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Abstract

Colloidal Pt nanoparticles synthesized by a 1: 5 concentration ratio of K2PtCl4 to polyacrylate were loaded on nanoporous alumina u
the impregnation method at room temperature. The deposited Pt particles, present on the external surfaces of the support, were c
by transmission electron microscopy, which indicated predominantly truncated octahedral (TO) shapes with a mean diameter of 10
catalytic performance in the hydrogenation of propene at 30–80◦C was studied as a test reaction. The initial rate, reaction order, rate con
activation energy, and turnover frequency were determined. The activation energy was found to be 8.4±0.2 kcal/mol, which is slightly lower
than results reported for other platinum systems (10–14 kcal/mol). The TO platinum nanoparticles have atom-high surface steps, ledge
kinks, and these atomic-scale fine structures are expected to decrease the activation energy. The reactivity of the surface at
nanoparticle is so high that above 50◦C side reactions leading to complete surface poisoning take place within a few minutes. The e
the polymer concentration of the polyacrylate-capped TO Pt/Al2O3 on the hydrogenation catalytic activity was also investigated.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Transition metals have long been used in the catal
field [1–15]. Catalysis on transition metal surfaces is a fi
rich in activity and experiments have been carried ou
early as 1823 [14,15]. However, active studies on catal
with nanoparticle surfaces is a very young field but resea
in this area is increasing almost exponentially [16].

Nanometer-sized colloidal metal particles are of grea
terest in modern chemical research, where they find ap
cation in such diverse fields as photochemistry [17], elec
chemistry [17–19], optics [17–21], and catalysis [16,17,2
The chemical and physical properties of these particles
distinct from those of the bulk phase and those of isola
atoms and molecules. In relation to catalysis, this differe
was noted very early and has been the subject of early s
ies [23,24]. The specific properties of nano-sized metal
ticles in catalysis are usually associated with a chang
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their electronic properties relative to the bulk samples. T
change is a result of size effects, giving rise to an incre
in the surface energy and a characteristic high surface
volume ratio. These lead to an enhancement of the p
cles’ catalytic properties [25] because large fractions of
active metal atoms are on the surface and thus are a
sible to reactant molecules and available for catalysis [
For these reasons, many workers have synthesized plat
nanoparticles deposited on inorganic materials as use
heterogeneous catalysis for use in various reactions [27–
These catalysts are typically prepared without capping
terials by impregnation/ion-exchange methods using var
Pt precursors such as H2PtCl6 [27], Pt(NH3)4(NO3)2 [28],
Pt(AcAc)2 [28], Pt(NH3)4Cl2 [29], Pt(NH3)4(OH)2 [12],
and Pt(allyl)2 [30], which give mainly amorphous (shap
less) nanoparticles.

Generally, the particle sizes and the dispersion state
metal nanoparticles are important factors in explaining t
catalytic property. A relationship between the size of cop
nanoparticles and the catalytic activity evaluated by hyd
tion of unsaturated nitriles was reported by Hirai et al. [3
They attributed the increase in the catalytic activity to
eserved.

http://www.elsevier.com/locate/jcat
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increase in the surface area of the nanoparticles due t
decrease of the particle size. However, the opposite r
was also reported [32]. An enhancement of both the
cific activity and the turnover frequency was observed
the large silver particles compared with the small silver p
ticles in the hydrogenation of crotonaldehyde. In additi
the selectivity to the unsaturated alcohol is found to incre
with increasing silver particle size [32]. This catalyst gav
higher selectivity to crotyl alcohol (53%) than the ultrad
persed small silver particles, which produced crotyl alco
with a selectivity of only 28%. These results indicate t
the rate-determining step depends critically not on the
face areas and dispersion states but on the silver particle
and surface structure. As described by Claus and Hofm
ter [32], the activity and selectivity of some reactions
pend on the nature of the surface sites on the nanopart
Factors which determine the coordination of surface m
atoms depend on size, shape, exposed facets, and s
roughness [33].

The dependence of the selectivity and activity on
substrate surface has been well known for many ye
A variety of different surface reactions have shown a la
dependence not only on the surface roughness of the ca
but also on the crystal lattice. This has been shown
single-crystal platinum samples under UHV conditions b
number of groups and in several early works for dispers
of colloidal transition metals.

Capping material (e.g., polymer) is added to the susp
sion to prevent coagulation and precipitation of the m
nanoparticles. A portion of the added polymer exhibits a p
tective function by the adsorption of the polymer onto
metal nanoparticles; the other portion of the polymer
solves freely in the suspension of the metal nanoparti
Both the amount of the polymer adsorbed on metal nano
ticles and the concentration of free polymer are importan
the application of the metal nanoparticles. However, th
have been no reports on correlation of the catalytic ac
ity with either the amount of the polymer adsorbed on m
nanoparticles or the concentration of free polymer in c
lysts.

In the present study, truncated octahedral (TO) platin
nanoparticles are synthesized using K2PtCl4 solution and
polyacrylate as the capping material and impregnated o
alumina support. The particle size/shape are characte
by transmission electron microscopy (TEM). The cataly
activity is measured by the values of the activation ene
and the turnover frequency as studied for the heterogen
hydrogenation of propene. Quantities of the polyacrylate
TO platinum deposited on alumina are determined by FT
and are qualitatively correlated to the catalytic activity of
hydrogenation.
e
t

e

.

e

t

s

2. Experimental

2.1. Chemicals

K2PtCl4 (99.99%), sodium polyacrylate (average M
2100), and alumina (neutral, surface area of 155 m2/g,
pore size of 5.8 nm) were obtained from Aldrich. All so
tions were prepared using doubly deionized water. Prop
(99.9995%) and hydrogen (99.995%) were purchased
Matheson and were used without further purification. T
purity of the propene was checked by mass spectrometr

2.2. Catalyst preparation

The platinum deposited on alumina(Pt/Al2O3) catalyst
was prepared as follows. The platinum nanoparticles w
synthesized in aqueous solution by using the meth
reported by Rampino and Nord [23] and Henglein et al. [3
One ml of 0.1 M sodium polyacrylate as a capping polym
was added to 250 ml containing 8.0 × 10−5 M K2PtCl4
solution. The initial concentration ratio of K2PtCl4 to
polyacrylate was 1: 5. The pH or the solution was adjust
to 7 with 0.1 M HCl and purged with Ar for 20 min. Th
platinum complexes were reduced by bubbling with H2 for
5 min. The solution was left for 12 h in the dark. Alumi
(5 g) was added to this solution and was impregna
using rotary evaporation at room temperature under red
pressure. Finally, the catalyst was dried at 110◦C for 12 h.

2.3. TEM and FT-IR measurements

TEM was used to determine the particle size and shap
the platinum nanoparticles supported on alumina. For T
sample preparation, the Pt/Al2O3 catalyst was suspended
deionized water by ultrasonification for 1 h after grinding
the Pt/Al2O3 and was subsequently left for several hou
The suspended sample was deposited on a carbon gri
was left to dry slowly at room temperature. TEM imag
were taken by using a JEM 100C operated at an acceler
voltage of 100 kV at a magnification of 100,000–190,0
at room temperature. The particle size and shape w
determined from enlarged TEM images.

FT-IR spectra were recorded from pellets of the sam
using a Bruker IFS 66/S FT-IR spectrometer. Typically, 1
scans were accumulated for each spectrum with a resol
of 2 cm−1 using Bruker’s OPUS 2.0 software. FT-IR spec
were recorded in the range of 2300–1000 cm−1. Static
pressure was applied to the powder sample until the p
made a clear disk.
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3. Results and discussion

3.1. TEM images of platinum nanoparticles deposited on
alumina

In general, structure characterization of real catalysts
electron microscopy is complicated by the strong cont
features originating from the support material, by the r
dom orientation of metal particles, and by superposition
particle images due to the nonplanar morphology of the
alyst [35]. Where the support is thick, it is not possible
see the metal particles at all through the support. It is
ficult, therefore, to determine clear structural features s
as particle size and shape. Figure 1 shows TEM picture
Pt/Al2O3 in which the platinum particles were synthesiz
with a 1 : 5 concentration ratio of K2PtCl4 to polyacrylate
followed by impregnation of alumina with the platinum s
lution at room temperature under atmospheric pressure.
platinum particles in aqueous solution at 60–80◦C are ob-
served to aggregate during impregnation. As can be obse
in the TEM pictures, the platinum particles that are s
ported on alumina show clear images even in the presen
alumina. The nanoparticles are randomly distributed on
support and 90% of them are found to have a TO shape
a size range of 8–10 nm. This result is in good agreem
with those obtained in the absence of alumina and repo
by our group [36]. The particle size of the TO platinum
larger than the alumina pore aperture (5.8 nm), from wh
it can be concluded that the nanoparticles are located o
external surfaces of the alumina support.

Fig. 1. TEM images of (a) TO Pt/Al2O3, synthesized with a concentratio
ratio of 1: 5 platinum complex to polyacrylate following impregnation
alumina and (b) enlargement of TO Pt/Al2O3.
f

Fig. 2. Propane concentration for temperature-dependant propene h
genation over TO Pt/Al2O3 catalyst as a function of reaction time: (a)
30 ◦C, (b) at 40◦C, (c) at 50◦C, (d) at 60◦C, and (e) at 70◦C.

3.2. Catalysis of propene hydrogenation

To evaluate the catalytic activity of the nanoparticl
the hydrogenation of gaseous propene was selected
test reaction. The propene hydrogenation was carried
in a batch reactor. Prior to the reaction, the catalyst
preheated to 210◦C for 2 h under an Ar flow and then wa
evacuated under high vacuum at this temperature for 10
This treatment is carried out to remove the capping mate
water, and volatile impurities [37].

The hydrogenation experiments were typically run
the presence of 0.12 g of TO Pt/Al2O3 mixture which is
0.078% by weight platinum. Propene (24 Torr) and hydro
(165 Torr) were then added and the mixture was heated t
specified temperature in the 30–80◦C range. Aliquots of the
reaction mixture were taken out at different reaction tim
and were analyzed by mass spectrometry (VG Analyti
70-SE). The relative intensities of propane to propene m
peaks in the hydrogenation reaction were calibrated f
known standard propene/propane gas mixtures. The rel
mass peak intensities of propene to propane, observe
each time during the catalyzed reaction, were converte
concentration by using a predetermined calibration curv

The kinetic studies were carried out in the followi
manner. First, propane concentration vs time is plotte
each temperature studied (Fig. 2). The reaction rates
function of time are determined from the tangent of
slopes of the plots at different reaction times. These r
are then plotted vs time to determine the initial rates
each temperature by extrapolating to zero time (Fig.
The reaction order for each of the reactants (the prop
and hydrogen) and thus the rate law are obtained from
dependence of the initial rates on the concentration of2
and propene at 40◦C. The rate constant(k) at different
temperatures is then calculated from the initial reac
rate, the rate law, the corrected initial H2, and propene
concentrations at each temperature. An Arrhenius plo
then used to determine the value of the activation ene
(Fig. 4).
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Fig. 3. Slope of propane concentration for temperature-dependant pr
hydrogenation over TO Pt/Al2O3 catalyst as a function of reaction tim
(a) at 30◦C, (b) at 40◦C, (c) at 50◦C, (d) at 60◦C, and (e) at 70◦C.

The hydrogenation reaction on platinum catalyst is w
studied in terms of specific catalytic activity, kinetic react
law, and activation energy [38,39]. However, the effects
platinum nanoparticle shape and capping material on
value of the activation energy in the propene hydrogena
have not been studied. Under our mild reaction conditio
propane is the only reaction product detected by the m
spectrometer. These observations are in agreement wit
work of Bond [40], who has shown that platinum metal is
effective catalyst to selectively convert propene to propa

Figure 2 shows a plot of propane concentration
reaction time in the propene hydrogenation over TO
deposited on alumina in the temperature range of
80 ◦C. The propane concentration is found to incre
almost linearly with time in the range of 30–50◦C, but
in the 60–80◦C range, the concentration tends to level
slowly and almost reaches a constant value within 8 m
The slope (tangent) of these curves at any time gives
instantaneous rate of the reaction at this time. To determ
the initial rate, these slopes are plotted as a function
time and are extrapolated to zero time at each tempera
The results are shown in Fig. 3 and the calculated in
rates at different temperatures are given in Table 1. F
Fig. 3 it is obvious that above 50◦C, the apparent rate o

Fig. 4. Arrhenius plots of the propene hydrogenation over TO Pt/Al2O3
catalyst.
e

.

Table 1
Initial rates and rate constants of propene hydrogenation over truncate
tahedral Pt/Al2O3 thermally pretreated at 210◦C at different temperature

Initial rate [C3H6]Initial [H2]Initial Rate constan
T (K) (×10−6 molL−1 s−1) (×10−3 M) (×10−3 M) (×10−4)

303 1.18 1.27 8.73 0.44
313 1.76 1.23 8.45 0.67
323 2.58 1.19 8.19 1.0
333 3.56 1.16 7.95 1.42
343 5.46 1.12 7.71 2.22

production of propene drops to almost zero in∼ 8 min.
The apparent constancy of the product could be du
the mixture reaching equilibrium in which the rate of t
dehydrogenation of propane becomes equal to the forw
hydrogenation reaction. It could also result from poison
of the catalyst surface. The fact that we did not obse
any dehydrogenation of propane on this catalyst at th
temperatures suggests that the surface gets poisone
to secondary reactions that become fast at tempera
higher than 50◦C. It is well known that Pt single-crysta
catalysts involved in hydrogenation reactions can build
carbonaceous deposits on the surface leading to deactiv
[41,42]. UHV studies by Somorjai et al. have found th
these layers build up on the surface and can interfere
the hydrogenation of organic molecules [42]. Because
the similarities between the hydrogenation of propene
the hydrogenation reaction of ethylene, such a process c
conceivably occur at the surface of the nanoparticles. In
case of small nanoparticles, the highly active nature of
surface could make them more susceptible to this typ
poisoning.

The reaction is assumed to follow the reaction rate la

Initial reaction rate= k[C3H6]α[H2]β,

whereα andβ are the order of the reaction with respect
C3H6 and H2, respectively. By determining the initial rat
at different reactant concentrations,α andβ are found to be
0.13 and 0.58, respectively. These values are quite simil
those reported by Cocco et al. [43] for the catalysis usin
on SiO2 and TiO2, suggesting a similar mechanism.

The specific rate constantk at different temperatures
calculated from these initial reaction rates, the reaction
der, and the corrected initial H2 and propene concentratio
at the different temperatures. This is shown in Table 1.
ure 4 gives the Arrhenius plot of the natural logarithm
the rate constant vs 1/T for the reaction catalyzed by T
Pt/Al2O3. As shown, normal Arrhenius behavior is observ
in the temperature range of 30–80◦C. The activation en
ergy of the reaction is calculated to be 8.4 ± 0.2 kcal/mol
from the observed slope of the linear part of the Arrhen
plot. The fact that all the points fall on the same straight l
even the ones above 50◦C, suggests that the initial rates re
resent the hydrogenation reaction. The secondary reac
leading to surface poisoning, build up at slightly longer tim
than zero time.
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Other groups [43,44] have reported the activation ene
and reaction orders with respect to propene and hydro
in the propene hydrogenation catalyzed by platinum s
ported on silica and titania. The supported platinum parti
have been prepared by impregnation/ion-exchange met
by immersing the calcined supports in an aqueous or
ganic solution of platinum precursors such as H2PtCl6 [44]
and Pt(allyl)2 [43], without the addition of capping mate
ial. The platinum catalysts are reduced in flowing hydro
at about 450◦C. These methods typically give amorpho
nanoclusters, although there is no detailed description a
the particle shapes. Reviewing the work on propene hy
genation shows that the reaction orders for propene and
drogen converge to 0 and 0.5, respectively, and the activa
energy ranges from 10 to 14 kcal/mol [43,44]. The activa-
tion energies were found to depend on the type of sup
(silica, titania) and the structure (anatase, rutile) due to
different interactions between the platinum and the sup
giving different electronic effects [43,44]. Otero-Schippe
al. [44] showed that the activity increases as the perc
age of platinum exposed increases. The fact that the
vation energy is independent of the percentage of platin
exposed while the overall activities vary suggests an act
compensation in which variations in the activity are due
variations in the preexponential factor. Thus Otero-Schip
et al. correlated the activity measured by the turnover
quency (TOF) to the fraction of atoms on edges and
ners of the exposed crystallite. They found that the turno
frequency increases linearly as the ratio of edge and co
atoms to total exposed atoms increases. It is believed
in general, the chemical activities of platinum particles w
different shapes are sensitive not only to the surface fa
but also to the atomic structures, such as steps, ledges
defects [45]. The TO platinum nanoparticles are mainly
fined by the {100}, {111}, and {110} facets, on which nu
merous atom-high surface steps, ledges, and kinks have
observed [45]. These atomic-scale fine structures of the
faces of the TO platinum nanoparticles are expected to
lower activation energy than those reported by others.

The TOF was calculated by determining the moles
product produced (or reactant consumed) per unit time
mole of available active sites on the catalyst. This can
obtained from the initial rate multiplied by the reacti
volume and divided by the moles of active surface si
The latter is difficult to determine exactly, even if o
determines the moles of binding sites for a certain g
This is because these sites may be different from th
that actually catalyze the reaction. In our work we assum
that our heating treatment completely removes the cap
material. In addition, we assumed, as is done in many o
publications [47,48], that the number of moles of surfa
atoms is equal to the number of moles of active sites. T
will give us a lower limit for the TOF.

The particles are of a cubic close packed cuboctahe
structure. The cuboctahedra are made up of complete s
of atoms, the number of which can be calculated from kno
s

t

-

r
,

d

n

l
s

equations [46] and the TEM data of the average particle s
Using this geometric relationship, the number of total s
face atoms per particle having an average radius determ
from TEM can be calculated. The total number of moles
particles can be calculated from the assumption that al
atomic moles of platinum used in the synthesis were c
verted to nanoparticles of the average size determine
TEM. From the moles of surface atoms per particle and
number of moles of particles, the total number of moles
surface atoms can be calculated. The initial rate consta
then multiplied by reaction volume and divided by the to
moles of surface atoms on all the particles used to obtain
TOF.

For quantitative understanding, the catalytic activity
terms of TOF is calculated and compared to that reporte
others. Our catalyst shows TOF of 0.62 molC3H8/molPt s at
70 ◦C. Although some workers have published papers ab
the hydrogenation of propene over platinum nanoparti
supported on inorganic materials, they did not give
catalytic activities in terms of TOF. Therefore, we comp
our TOF to that obtained for similar reaction conditio
using the same group metal, palladium. Ciebien et al.
synthesized palladium nanoclusters within diblock copo
mer films and applied to the hydrogenation of prope
A maximum TOF of 0.021 molC3H8/molPt s was obtained a
120◦C in a concentration ratio of 2: 1 hydrogen to propen
pressure. Our catalyst shows much higher activity. Altho
the deposited active metals are different, the reason mig
ascribed to the surface irregularities, steps, ledges, and k
of the TO platinum deposited. Of course, this high catal
activity of our TO Pt particles is the reason for the ra
poisoning of the surface during the reaction.

Capping materials such as polyacrylate [36,50] and
ly(N -vinyl-2-pyrrolidone) [51,52] have been typically use
as stabilizers for protecting these nanoparticles agains
gregation and as a controller of the platinum nanopart
shapes (TO, cubic, and tetrahedral). This is controlled
changing the ratio of the concentration of the capping
terial to that of the platinum precursor. Although the ca
ping material has advantages like those already describ
is expected that they have a negative effect due to the pa
covering of the active sites of the nano-sized metal partic
Nevertheless, many studies have been carried out on th
drogenation reaction over nanometal particles capped
polymers [51–53].

Polyacrylate-capped TO Pt/Al2O3 samples were stud
ied by FT-IR before and after thermal treatment at 2
or 310 ◦C under the flow of argon to investigate the
fluence of the polymer quantity on the catalytic activ
of the propene hydrogenation. The results are show
Fig. 5. Polyacrylate (curve e in Fig. 5) has strong abso
tion bands at 1570 and 1406 cm−1 assigned to the asym
metric and symmetric stretching vibrations of the COO−
moiety, respectively. The peak at 1456 cm−1 is assigned to
the CH3 rocking vibration [54]. Characteristic bands of al
mina (curve b) are observed at 1643 and 1400 cm−1, which
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Fig. 5. FT-IR spectra of (a) polyacrylate, (b) alumina, (c) as-synthesized
Pt/Al2O3, (d) heated (c) sample at 210◦C for 2 h under flowing argon an
evacuated at same temperature for 10 min, (e) thermally treated (c) s
at same conditions as (d) sample except at 310◦C, and (f) thermally
oxidized (c) sample at 310◦C for 2 h.

are clearly resolved from the polymer bands. As-synthes
TO Pt/Al2O3 exhibits physisorbed and chemisorbed ba
at 1570 and 1561 cm−1, respectively, as shown in curve
of Fig. 5. From this observation, we conclude that so
polymers act as a stabilizer to protect against aggrega
through the chemical attachment of COO− of the poly-
acrylate onto platinum nanoparticle surfaces. The other
physically adsorbed on the TO Pt/Al2O3. Curve d shows
the FT-IR of the sample that was heated at 210◦C for 2 h
with flowing argon gas followed by pumping under vacu
(10−3–10−4 Torr) for 10 min. This shows the chemisorb
polymer bands with reduced intensity when compared
those of as-synthesized TO Pt/Al2O3. On the other hand
the physisorbed polymer is almost completely elimina
The polyacrylate used for preparation of TO-shaped p
inum nanoparticles was reported to be removed at 180◦C
and the particle shape is not transformed until 350◦C [37].
This result is in contrast with that concluded from our F
IR data. The reason might be that the TEM experim
was detecting the physisorbed polymer and could not
tect the chemisorbed component. Furthermore, the high
uum used (10−9–10−11 Torr) might have been effective i
removing a large fraction of the polymer. When the temp
ature was increased to 310◦C, the polymer remained du
to the strongly bound chemisorbed polymer. However, w
the sample was calcined under an air atmosphere at 31◦C
for 2 h, the polymer bands were completely removed, as
dicated in curve f of Fig. 5.

The TO Pt/Al2O3 catalysts treated under different con
tions present different TOFs (indicated at 30◦C), depending
on the quantity of the polymer (Fig. 6). The TOF obtain
after thermal treatment at 210◦C is found to increase b
about 80% compared to that of the as-synthesized cata
This is attributed to the complete removal of the physisor
polyacrylate which covered the surface of the active sit
platinum nanoparticles. The TO Pt/Al2O3 heated at 310◦C
shows∼ 11% enhancement over that heated at 210◦C. This
-

.

Fig. 6. Effect of catalyst pretreatment on catalytic activity (indicated
30 ◦C for 4 min) over TO Pt/Al2O3; (A) as-synthesized TO Pt/Al2O3,
(B) heated (A) sample at 210◦C for 2 h under flowing argon and evacuat
at same temperature for 10 min, (C) thermally treated (A) sample at
conditions as (B) sample except at 310◦C, and (D) thermally oxidized (C
sample at 310◦C for 2 h.

is due to an increase in the exposed surface resulting
the dissociation of the chemisorbed polymer, as sugge
by the FT-IR results. The polymer-removedTO Pt/Al2O3 by
air calcination exhibits a 30% reduction in the catalytic
tivity compared to that treated in an argon gas atmosph
This could be due to the possible oxidation of the platin
surfaces in the air-calcinated catalyst.

4. Conclusions

Platinum nanoparticles were synthesized by us
K2PtCl4 in the presence of polyacrylate as capping mate
and were deposited on nanoporous alumina by impregn
at room temperature. TEM images showed that the nano
ticles have mainly a TO shape with size range of 8–10
These are randomly dispersed on the external surface o
mina, since the particle size is larger than the alumina p
aperture (5.8 nm).

The TO Pt/Al2O3 catalyst was used for propene hyd
genation to evaluate its catalytic activity as measured by
value of its activation energy and TOF. The activation ene
is found to be 8.4± 0.2 kcal/mol, which is lower than thos
values reported by others on other platinum particles (
14 kcal/mol). However, for experiments above 50◦C, the
activity of the particles degraded to zero after only a f
minutes, suggesting a poisoning process on the surfa
the particles. Both the lower activation energy and the ra
poisoning of the catalyst surface at� 50 ◦C suggest that P
atoms on the surface of the TO nanocatalyst are very a
(reactive). They might be due to the facets, edges, cor
and defects present in the TO nanoparticles.

Polyacrylate-capped TO Pt/Al2O3 samples, before an
after thermal treatment, are characterized by FT-IR w
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and without thermal treatment to investigate the influe
of the polymer quantity on the catalytic activity of the h
drogenation reaction. Even under high vacuum at 310◦C,
the chemisorbed polymer is found to be strongly bound
the surface or the particles. The catalytic activity increa
as the amount of capping polymer is removed.
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