatever the reduction
perature and the C=O/C=C hydrogenation ratio was lowe
than 1 on the ex-nitrate catalysts while it reached 6, and
10 after 4 cycles, on the ex-chloride catalysts.

At 673 K reduction treatment, the experiments w
repeated with a lower partial pressure of crotonadeh
(1.5 Torr) in order to increase the contact time of the reac
and then the conversion: the same high selectivity of cr
alcohol was obtained (89%) in a larger range of conver
(9–23%). Another series of experiments was also perfor
by varying the reaction temperature in order to gain so
information on the activation energy. The results are sh
in Table 3, for the ex-chloride catalyst reduced at 673
As expected, the increase in the reaction temperature
to an increase in the reaction rate. The activation ener
calculated in the stable regime, in the 313–393 K reac
temperature range, are nearly similar for the C=O and C=C
hydrogenation reactions, 20–27 kJ mol−1. This low value is
similar to that reported by Vannice and Sen [5] obtained
Pt/TiO2 in the same reaction. On the other hand, the h
stability and activity of this catalyst and the fact that the
lectivities are independent of the reaction temperature
the 353–393 K range) permit us to repeat the experim
changing the experimental parameters (catalyst weight,
rate, reaction temperature) and then to draw a curve re
senting the selectivity as a function of the conversion, d
,

,

-

Fig. 2. Crotonaldehyde hydrogenation on 1% Pt/ZnO catalyst, ex-chlo
selectivity as a function of conversion (data taken from several experim
in the quasi-steady-state regime).

Table 4
Atomic absorption spectroscopy results

Treatment ZnO 1% Pt/ZnO, 1% Pt/ZnO
ex-chloride ex-nitrate

Pt (wt%) 1.1 0.75
Calc. 623 K Cl (wt) � 200 ppm 1.3 � 200 ppm

Reduced 573 K Pt (wt%) 1.2
Cl (wt%) 1.2

Reduced 673 K Cl (wt%) 0.5

Reduced 773 K Cl (wt%) < 0.2

taken in the steady-state regime (Fig. 2). It is remarkable
the CROTOL selectivityremains higher than 70 up to 80%
conversion.

Various techniques were used to characterize the
nitrate and ex-chloride catalysts in order to get informa
on their structure and try to determine which are the m
factors which could explain the large differences obser
in the catalytic behaviors of these two types of catalyst.

Atomic absorption spectroscopy results (Table 4) indic
that after calcination or reduction treatment at a tempera
lower that 773 K, chlorine remained on ex-chloride ca
lysts, after 773 K, the chlorine quantity decreased, but
quantity was higher in comparison with that obtained
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Table 5
BET results

Treatment ZnO 1% Pt/ZnO, ex-chloride 1% Pt/ZnO, ex-nitrate

BET (m2/g) BET (m2/g) Vp (cm3/g) BET (m2/g) Vp (cm3/g)

Calc. 623 K 24.6 24.9 0.26 24.4
Reduced 473 K 13.9 0.12 22.3 0.12
Reduced 673 K 9.0 18.3
Reduced 773 K 4.0 9.6 0.03
e
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Table 6
TEM analyses: Particle sizes (d ’s in nm) for ex-nitrate and ex-chloride 1%
Pt/ZnO catalysts, reduced at different temperatures

Catalysts Ex-chloride Ex-nitrat

Reduced 473 K 1–2 nm 1–2
Reduced 673 K 4.3 3
Reduced 773 K 12.5 5

ex-nitrate catalysts. On ex-nitrate catalysts the presenc
chlorine comes from ZnO itself.

BET results (Table 5) show that, after calcination tre
ment, the ZnO surface area has not changed after plat
salt impregnation, for both catalysts. After 473 K redu
tion treatment, the surface area decreased significantl
the ex-chloride catalysts, but no change was observed o
ex-nitrate catalysts.

In the TEM images, the metal particles appeared as
mogeneously dispersed on the support, for both catal
The sizes of particles, measured after reduction at 473,
and 773 K are reported in Table 6. It is worthwhile to no
that the particle sizes, for both catalysts, were situated in
same range. To be precise we note that, after reductio
473 K, the contrast between metal and support was not g
enough to measure a large number of particles, but the
ible particles were between 1 and 2 nm. The particle s
increased more significantly on the ex-chloride catalyst c
pared to the ex-nitrate, particularly after reduction at 773

The XRD results are reported in Fig. 3 for the ex-chlor
catalysts after reduction treatment at temperature� 673 K:
the PtZn diffraction lines only were observed. At lower
duction temperature no diffraction lines could be discern
For the ex-nitrate catalysts, whatever the reduction tem
f

.
,

t

Fig. 3. XRD analysis on 1% Pt/ZnO, ex-chloride catalyst.

ature,� 773 K, no diffraction line was discerned, becau
of the too small particle sizes in accordance with the T
analyses.

The XPS measurements are shown in Table 7 which s
the Pt (4f7/2) BE, the Lorentzian half-width (γ ), and the
value of the atomic ratios of the different elements obtai
after the fitting procedure. For the ex-chloride catalyst
after reduction, the Pt(4f7/2) BE value, 70.9 ± 0.1 eV, is
characteristic of platinum in a reduced state. In the calci
sample the Pt(4f7/2) BE (71.9 eV) is characteristic of PtO
compound, according to Hecq et al. [18] and Bancrof
al. [19]. We also remark thatγ decreased from 0.36 to 0
and to 0.11 when the reduction temperature increased
473 to 573 or 673 K and then to 773 K; this correspo
5
6
8
7
0

0
8
6
8
5

Table 7
XPS results of 1% Pt/ZnO catalysts

Treatment Pt Pt/Zn∗ 100 Cl/Zn

BE(Pt4f7/2) (eV) γ (eV)

1% Pt/ZnO, ex-chloride Calc. 623 K 71.9 0.99 1.9 0.1
Reduced 473 K 71.0 0.35 1.9 0.1
Reduced 573 K 70.9 0.31 1.7 0.1
Reduced 673 K 70.8 0.31 1.7 0.1
Reduced 773 K 70.7 0.11 4.0 0.1

1% Pt/ZnO, ex-nitrate Calc. 623 K 71.3 1.14 0.9 0.1
Reduced 473 K 71.0 0.67 0.9 0.0
Reduced 573 K 71.0 0.78 1.0 0.0
Reduced 673 K 70.8 0.50 0.9 0.0
Reduced 773 K 70.8 0.38 1.5 0.0



38 F. Ammari et al. / Journal of Catalysis 221 (2004) 32–42

ob-
nd.
the

V
fit-
and
f re
r. In
um

e
re to

still
tion
h is

on a
mic
the

ratio
nifi-
tter
sur-
ctio
the

tios
ively
rse
re-
les
ex-
the
mic
an
the
er,
.16
473
h as
rine
ine

ate
h a

ted

pec-
or,
ted

and
-
PR
5%

nO
med
1%

lat-
rger
be

form

r in
m

x-

tion

th

ds,
g

f the
m-
ted
es

ue to
the
m
and
by

ride
the

oses
ared
n
.
her
ich
rons
Fig. 4. TPR profiles on 1% Pt/ZnO catalysts precalcined at 673 K.

to a decrease in the lifetime of the core hole as usually
served when going from monometallic to alloy compou
On the other hand, in the calcined ex-nitrate catalysts,
Pt(4f7/2) line was fitted with one contribution at 71.3 e
and a largeγ (1.14), but that was less realistic than
ting with two components corresponding to reduced
oxidized species, respectively, revealing the presence o
duced Pt particles surrounded by a platinum oxide laye
the ex-nitrate catalysts, after reduction treatment, platin
was actually reduced (BE= 70.9 ± 0.1 eV) and no chang
was observed when increasing the reduction temperatu
773 K. It is important to note thatγ values were higher in
the ex-nitrate than in the ex-chloride catalysts and they
decreased from 0.7 to 0.5 and to 0.37 when the reduc
temperature increased from 473 to 673 and to 773 K whic
interpreted as the presence of a Pt–Zn alloy after reducti
673 K and higher reduction temperatures. The Pt/Zn ato
ratios are higher in the ex-chloride catalysts compared to
ex-nitrate, whatever the reduction temperature and this
increases at high reduction temperatures and more sig
cantly on the ex-chloride than on the ex-nitrate. The la
observation should be correlated to the evolution of the
face area of the support which decreased when the redu
temperature increased and much more significantly on
ex-chloride than on the ex-nitrate (see Table 5). Higher ra
observed on the ex-chloride catalysts could be alternat
explained if the particle sizes were smaller but the inve
trend was revealed from the XRD and TEM analysis. The
fore, the high Pt/Zn ratios indicate that the metallic partic
are localized at the outer surface of the support in the
chloride catalyst while they should be inside the pores in
ex-nitrate catalysts. As could be expected the Cl/Zn ato
ratios were higher on the ex-chloride (2 or 3 times) th
on the ex-nitrate catalysts where it is not zero due to
presence of Cl initially contained in the support. Howev
on the ex-chloride catalyst, this ratio decreased from 0
to 0.10 when the reduction temperature increased from
to 773 K. It means that a reduction temperature as hig
773 K is necessary to begin to remove some of the chlo
from the catalyst surface. In the bulk (Table 4), the chlor
amount decreased after 673 K reduction temperature.

The TPR profiles are reported in Fig. 4. The ex-nitr
catalyst presented a reduction maximum at 433 K, wit
-

t

n

H2/Pt ratio equal to 1.5, while the ex-chloride one presen
a small peak followed by a large peak of H2 consumption
appearing at higher temperatures, 473 and 533 K, res
tively. On Pt/Al2O3 prepared from chlorinated precurs
Marceau et al. [20] indicated the presence of oxy-chlorina
Pt species, which were reduced at 563 K, while Hwang
Yeh [21] reported that dispersed PtOxCly species were re
duced at a higher reduction temperature (623 K). The T
profiles of the ex-chloride catalysts obtained on the 1 and
Pt catalysts [13] are similar. However, while the 5% Pt/Z
XPS analysis performed on the calcined samples confir
the presence of oxychloride platinum species, on the
Pt/ZnO catalyst, there is no indication of chlorinated p
inum species by XPS. That could be due to the much la
dispersion of the oxychloride species which would not
stable under the X-ray beam and would decompose to
PtO species.

The high consumption of H2 (H2/Pt= 3.3) was in accor-
dance with that already observed on 5% Pt/ZnO [13] o
Pt/Al2O3 [22,23] which was interpreted by the authors, fro
EXAFS characterization, by the following equation:

[
Pt(OH)4(Cl)2

]2− + 3H2 → Pt0 + 4H2O+ 2HCl+ 2e−.

In the ex-nitrate catalysts, the TPR profile is well e
plained by assuming the reduction of small PtO2 particles
containing a core made of metal platinum since H2/Pt was
smaller than the stoichiometry governed by the equa
PtO2 + 2H2 → Pt+ 2H2O.

After 573 K, reduction of ZnO support is visible on bo
spectra.

3.2. CO adsorption study by FTIR

CO adsorption on metal involves two types of bon
σ and π bonds. Theπ bond results from a back-bondin
of “d” electrons from the metal toπ∗ antibonding orbital of
CO which consequently decreases the force constant o
CO bond and lowers the CO vibration frequency in co
parison with gaseous CO [24]. Moreover, it must be no
that the frequency,ν(CO), of the species Pt–CO increas
when the coverage of the metallic surface increases, d
the dipole–dipole coupling interaction [25]. Fig. 5 shows
spectra of the CO adsorption band, in the 2200–2000 c−1

region, recorded at room temperature on the ex-chloride
ex-nitrate catalysts precalcined at 673 K ex situ followed
in situ evacuation and reduction at 473 K. For the ex-chlo
catalyst, when the first dose of CO was adsorbed on
catalyst, theν(CO) was situated at 2053 cm−1 and this fre-
quency does not change significantly when additional d
were adsorbed while, for the ex-nitrate catalyst, it appe
at lower frequency, 2016 cm−1, after the first dose had bee
introduced to increase up to 2030 cm−1 at higher coverage
Therefore the ex-chloride catalyst shows definitely a hig
ν(CO) vibration frequency than the ex-nitrate catalyst wh
indicates a difference in the back donation of the d elect
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catalyst
(a)

(b)

Fig. 5. FTIR spectra of CO adsorbed on 1% Pt/ZnO, after evacuation at 673 K and reduction at 473 K on (a) ex-chloride catalyst, (b) on ex-nitrate, as
a function of addition of small quantities of CO (from 0.5 to 10–16 Torr).
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of platinum. Platinum atoms would be more electron d
cient on the ex-chloride catalyst compared to the ex-nit
catalyst. Keeping in mind that the particle sizes of Pt a
473 K reduction are similar on both catalysts, the variat
of the Pt electronic character between both catalysts o
nates from elsewhere, either alloy or support effects as
be discussed later. The broadness of the CO band in int
tion with Pt particles and the shift of the CO wavenumb
from 2016 to 2030 cm−1 when coverage increases on t
ex-nitrate catalyst suggest a heterogeneity of the adsor
sites likely adsorption on terrace, step, or corner sites.
static and dynamic coupling can also explain this waven
ber shift. The question which arises is why the wavenum
-

does not vary with the coverage in the case of the ex-chlo
catalyst. Two reasons could be suggested:

(i) the higher acidity of the support leading to a lower ba
donation from Pt toward CO could induce a weaker s
sitivity of the ν(CO) value to the CO coverage,

(ii) the presence of PtZn alloy in the ex-chloride, form
at 473 K reduction temperature, involves a dilution
the Pt atoms which leads to an insensitivity to the
coverage.

Adsorption experiments performed after higher reduc
temperature, 673 K, led to a complete loss in IR tra
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(a)

(b)

Fig. 6. FTIR spectra of pyridine adsorbed on (a) ex-chloride catalyst, and (b) ex-nitrate catalyst.
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parency. This is due to the too high reduction of ZnO a
is well confirmed by a reduction peak appearing at this t
perature on the TPR spectra. After H2 chemisorption on the
Pt/ZnO system, the H atoms spill over into the ZnO and
fer free electrons which interact with the IR radiation [26,
and then there is no more energy transmission.

3.3. Pyridine adsorption by FTIR

Fig. 6 shows the IR spectra obtained after pyridine
sorption at room temperature and evacuation at 293
323 K, on the ex-chloride (a) and ex-nitrate (b) cataly
prereduced at 373 and 473 K, respectively. For the two c
lysts, there is no band around 1540–1550 cm−1, which in-
dicates that there are no Brønsted acid sites on Pt-supp
ZnO systems [28]. However, in the ex-nitrate catalyst,
bands were observed, at 1612 and 1451 cm−1. These band
correspond to theν8a and ν19b vibration modes, respec
tively. These vibrations are characteristic of the coordina
bonded pyridine. Theν8a vibration is sensitive to the mod
of adsorption and informs on the nature and on the stre
of the Lewis acidity, while theν19b vibration is character
istic of the number of sites existing on the surface [29]
addition to the two main bands, additional bands, at 15
1600, and at 1625 cm−1, were present, after pyridine a
sorption, but disappeared after evacuation treatment a
or at 323 K. These bands correspond to the hydrogen-bo
pyridine, indicating the existence of OH groups on the c
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lyst surface. Interestingly, on the ex-chloride catalyst, th
bands, characteristic of the existence of OH groups on
surface, are hardly visible compared to the ex-nitrate c
lyst; in fact, OH− are replaced by Cl− on the ex-chloride
catalysts. Moreover, theν8a andν19b vibrations shifted to-
ward higher frequencies. These vibrations were situate
1616 and 1456 cm−1, respectively. This reveals a strong
Lewis acidity in the ex-chloride in comparison with the e
nitrate catalysts. Moreover, a higher intensity of theν19b
bond was obtained. That suggests a higher number of L
acid sites.

4. Discussion

From the catalytic results, ex-chloride and ex-nitrate
Pt/ZnO catalysts exhibit different behavior in crotonadeh
hydrogenation with much better performances for the
chloride catalysts. These results are in line with those
tained on the 5% Pt/ZnO catalysts [13]. However, the
chloride 1% Pt/ZnO catalyst is superior to its correspond
5% Pt/ZnO since it was more active, more stable, and
more selective in crotyl alcohol formation. We shall first d
cuss the alloy and chlorine promoter effects evidenced
the correlation between activity and structure and then
shall attempt a description at the molecular scale of the c
lytic site involved in the crotonaldehyde hydrogenation
Pt/ZnO catalyst.

4.1. Alloy promoter effect

At 353 K reaction temperature the best result of cro
alcohol selectivity obtained on the ex-nitrate catalysts
47% after reduction at 673 K. A higher reduction tempe
ture reduction (773 K) led to a loss in activity at 353 K, and
a higher reaction temperature (413 K), in the stable reg
a decrease in the selectivity to 34% was observed. In c
parison, for the ex-chloride catalyst, after 473 K reducti
the crotyl alcohol selectivity reached 70%, which increa
to 85% after higher reduction temperatures (573–773 K
appears then that an increase in reduction temperature
573 to 773 K on the ex-chloride catalysts has no effect on
selectivity while, on the ex-nitrate catalysts an improvem
in the crotyl alcohol selectivity was induced by the incre
of the reduction temperature. On the other hand, the for
tion of a PtZn alloy after reduction at 673 K or higher w
observed by XRD on the ex-chloride catalysts. On the
nitrate catalyst, the particles sizes were too small to give
information by XRD analyses but the narrowing of the Pt
lines in XPS observed when the reduction temperature
creased from 473 to 673 K revealed the transformatio
Pt to PtZn alloy. Moreover, on the 5% Pt/ZnO system [1
XRD and XPS combined results indicated clearly that P
alloy was formed only after 573 K reduction on the ex-nitr
catalyst while, on the ex-chloride, it was already formed
473 K reduction. A similar behavior for the 1% Pt/ZnO sy
tem could be assumed as revealed by the narrowness o
Pt 4f lines of the ex-chloride catalyst observed even at
reduction temperature (473 K). Therefore, on the ex-chlo
catalyst, the Pt particles would be present as a mixtur
pure Pt and alloyed Pt–Zn particles at 473 K and form p
Pt–Zn alloy from 573 K reduction, while the transformati
from metal to alloy occurs only from 573 K on the ex-nitra
catalysts. From these results, we propose that PtZn alloy
mation was responsible for the selectivity increase wh
occurred in parallel with the increase in the reduction te
perature for both catalysts. However, beside this benefi
alloy effect on the selectivity, it is clear that there is an ad
tional promoter effect due to the presence of chlorine.

4.2. Chlorine promoter effect

It is remarkable that chlorine has a beneficial effect
both selectivity and activity in the Pt/ZnO system. The
tal activities on the ex-chloride catalyst are 3 times hig
than obtained on the ex-nitrate catalyst and the croty
cohol yields are 6–9 times higher, whatever the reduc
temperature from 473 to 673 K (Table 1, Fig. 1). It is cle
that the difference does not originate from the metallic p
ticle sizes which are in the same range on both cataly
On the other hand, nothing can be deduced from the ac
tion energy which is similar for both C=C and C=O bond
hydrogenation and similar to the published results, indep
dently of the catalysts. In contrast, the results coming fr
the pyridine adsorption in FTIR show interesting differen
in the Lewis acidity of both catalysts. The Lewis acid
was stronger and the sites more numerous on the ex-chl
catalyst compared to the ex-nitrate, after reduction at 47
Therefore chlorine atoms coming from the decompositio
the metallic precursor influence the structure of the sup
(decrease of the surface area, Table 5) and the acidity o
support. This acidity could influence the electronic prop
ties of the metal particle since the vibration frequency of
(FTIR) adsorbed on platinum was shifted at a higher ene
on the ex-chloride catalyst.

4.3. Adsorption mode of crotonaldehyde on Pt/ZnO

However, after 473 K reduction, the presence of al
in the ex-chloride catalyst while the ex-nitrate catalyst c
tains only pure metal could also explain the blue shift
the IR frequency observed from the ex-nitrate to the
chloride. Rodriguez and Kuhn [30] reported photoemiss
and CO TPD studies performed on a PtZn surface alloy
tained by heating a Pt (111) monocrystal covered by z
They concluded that the formation of PtZn bonds produ
a large depletion in the density of Pt 5d electrons aro
the Fermi level, with a shift in the centroid of the Pt
band. This is accompanied by an important redistributio
charges, in which Pt loses 5d electrons and gains (6s
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electrons. The authors show also that the electronic pe
bations induced by zinc on Pt reduce its CO-chemisorp
ability by weakening the strength of the Pt(5d)–CO(2π∗)
bonding interactions. If one applies these conclusions to
catalysts composed of PtZn nanoparticles, the electronic
turbations, implying a decrease in 5d electron populatio
platinum, will weaken the strength of the Pt–(C=C) bond-
ing and then the hydrogenation into butanal. Moreover,
probable that the Lewis acidity, due to the presence of c
rine atom and oxygen vacancies, creates an electrostatic
which decreases further the d population at the Fermi le
This positively polarized platinum surface could change
adsorption mode of the crotonaldehyde by binding the e
tron pair of the terminal oxygen with the holes in the
band. The adsorption mode by the terminal oxygen wo
be the precursor state of the hydrogenation reaction o
crotonaldehyde which produces unsaturated alcohol an
contrast, the olefinic bond would be weakly adsorbed
the production of butanal severely reduced.

An alternative explanation would be to attribute the n
adsorption of the olefinic bond of crotonaldehyde to the s
cific electronic properties of Pt in PtZn alloy as describ
previously and crotonaldehyde would adsorb by binding
C=O moiety on the Lewis acidity sites of the ZnOxCly
entities localized on the support near the PtZn partic
However, crotonaldehyde hydrogenation performed on
chloride Pd/ZnO catalysts [31] led to 100% butanal selec
ity whatever the activity of the catalyst and especially in
same range of activity as Pt/ZnO. It means that the sup
around the metallic Pd or PdZn particles which has certa
gained the same Lewis acidity properties due to the p
ence of chlorine and hydrogen treatment is not active
the hydrogenation of the carbonyl bond. Therefore we
fer to attribute the exceptional ability of Pt/ZnO catalysts
hydrogenate selectively the C=O bond in crotonaldehyd
to specific electronic properties of platinum gained fr
both phenomena, PtZn alloy and Lewis acidity of the s
port which would lead to an electrodeficient character of
metallic surface.

The 1% Pt/ZnO catalysts were found more efficient t
the corresponding 5% Pt/ZnO catalysts due to the lo
amount of chlorine. In fact, a too large amount of chlor
at the catalyst surface leads to a detrimental additiona
action, transforming crotyl alcohol into crotylchloride a
then decreasing the crotyl alcohol selectivity [13]. On
other hand the lower dispersion of the metallic phase in
5% Pt/ZnO catalyst leads to a less active catalyst.

In conclusion it should be underlined that, by the v
simple impregnation method, using chloroplatinic acid
posited on a commercial ZnO support, followed by a
calcination and H2-reduction treatments at 673 K, 1% P
ZnO catalysts were prepared and found able to convert
-

d

tonaldehyde into crotyl alcohol with 90–80% selectivity
to 60% conversion in the 313–393 K reaction tempera
range. To our knowledge, these performances are so fa
best ones found on Pt-based catalysts for selective hy
genation of crotonaldehyde into unsaturated alcohol. H
ever, Pt/ZnO catalysts will definitely be a emergent catal
material if these good properties found for a model reac
performed in the gas phase remain when tested in the li
phase, under industrial conditions.
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