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ABSTRACT: Colloidal techniques were used to synthesize monodisperse Pt nanoparticles of
four distinct sizes between 2 and 7 nm before immobilization onto silica. Ethylene
hydrogenation demonstrated structure-insensitive behavior with TOFs of ∼12 s−1 before
poisoning. With thiophene being a strong binding adsorbate, TOFs decreased by orders of
magnitude, and the poisoning-induced antipathetic structure sensitivity because thiophene
adsorbed more strongly to the coordinatively unsaturated, as compared with coordinatively
saturated, surfaces, and the degree of saturation increased with decreasing Pt size. This effort is
part of a broader study in which structure sensitivity is analyzed for adsorbates in complex
reaction networks.

KEYWORDS: platinum, sulfur poisoning, colloidal synthesis with size control, structure sensitivity

1. INTRODUCTION

Since sulfur is a well known environmental contaminant and
poison in catalytic processes,1 challenges exist in finding
effective catalysts for conversion processes involving this
problematic element. For hydrodesulfurization (HDS) in fuel
processing, two general strategies exist. First, sulfided catalysts,
such as cobalt−molybdenum (CoMo) or nickel−molybdenum
(NiMo) supported on γ-alumina are used. These catalysts
operate well in high concentrations of sulfur because the active
phase is a sulfide.2 Alternatively, precious metal catalysts (e.g.,
Pt3) efficiently remove lower concentrations of sulfur, but
poison at high sulfur concentrations. As sulfur emission
regulations become increasingly stringent, two reactors in
series, with a sulfided catalyst in the first and a metal one in the
second reactor, have been proposed to meet requirements for
ultraclean fuels.4−7

Another noteworthy difference between base metal sulfides
and precious metal catalysts is the reaction mechanism.
Whereas the base metal sulfides can catalyze both the direct
desulfurization and desulfurization by hydrogenation, the
hydrogenation route is dominant for precious metals.8−10

Moreover, for use in the second reactor to achieve deep
desulfurization, sulfur is mostly contained in refractory
molecules (e.g., 4,6 dimethylbenzothiophene11), in which
alkyl groups provide steric hindrance to prevent direct
desulfurization.12

Previous studies have identified various particle sizes of
precious metal catalysts as being optimal for HDS by
hydrogenation. Through extensive characterization following
sulfidation, Matsui et al.13 concluded that Pt particles
immobilized on high-silica USY zeolites of sizes smaller than
2 nm were more sulfur-tolerant than larger particles. Another
study14 determined alumina and silica−alumina-supported Pt

particles of 1.2 nm in size were more active than larger Pt
particles for conversion of 4-ethyl, 6-methyldibenzothiophene
(4-E,6MDBT) because the reaction proceeds over sulfur
vacancies on the surfaces of the particles, which are more
prevalent in small particles. Alternatively, Wang and Iglesia8

demonstrated increasing turnover rates for thiophene hydro-
desulfurization on Pt/silica with the Pt particle size increasing
from 2 to 8 nm and related the trend to increasing surface
vacancy densities with increasing particle size (i.e., strong sulfur
binding for the coordinatively unsaturated surfaces of the small
particles). These authors made a similar conclusion from
similar work on silica-supported Ru particles.15 The results of
these studies are complicated by the use of different
supports,16,17 which, along with cofeeding basic molecules to
reduce the impact of acidic supports,18 may be the source of
discrepancies. None of the studies in the literature use well-
defined metal particle morphologies, as the current study does,
which may provide an attractive route for designing catalysts
with high sulfur tolerance.
The focus of the current work is to present a fundamental

examination on the structure sensitivity of Pt’s sulfur poisoning
for hydrogenation catalysis. The approach is to synthesize
monodisperse Pt nanoparticles of different sizes using colloidal
synthesis and immobilize the particles onto silica, which is a
support that minimizes the metal−support interactions,
allowing for isolation of the metal functionality. The size
dependence of poisoning is then determined using ethylene
hydrogenation as the activity measure with and without sulfur
treatments prior to the catalysis.
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2. RESULTS AND DISCUSSION
2.1. Synthesis and Characterization of Pt/Silica

Heterogeneous Catalysts. The Pt particles after washing
but before immobilization onto silica are compared at the same
magnification (10 nm scale bars) in Figure 1. The smallest

particles (Figure 1a) were 2.0 nm, which was in agreement with
previous studies using this synthesis.19,20 These particles are
synthesized at higher temperature (155 °C), allowing for quick
nucleation, which leads to uniform and small-size particles. The
highly basic condition stabilizes the surface with hydroxyl
ligands prior to neutralization and addition of the polymer
capping. The three particles with larger sizes are synthesized
with the assistance of the seeds from the lower temperature
(110 °C) synthesis. The lower temperature limits nucleation
and permits only the overgrowth on the seeds that yields the
ability to control particle size. Similar to a previous report,21

additional Pt precursor was added to the 3.4 nm seeds (Figure
1b) to control the particle size in the 3.4 nm-plus size range
(Figure 1c and d). For all particles, the average particle size and
related size distribution (from TEM) and the corresponding
dispersion based on the size are presented in Table 1.

After immobilization of the washed Pt particles onto silica
(Cab-O-Sil; ∼210 m2/g) at a 1% loading by Pt mass, TEM
images (4.3 nm Pt/silica catalyst, Figure 2) were used to
demonstrate distribution of the nanoparticles across the surface
of the silica and maintenance of the particle sizes. Then TPO
experiments (Figure 3) were conducted with the 2.0 nm Pt/
silica catalysts to demonstrate the effective removal by washing
of the polymer capping used to stabilize the particles before the
immobilization. As presented in Figure 3a, no oxygen
consumption (m/z = 32) or combustion products were

observed after washing. To illustrate the effective washing,
these results were compared with those of a different sample of
2.0 Pt nanoparticles that were synthesized and directly
immobilized on silica without washing. This sample is labeled
as unwashed because the triple washing in ethanol−hexanes
cycles were skipped. The TPO results (Figure 3b) indicate a
sharp oxygen (m/z = 32) consumption peak just before the
furnace reached 600 °C and continued while the temperature
was held at 600 °C. Simultaneously, products including CO
(m/z = 28), CO2 (m/z = 44), and H2O (m/z = 18) from
polymer combustion formed. In comparing the TPO profiles
for the washed and unwashed nanoparticles, it is evident that
the washing protocols adhered to are effective in removal the
polymer. A similar confirmation22 of effective washing was
found for the ∼3 nm Pt/silica in previous work. For the
unwashed 3.4 nm particles immobilized on silica, the peak
combustion temperature was near 350 °C. In the present study,
for unwashed 2.0 nm particles immobilized on silica, the peak

Figure 1. Representative TEM images. All scale bars are 10 nm. (a)
2.0, (b) 3.4, (c) 4.3, and (d) 6.8 nm Pt particles.

Table 1. Particle Size Distributions from Statistical Analysis
of TEM Images and Dispersion Using %D = 110/size(nm)

size (nm) dispersion (%)

2.0 ± 0.4 55.0
3.4 ± 0.6 32.4
4.3 ± 0.7 25.6
6.8 ± 0.9 16.2

Figure 2. TEM images of the 5 nm Pt/silica catalyst after
immobilization of the nanoparticles into the support.

Figure 3. TPO profiles for (a) washed 1% Pt (2 nm)/SiO2 and (b)
unwashed 1% Pt (2 nm)/SiO2. The lack of combustion products in
the washed sample indicates successful washing of excess organic
capping agents (PVP).
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combustion temperature was slightly less than 600 °C. These
size-dependent combustion results suggest a particle size
dependence in which the polymer binds more strongly to the
coordinately unsaturated surfaces of small particles more
strongly than those of the large particles. A previous study23

found that PVP binds to small Pd particles through its oxygen
atom, but through both its nitrogen and oxygen atoms for large
Pd particles. These results, along with the increase in
uncoordinated surface sites for small particles compared with
large particles, support the trend of the peak combustion
temperature increasing with decreasing particle size.
2.2. Structure Sensitive Poisoning of a Catalytic

Reaction. Ethylene Hydrogenation without Sulfur Poison-
ing. The ethylene hydrogenation rates over the four different
sizes of Pt particles on silica are presented in Figure 4 (red

square symbols) and indicated a trend consistent with a
structure-insensitive catalytic reaction. This trend is expected
because a number of investigators have determined that
ethylene hydrogenation is a structure-insensitive catalytic
reaction.21,24−27 Consequently, after normalization by the Pt
loading and Pt dispersion, turnover frequencies (TOFs) in the
range of 10.2−13.9 s−1 with an average (over the four particle
sizes) of 12.3 s−1 were obtained (Figure 5, red square symbols).
By correcting the reported28 TOF for the Pt(111) single crystal
to the temperature (40 °C) of the present study using an

activation energy of 8 kcal/mol (a common value29,30), the
expected TOF would be 16.8 s−1. A similar value (16.6 s−1) is
obtained by correcting an average of values in the
literature20,24,25,28,30−34 over various Pt catalysts at room
temperature to a temperature of 40 °C. These values are
slightly higher than the ones measured in this study. Using an
existing method of ethylene hydrogenation TOFs as a
quantitative tool for determining the active Pt surface area,20

an average of 75% (over the 4 particle sizes) of the Pt sites. In
addition, dispersions were calculated from the traditionally
accepted hemispherical shape, whereas the TEM images show
mainly spherical shapes. Assuming the ethylene hydrogenation
approach as accurate, these geometric contributions likely
caused the Pt surface area to be lower than expected; however,
the general trends for the ethylene hydrogenation TOF and
rates normalized per mass of catalyst are consistent with the
expectations for Pt particles of 2−7 nm immobilized on silica.

Ethylene Hydrogenation with Sulfur Poisoning. The
ethylene hydrogenation rates after thiophene poisoning over
the four different sizes of Pt particles on silica indicate that the
thiophene exposure caused a large loss in activity (Figure 4,
blue diamonds). Without the thiophene poisoning, the ethylene
hydrogenation rates were between 350 and 1700 times more
active when compared with after the poisoning. Moreover, the
rate per mass of catalyst now proceeded through a maximum
with the 4.3 nm Pt particles. Analogously, after normalizing per
the same number of surface Pt sites as for ethylene
hydrogenation without thiophene poisoning, the TOF
increased with increasing particle size (Figure 5). TEM images
(4.3 nm Pt/silica catalyst, Figure 6) verified negligible effects of
the thiophene treatment (the highest temperature) on the
catalysts.

The trends of Figures 4 and 5 are consistent with a
mechanism involving a strong binding adsorbate,35,36 which
would be thiophene as a catalytic poison in this case. The more
intrinsically active surfaces of large Pt particles, as compared
with surfaces of small Pt particles, follows recently published
results by the Iglesia group,8 which demonstrated the weaker
Pt−S bonds at the surface of large particles led to more sulfur
surface vacancies and, consequently, more direct desulfurization
and hydrogenation activity than the surfaces of small Pt surfaces
containing much stronger Pt−S bonds. This finding is
interesting because a poison was used to convert a structure-
insensitive-catalyzed reaction into a structure-sensitive one.
Assuming that the turnover rate of an available Pt site does

not change with a neighbor site being blocked by thiophene,
the available Pt surface sites can be estimated by the ethylene
hydrogenation rate. Using the nonthiophene-poisoned ethylene
hydrogenation TOF rates to titrate the Pt surface sites not
blocked by thiophene following poisoning, a range of 0.05−

Figure 4. Ethylene hydrogenation rate per mass catalyst with and
without a thiophene (sulfur) treatment prior to the reaction as a
function of Pt particle size.

Figure 5. Ethylene hydrogenation TOF with and without a thiophene
(sulfur) treatment prior to the reaction as a function of Pt particle size.

Figure 6. TEM images of the 5 nm Pt/silica catalyst after sulfidation at
T = 150 °C.
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0.23% (increasing with increasing particle size) of the Pt surface
sites contributes to the ethylene hydrogenation turnover. Using
an existing model37 for kinetic analysis of particle size effects
through adsorption strength differences on coordinatively
unsaturated (edge) and coordinatively saturated (terrace)
surfaces, the thiophene adsorption strength difference on
edges as compared with terraces would be ∼31.7 kJ/mol.
For comparative purposes, the Iglesia group has reported

thiophene HDS TOFs in the ranges (depending on particle size
and H2S pressure) of 0.03−0.3 s−1 for Pt/silica at T = 300 °C8

and 0.05−0.2 s−1 Ru/silica at T = 350 °C.15 The TOFs for
pyrrole hydrogenation over a similar set of Pt particles of SBA-
15 were on the order of 0.06 s−1 at a temperature of 140 °C.21

These values are lower than ethylene hydrogena-
tion,24,25,28,30−34 benzene hydrogenation,38,39 and cyclohexene
hydrogenation,27,40 which occur at similar or lower (in the case
of ethylene hydrogenation) temperatures. However, the TOFs
for pyrrole hydrogenation are 2 orders of magnitude higher
than the thiophene-poisoned ethylene hydrogenation TOF in
the current study. The comparison of these turnover rate values
and the corresponding temperatures indicate the strong
poisoning effects of sulfur- and nitrogen-based organics.

■ CONCLUSION
This study represents the concept of poison-induced structure
sensitivity into catalytic reactions, which was achieved using
colloidal strategies to synthesize distinct sizes of monodisperse
Pt nanoparticles in the important size range for structure
sensitivity studies (2−7 nm). This effort is part of a broader
study in which structure sensitivity is analyzed in complex
reactions in which reactants and poisons may contribute the
particle size dependence. The use of colloidal chemistry to
synthesize well-defined particle morphologies permits fine-
tuning the catalysis properties as compared with other
strategies that yield broad particle size distributions that may
mask underlying catalytic phenomena.
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