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Monodisperse platinum nanoparticles with well-deﬁned faceting have been synthesized by a modiﬁed polyol process with the
addition of silver ions. Pt nanoparticles are encapsulated in mesoporous silica during in situ hydrothermal growth of the high
surface area support. Removal of the surface regulating polymer, poly(vinylpyrrolidone), was achieved using thermal oxidationreduction treatments. Catalysts were active for ethylene hydrogenation after polymer removal. Rates for ethylene hydrogenation
decreased in accordance with the amount of Ag retained in the Pt nanoparticles after puriﬁcation. Ag is most likely present on the
Pt particle surface as small clusters. Future prospects for these catalysts for use in low temperature selective hydrogenation
reactions are discussed.
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1. Introduction
The surface structure of small metal crystallites
changes most dramatically in the 1–5 nm size range and
in the case of some reactions catalytic activity is sensitive
to particle size changes in this regime [1–6]. As crystal
domains become smaller, the ratio of corner and edge
atoms to terrace atoms increases [7–10] and the surface
topology becomes increasingly roughened. Dimensional
control of particles and resulting changes in surface and
electronic states, presents an opportunity to tailor particle surfaces to aﬀect substrate interactions. Substrate
adsorption on corner and edge atoms, that possess open
coordination spheres, can be signiﬁcantly diﬀerent, in
terms of bond enthalpies, desorption energies, and
adsorption geometry, than adsorption occurring on
terrace sites. An illustrative example of this concept is
the dissociation of CO on Rh surfaces, which is nine
orders of magnitude faster on Rh(211) than Rh(111),
due to the presence of exposed sites on the step edges of
Rh(211) that do not exist on Rh(111) [11].
Boudart has classiﬁed catalytic reactions whose rate
varies as a function of particle size as structure sensitive
[12]. Signiﬁcant advances in understanding catalytic
phenomena, such as the concept of structure sensitive/
insensitive reactions, are the result of studying such
phenomena on model catalytic systems [13]. The most
recent extension of model catalytic systems, or at the
very least the simpliﬁcation of a complex supported
catalyst, is the synthesis of monodisperse transition
* To whom correspondence should be addressed.
E-mails: p_yang@berkeley.edu; somorjai@berkeley.edu

metal nanoparticles with uniform size and shape and
their incorporation into high surface area oxide support
matrices [14–17]. The materials are intended as three
dimensional model catalysts, where particle characteristics, such as size, shape, or crystallinity, are controllably varied to probe for inﬂuence on catalytic activity
and selectivity [15,16,18–21]. Solution syntheses of Pt
particles yield monodisperse samples with tunable size
and shape. Catalyst materials that are prepared by the
combination of the proper support and monodisperse
particles have unprecedented uniformity, which is diﬃcult to achieve with conventional catalyst synthetic
methods.
The eﬀect of metal nanoparticle size on catalytic
activity is better understood than the inﬂuence of
nanoparticle shape on catalytic activity, since size control of crystallites has generally been easier to achieve
than shape control.
Introduction of foreign ions during solution phase
synthesis of metal nanoparticles is a major parameter
for controlling particle shape. Xia et al. have extensively
studied morphology changes of noble metal nanoparticles (Ag, Pd, and Pt) by adding various foreign ions [22].
They observed that chloride ions and oxygen in the
reaction mixture preferentially dissolved twinned particles initially formed during reduction and led to selective
formation of single crystalline products such as truncated tetrahedra and cuboctahedra. In another study by
Xia et al. [23], trace amounts of iron chloride slowed
the reduction of Pt(II) species, inducing optimal anisotropic growth condition during a polyol process to
form agglomerates of single-crystalline Pt nanowires
rather than small (<5 nm) Pt crystallites which formed
1022-5528/06/1000–0167/0  2006 Springer Science+Business Media, Inc.
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without iron chloride. The addition of large amounts of
NaNO3 to a Pt salt solution led to the formation of
branched nanostructures due to platinum nitrate formation, which alters the reduction kinetics of Pt [24].
Addition of silver ions in a polyol synthesis of Pt
nanoparticles results in lower nucleation temperatures,
which favor anisotropic growth to form Pt multipods
[25]. Although several foreign ions have been reported
to substantially aﬀect particle morphologies, the exact
mechanism has not been determined. It is thought that
selective adsorption of the additive ion on one or more
crystal surfaces changes the selective growth rate of
crystal faces leading to the change of shape [26].
Previously, we demonstrated the synthesis of Pt
nanocrystals of well-deﬁned shape (cubes, octahedra,
and cuboctahedra) using silver ions [27] and poly(vinylpyrrolidone) (PVP) in solution. In this paper, we
demonstrate their encapsulation in mesoporous silica
(SBA-15) during in-situ hydrothermal growth. Physical
and chemical properties are determined and the prospect
of these catalysts serving as models of complex technical
catalysts is discussed. The study of reaction selectivity
during the hydrogenation of a,b unsaturated aldehyde is
suggested as a probe of nanoparticle surface structure.

2. Experimental
2.1. Nanoparticle synthesis
A detailed description of the synthesis of the nanoparticles has been published elsewhere [27]. A brief
description of the synthesis is given here. Synthesis of Pt
cubes began with the introduction of 0.5 mL of 2 · 10)3
M silver nitrate (AgNO3, 99+%, Sigma-Aldrich) solution in ethylene glycol (EG) to boiling EG followed by
the immediate introduction of 3 mL of poly(vinylpyrrolidone) (PVP, MW = 55 K, Sigma-Aldrich, 0.375 M)
and 1.5 mL of hexachloroplatinic acid (H2PtCl6 Æ 6H2O,
99.9%, metals basis, Alfa-Aesar, 0.0625 M) EG solutions dropwise over 16 min. The resulting mixture was
heated at reﬂux for an additional 5 min followed by
centrifugation. After separation of the supernatant and
precipitate in acetone, the precipitate was redispersed
and washed with ethanol twice and ﬁnally dispersed in
ethanol. Increasing the molarity of the AgNO3 solution
to 2 · 10)2 M and 6 · 10)2 M led to the selective formation of cuboctahedral and octahedral particles,
respectively.
2.2. Catalyst synthesis and characterization
A detailed procedure for the synthesis of catalysts by
nanoparticle encapsulation (NE) in high surface area
mesoporous silica can be found elsewhere [28]. A brief
description is given here. A Pt colloid aqueous solution
(27.0 mL, 3 · 10)3 M) was mixed with 50.5 mL of aqueous polymer solution (Pluronic P123, EO20PO70EO20,

EO = ethylene oxide, PO = propylene oxide, BASF,
2.5 g) and stirred for 1 h at 313 K followed by the quick
addition of 0.375 mL of 0.5 M sodium ﬂuoride (NaF,
99.99%, Aldrich) aqueous solution and 3.91 mL of
tetramethyl orthosilicate (TMOS, 98%, Aldrich) to the
reaction mixture, followed by stirring for a day at 313 K.
The resulting slurry was aged for an additional day at
373 K. The brown precipitate was separated by centrifugation, thoroughly washed with ethanol, and dried in
an oven at 373 K.
Elemental analysis of the catalysts for Pt and Ag
content were determined by inductively coupled plasmaatomic emission spectroscopy (ICP-AES) at Galbraith
Laboratories Inc. (Knoxville, TN). Catalysts were made
to have a nominal weight loading of 1% Pt; actual
loadings ranged from 0.5–0.7% by weight as determined
by ICP-AES. XRD diﬀractograms of the supported Pt
catalysts were measured on a Bruker D8 GADDS diffractometer using Co Ka radiation (1.79 Å) and the
particle size was calculated by the Scherrer equation.
Catalysts used for ethylene hydrogenation were calcined
in 20% O2/He (total ﬂow 50 cc (STP) min)1) for 1 h at
473 K, purged with He for ½ h at 473 K, followed by
reduction in H2 (50 cc (STP) min)1) for 1 h at 473 K.
Cyclic oxidation-reduction experiments conﬁrmed that
ethylene hydrogenation activity was maximized after
one treatment cycle [29].
2.3. Reactivity studies: ethylene hydrogenation
as a surface probe
Catalytic reactions were studied in a Pyrex plug ﬂow
reactor connected to a 1/4 stainless steel tubing manifold
containing mass ﬂow controllers (Unit Instruments) for
delivery of reactant gases. Ethylene (AirGas, CP grade),
hydrogen (Praxair, UHP, 99.999%) and helium (Praxair, UHP, 99.999%) were used as received. Reaction
temperatures were measured with a thermocouple
extending into the catalyst bed. Reactants and products
were detected by gas chromatography (Hewlett Packard
5890) and quantiﬁed using Dietz tables [30]. Reaction
rate measurements were conducted at diﬀerential conditions (all conversions, X < 10%). Catalysts (5–15 mg)
were diluted with low surface area acid washed quartz in
a 1:3 ratio (catalyst:quartz). The Madon–Boudart
test [31] veriﬁed the absence of heat and mass transfer
limitations.

3. Results and discussion
3.1. Nanoparticle and catalyst synthesis
The results for both nanoparticle [27] and catalyst
syntheses [28] have been previously published. Details of
both syntheses are summarized here. The slow addition
of separate PVP and H2PtCl6 Æ 6H2O solutions to boiling
EG caused the color of the solution to change from
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yellow to dark brown indicating the fast reduction of
Pt(IV) species to Pt(0) species. If Ag ions were not added
prior to the introduction of the Pt salt, a distribution of
Pt particle shapes were obtained [27]. Only upon addition of varying concentrations of AgNO3 is preferential
growth of the Pt nanoparticles observed. At a AgNO3
concentration of 1.1 mol% (relative to Pt salt concentration), cubes are formed with 80% selectivity
(ﬁgure 1(a)), while at 11% and 32 mol% AgNO3, cuboctahedra and octahedra are synthesized with 100%
and 80% selectivity, respectively (ﬁgure 1(b) and (c)). In
the case of cube and octahedra synthesis, the minor
shape is tetrahedral. In all cases, the largest vertex-tovertex distance is 9.5 nm (r  7%) regardless of shape.
Size and shape of the as-synthesized particles were
dependent upon the addition rate of PVP and
H2PtCl6 Æ 6H2O. A single addition led to the formation
of 4 nm particles with no dominant shape, while slow
addition (over 30 min time period) led to polycrystalline
particles with diameters ‡13 nm. It was determined that
the addition of PVP and Pt salt over a 16 min time
period was optimal. A summary of the Pt particle shapes
and yield is shown in Table 1. Cubes and octahedra are
terminated entirely by (100) and (111) planes, respectively, while cuboctahedra are terminated by eight (100)
and six (111) surfaces.
UV–Vis absorption spectroscopy under synthetic
conditions in the presence of Ag ions suggested the
presence of reduced Ag42+ species during the early
stages of synthesis; with the formation of Ag particles at
longer synthesis times [27]. It is believed that the
mechanism for Pt nanoparticle growth involves
enhanced growth along <100> and/or suppressed
growth along <111> due the introduction of Ag ions
and their strong adsorption on {100} terminated Pt
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surfaces. The growth of Ag thin ﬁlms on single crystalline Pt surfaces has shown that the desorption activation
energy of Ag on Pt(100) is higher than on Pt(111) [31].
Some of the silver is removed by repetitive centrifugation and dispersion after Pt particle formation as
determined by UV–Vis spectroscopy [27]. This work
represents one of the ﬁrst reports of control over both
nanoparticle size and shape under the same synthesis
conditions [27].
After puriﬁcation of the Pt nanoparticles, they were
introduced into an aqueous solution of Pluronic P123.
In a typical reaction, a Pt colloid solution was mixed
with the aqueous polymer solution at 313 K, and stirred
for 1 h to ensure complete dispersion of the Pt particles.
Brown precipitates were formed in 5 min after the
addition of NaF solution and TMOS. The supernatant
was colorless and transparent, indicating that all Pt
colloids were incorporated into the silica matrix. The
slurry was aged for a day at 313 K and placed in an oven
at 373 K for an additional day. The product was washed
with water and ethanol, and dried in air at 373 K.
Figure 2 shows a schematic of the NE method and a
TEM micrograph of the 0.55% Pt(cubes)/SBA-15 catalyst. The Pt particles are isolated and located within the
silica framework without severe aggregation. This
method has been successfully utilized with PVP capped
monodispersed Pt nanoparticles ranging in size from
1.7–7.1 nm [28].
Removal of PVP or any other surface stabilizing
polymer represents a signiﬁcant challenge. In most circumstances, these organic molecules are bound strongly
to the nanoparticle surface at approximately monolayer
coverage. Thermal degradation or calcination of the
adsorbed organics are two possible methods for removal
and cleansing of the Pt surface. These methods generally

Figure 1. TEM micrograph of as-synthesized Pt nanoparticles with distinct shapes: (a) cubes, (b) cuboctahedra and (c) octahedra. Inset:
HRTEM image and ideal structure of major particle shape. Partly adapted from reference [27].
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Table 1
Yield and average size of Pt nanoparticlesa

Amount of Ag addedb

Major shape yieldc and average sized

0 mol%

Cubes with rounded edges 40%

1.1 mol%
11 mol%
32 mol%

Cubes 80%, 9.4 ± 0.6 nm
Cuboctahedra 100%, 9.1 ± 0.6 nm
Octahedra 80%, 9.8 ± 0.6 nm

Minor shape yieldc and average sized
Spheres, 30%
Irregular rods, 20%
Tetrahedra, 10%
Tetrahedra 10%, 9.8 ± 0.7 nm
–
Tetrahedra 10%, 9.9 ± 0.7 nm

a

Reproduced from reference [27].
With respect to the Pt salt concentration.
c
Statistically determined values based on counting 250 particles.
d
Largest vertex to vertex distance.
b

at 623 K, then spherical and ﬁnally the particles
spread on the support as the temperature increases [32].
These temperatures are close to those required to
remove PVP from the nanoparticle surface. Recently, it
has been shown that cyclic oxidation-reduction treatments are eﬀective for removal of PVP with each
cycle removing more surface bound PVP or carbon as
indicated by ethylene hydrogenation reaction rates
[29]. Most of the PVP is removed by calcination at
473 K as determined by infrared spectroscopy, thermal
gravimetric analysis and temperature programmed
oxidation [29].

Figure 2. Scheme for nanoparticle encapsulation (NE) synthesis of Pt/
SBA-15 catalysts and TEM micrograph of a 0.55% Pt(cubes)/SBA-15
catalyst.

require high temperatures and local hot spots can be
generated at the nanoparticle surface during calcination.
In this study, hot spots were avoided by calcination in
dilute oxygen (20% O2/He, Praxair, UHP both gases).
Thermal gravimetric analysis of unsupported Pt cubes
demonstrates that calcination is much more eﬀective for
PVP removal than thermal treatment in N2 (ﬁgure 3(a)).
PVP decomposes at 473–623 K under O2 ﬂow; 150 K
lower than with N2. Figure 3(b) demonstrates that free
PVP decomposes at 600 K. Pt apparently catalyzes the
combustion of PVP by the diﬀusion of O2 through the
randomly tangled alkyl chains of PVP and dissociation
on a clean ensemble of Pt atoms, whereupon catalytic
decomposition occurs. Isothermal treatments of free
PVP and PVP-Pt/SiO2 physical mixtures in inert (He)
and reactive (oxygen) atmospheres conﬁrm that O2 is
more eﬀective toward PVP degradation, and clean Pt
catalyzes PVP decomposition at 523 K [29]. While
thermal treatments in N2 or He are eﬀective for
removing PVP, both require relatively high temperatures. In-situ vacuum transmission electron microscopy
imaging of these same nanoparticles adsorbed to
amorphous silica grids at temperatures up to 1073 K
demonstrate that Pt nanoparticles become truncated

3.2. Characterization and ethylene hydrogenation
studies of Pt/SBA-15 catalysts
Elemental analyses (Table 2) of the Pt/SBA-15 catalysts by ICP-AES showed that Pt loadings were in the
range of 0.5 – 0.7 wt.%. Ag residues were also present in
the nanoparticles. Ag components such as Ag(0) and
AgCl were not found in previous XRD and Energy
Dispersive X-ray spectroscopy (EDX) studies on thoroughly washed small sample batches [27]. It has proven
diﬃcult to remove silver completely from large sample
batches necessary for catalyst preparation, quantitative
elemental analyses showed that Ag residues were actually present at levels corresponding to Ag/Pt molar
ratios of 0.014, 0.102, and 0.123 for the cubes, cuboctahedra, and octahedra, respectively, based on the Pt
and Ag content reported in Table 2. The exact nature of
such silver species and their location (i.e. whether on Pt
surface or embedded within PVP coating) are unknown
at this point. If imbedded within the PVP coating it is
believed that upon calcination and PVP removal, Ag is
subsequently deposited on the Pt nanoparticle surface.
BET N2 adsorption measurements were carried out
on the Pt/SBA-15 catalysts and summarized in Table 2.
The surface areas of the catalysts are 500 m2 g)1,
slightly lower than pristine SBA-15 [28]. The pore volumes are in the range of 1.9 cc (STP) g)1, and the
average pore diameters calculated from desorption
branches are around 9 nm. Table 2 contains the Pt
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Figure 3. Thermogravimetric analysis (TGA) of (a) inﬂuence of thermal treatment atmosphere on PVP decomposition from Pt cubes and (b)
oxidative decomposition of free PVP and PVP capped Pt cubes.

Table 2
Elemental analysis and physical properties of Pt/SBA-15 catalysts
Catalyst

Pt(cubes)/SBA-15
Pt(cuboctahedra)/SBA-15
Pt(octahedra)/SBA-15

Pt loadinga
(wt. %)

0.55
0.67
0.48

Ag loadinga
(ppm)

43
378
326

Physisorption parameters

XRD particle
sizec (nm)

BET surface
area (m2 g)1)

BJH pore
size (Å)

Pore volume
(cc (STP) g)1)b

498
505
511

9.0
9.2
9.3

1.86
1.78
1.90

7.5
8.4
8.9

a

Determined by inductively coupled plasma atomic emission spectrometry (ICP-AES).
Based on the Kelvin equation at P/P0 = 0.975.
c
Based on the Scherrer equation.
b

particle size determined by line-broadening techniques
using the Scherrer equation. Measured XRD particle
sizes agree with previous results [27].
Rates of ethylene hydrogenation were measured at
low conversions over all catalysts. Initial speciﬁc rates
for ethylene hydrogenation varied from 0.1 to
37 lmol g)1 s)1, while turnover frequencies (TOF, s)1)
diﬀered by three orders of magnitude over the three
catalysts (Table 3). The cubes, with the lowest level of
Ag incorporation (Table 2) had the highest rate
(9 s)1), in good agreement with measurements on
Pt(111) [33] and other types of Pt catalysts [28,33–41]
(Table 4). Turnover frequencies reported in Table 4
vary from 1 to 10 s)1 conﬁrming that the rate measured
over pure Pt catalysts with very diﬀerent morphologies
(i.e. single crystals and supported nanoparticles) are
similar. In a comprehensive study of the inﬂuence of
particle size on ethylene hydrogenation, Dorling et al.
found that the areal rate was invariant with particle size
[38]. Based on the above observations, when normalized
to the Pt surface area or the number of surface Pt atoms,
ethylene hydrogenation rates on the three Pt nanoparticle shapes should be similar. In fact, Pt nanoparticles
with higher levels of Ag incorporation are much less
active for ethylene hydrogenation on a per surface Pt

atom basis; the TOF decreased to 0.4 and 2 · 10)2 s)1
for the cuboctahedra and octahedra, respectively. These
reported turnover rates are nominal and represent a
minimum because all surface atoms were assumed
platinum. Hydrogenation of ethylene on Ag/SiO2 catalysts does not occur until temperatures ‡550 K and Ag
is only active if highly dispersed [42]; bulk Ag powder
was inactive for ethylene hydrogenation at 300 K [43].
The reduction in rate is associated with the presence of
Ag present on the surface of the Pt nanoparticles as
small clusters which most likely modify the electronic
structure of Pt, as recently shown for a bimetallic
Pt–Cu/SiO2 catalyst [44,45]. Campostrini et al. studied
the hydrogenation of propylene over a series of Pt–Ag/
SiO2 alloy catalysts with Pt/Ag molar ratio ranging from
0.83 to 0.12; the authors found the oleﬁn hydrogenation
speciﬁc rate decreased substantially as Ag content
increased and kinetic parameters such as reaction orders
and activation energy changed as more Ag was introduced [46]. Pure Pt catalysts were 50 times more active
than a Pt–Ag catalyst with Pt/Ag ratio of 0.12. These
catalysts have Ag loadings much greater than those used
in this study, but conﬁrm Ag inﬂuences oleﬁn hydrogenation on Pt catalysts. Adsorption and infrared
studies of probe gases (H2, O2, CO) on Pt–Ag alloy
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Table 3
Kinetics of ethylene hydrogenation on Pt/SBA-15 catalyst series
Activityb (lmol g)1 s)1)

Catalysta
0.55% Pt(cubes)/SBA-15
0.67% Pt(cuboctahedra)/SBA-15
0.48% Pt(octahedra)/SBA-15

36.6
1.9
0.07

Turnover frequencyb,c (s)1)
8.6
0.4
2 · 10)2

Ead (kcal mol)1)
9.9
10.8
13.4

a

Catalysts were pretreated in 20% O2/He for 1 h followed by reduction in H2 for 1 h at 473 K.
Reaction conditions were 10 Torr C2H4, 100 Torr H2, and 298 K.
c
Normalized to the number of surface atoms using the following relationship, D = 1.13/d (nm) where D is the dispersion and d is the particle
diameter determined by XRD.
d
Reaction conditions were 10 Torr C2H4, 100 Torr H2 and 273–373 K (catalyst dependent).
b

Table 4
Comparison of ethylene hydrogenation rates on various types of Pt
catalysts
Catalyst

Pt(111)
Pt(100)-(5 · 20)
Pt(210)
Pt nanoparticle array/Al2O3
Pt nanoparticle array/SiO2
0.7% Pt(X)/SBA-15
(X = 1.7, 2.9, 3.6 or 7.1 nm)
2.45% Pt/SiO2
0.05% Pt/SiO2
Pt wire
0.04% Pt/SiO2

Ethylene turnover
frequency (TOF)a (s)1)

Reference

9.3
3.6
7.8
6.5
4.7

34
35
36
37
38

3.5
9.3
1.3
3.0
4.4

28
39
40
41
42

a
Corrected to standard conditions of 10 Torr C2H4, 100 Torr H2 and
298 K.

nanoparticles supported on SiO2 suggest that Pt does
not segregate to the surface under reducing conditions,
while oxidizing conditions leads to segregation of Ag to
the surface for catalysts with Ag atomic compositions as
high as 64% [47]. It is worth noting that the pretreatment of all catalysts in this study included a 1 h oxidation step. Ag incorporation in the cuboctahedra and
octahedra was signiﬁcantly higher than in the cubes,
suggesting that Ag may be located on the particle surface or a few atomic layers below surface. Ag is believed
to be present on the surface because XRD measurements do not indicate the formation of a PtAg alloy,
consistent with their complete immiscibility in the bulk
[48]. Lahiri et al. [49] have shown that Pt and Ag do not
alloy at the nanoscale (2 nm Pt core particle), but rather
form Ag–Pt coreshell nanoparticles. The deposition and
growth of Ag adlayers on Pt(111) leads to monolayer
conﬁned mixing, i.e. Ag is conﬁned to the topmost layer
[50,51]. Mixing at the Pt–Ag interface occurs at step
edges and Ag is present as small clusters at submonolayer Ag coverages [51]. Based on the observed kinetic
results and previous studies of bimetallic Ag–Pt particle
synthesis and thin ﬁlm growth, it is believed that Ag
residues are present on the Pt particle surface in the case
of the cuboctahedra and octahedra.

3.3. Future prospects: inﬂuence of surface structure on
reaction selectivity
The ability to synthesize monodisperse Pt nanoparticles of catalytically relevant size (£10 nm) with
well-deﬁned shape is a signiﬁcant achievement in the
development of a supported model catalyst. Our agenda
with regards to these well-deﬁned nanoparticle/silica
catalysts is to study the inﬂuence of surface structure on
catalytic reaction selectivity. Low temperature (£400 K)
multi-path reactions have been targeted due to the
instability of the nanoparticle surface structure above
573 K as demonstrated by electron microscopy [32]. A
likely prototype reaction for this type of study is the
hydrogenation of a,b unsaturated aldehydes; acrolein
(C3H4O), crotonaldehyde (C4H9O) and cinnamaldehyde
(C9H8O). Acrolein and crotonaldehyde have proven
more diﬃcult to selectively hydrogenate than cinnamaldehyde [52].
Selective hydrogenation of the carbonyl group in
acrolein and crotonaldehyde is very diﬃcult and with
many catalysts both the C=C and C=O bonds are
hydrogenated to yield the primary alcohol. Selective
formation of the allylic alcohols is preferred because
they are valuable intermediates for the production of
perfumes and pharmaceuticals [52]. The reaction
scheme for crotonaldehyde hydrogenation is shown in
ﬁgure 4(a). Reported selectivities to crotyl alcohol for
SiO2 supported Pt catalysts are generally low (£10%),
but selectivities as high as 43% have been reported for
Pt/SiO2 catalysts with no additives [53–55]. Santori et al.
[54] have shown that the selectivity to crotyl alcohol
during liquid phase crotonaldehyde hydrogenation
increases from 9% to 35% at 80% conversion as the Pt
particle size on SiO2 and Al2O3 supported catalysts
increases from 2 to 6 nm.
Higher selectivity to crotyl alcohol on catalysts containing larger Pt particles suggest that low index faces of
fcc metals such as Pt(111) are required for C=O
hydrogenation rather than open, low coordination step
and kink sites which facilitate hydrogenation of both
C=C and C=O bonds [56,57]. Theoretical results of
crotonaldehyde adsorption and hydrogenation have
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Removal of the surface templating polymer was
achieved with thermal oxidation-reduction treatments.
The catalysts are active for ethylene hydrogenation and
are promising materials for future studies on the
inﬂuence of catalyst particle shape on reaction selectivity during the low temperature hydrogenation of a,b
unsaturated aldehydes.
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Figure 4. Reaction scheme for hydrogenation of a,b unsaturated
aldehydes: (a) crotonaldehyde and (b) cinnamaldehyde.

shown hydrogenation of the carbonyl bond is preferred
on Pt(111) over other Pt single crystal surfaces [58,59].
A low temperature reaction involving the hydrogenation of an aromatic a,b unsaturated aromatic aldehyde, cinnamaldehyde is similarly suited for a study of
selectivity versus surface structure. The reaction scheme
is shown in ﬁgure 4(b). As in the case of crotonaldehyde
hydrogenation, the unsaturated alcohol is the favored
product. Gallezot and co-workers have shown the
selectivity to cinnamyl alcohol from cinnamaldehyde
has a strong dependence on Pt particle size. The selectivity to the alcohol varied from 83% to 98% (at 50%
conversion) as the particle size was increased from 1.3
to 5 nm [60]. The increased selectivity of larger particles is attributed to a steric repulsion between the
ﬂat metal surface and aromatic ring causing hindered
adsorption and preferential hydrogenation of the
carbonyl group [60,61]. Crotonaldehyde and cinnamaldehyde hydrogenation may serve as probe reactions of
the Pt nanoparticle surface structure because the (111)
surface is more selective for the formation of the
unsaturated alcohol. The fraction of exposed (111) faces
is greatest in the octahedra (and tetrahedra) followed by
the cuboctahedra while cubes are terminated on all sides
by (100) surfaces.

4. Conclusions
The synthesis of 9 nm Pt nanoparticles of welldeﬁned shape with the use of silver ions and surface
templating polymers in protic solvents has been demonstrated. Addition of increasing amounts of AgNO3
to reﬂuxing EG followed by slow introduction of
H2PtCl6 Æ 6H2O led to the formation of cubes, cuboctahedra and octahedra with shape uniformity greater
than eighty percent. The Pt nanoparticles are incorporated into a mesoporous silica matrix by hydrothermal growth and encapsulation in aqueous solution.
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