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CO poisoning of ethylene hydrogenation over Pt catalysts: a

comparison of Pt(111) single crystal and Pt nanoparticle activities
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The ethylene hydrogenation reaction was studied on two platinum model catalyst systems in the presence of carbon monoxide to examine
poisoning effects. The catalysts were a Pt(111) single crystal and lithographically fabricated platinum nanoparticles deposited on alumina.
Gas chromatographic results for Pt(111) show that CO adsorption reduces the turnover rate from 10! to 1072 molecules/Pt site/s at
413K, and the activation energy for hydrogenation on the poisoned surface becomes 20.2 & 0.1 kcal/mol. The activation energy for
ethylene hydrogenation over Pt(111) in the absence of CO is 10.8 kcal/mol. The Pt nanoparticle system shows the same rate for the
reaction as over Pt(111) in the absence of CO. When CO is adsorbed on the Pt nanoparticle array, the rate of the reaction is reduced
from 10? to 10° nmol/s at 413 K. However, the activation energy remains largely unchanged. The Pt nanoparticles show an apparent
activation energy for ethylene hydrogenation of 10.2 4 0.2kcal/mol in the absence of CO and 11.4 £ 0.6 kcal/mol on the CO-poisoned
nanoparticle array. This is the first observation of a significant difference in catalytic behavior between Pt(111) and the Pt nanoparticle
arrays. It is proposed that the active sites at the oxide-metal interface are responsible for the difference in activation energies for the

hydrogenation reaction over the two model platinum catalysts.
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1. Introduction

Catalytic reactions carried out on single crystal surfaces
have yielded extensive information on the atomic and
molecular features that control turnover rates, and they
continue to serve as important model catalysts. However,
most industrial catalysts consist of highly dispersed metal
particles supported on an oxide surface. In order to con-
struct model systems that have metals in nanoparticle
form as well as oxide supports, electron beam lithography
(EBL) has been used to control precisely the architecture
of our model catalyst. Experiments since the 1970s have
identified the important factors that govern catalysis,
such as metal catalyst surface structure [1-5], metal-
oxide interfaces [6-9], and the diffusion of surface species
between the oxide and the metal [10]. A structure-sensitive
reaction will show a dependence on the specific crystallo-
graphic face of a metal or the metal particle size [11].
The advantages of EBL include control over and unifor-
mity in metal particle size (1071001& in diameter) and
particle periodicity. The technique itself is not dependent
on the materials, so a variety of metals can be coupled
with a range of supports.

A catalyst must remain active for a number of years in
order to be successful. Deactivation is therefore a prime
concern when developing industrial catalysts. During a
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reaction, the catalyst surface can be covered by reactants,
intermediates, products, or unwanted species. The
species can block the active sites of the catalyst, thus
changing the properties of the catalyst over time [12].
Infrared absorption spectra of adsorbed carbon monox-
ide on several transition metals exhibit different spectral
features when the CO adsorbs at different sites on the
metal surface [13—18]. Carbon monoxide is therefore
often used as a probe molecule to determine the avail-
ability of adsorption sites during a catalytic reaction
[19]. It is well known that CO adsorption can poison
hydrocarbon reactions. In this work, we examined the
ethylene hydrogenation reaction over Pt model catalysts
in the presence and absence of CO and proposed
mechanisms that govern the CO-poisoned reaction.

2. Experimental

2.1. Pt(111) single crystal model catalysts:
characterization and reaction rate studies

The experimental apparatus consists of an ultra-high
vacuum (UHYV) chamber coupled with a high-pressure
(HP) reaction cell. The catalyst was cleaned and
characterized in the UHV chamber, and the HP reaction
cell was used to monitor the catalytic reaction via gas
chromatography (GC). A detailed description of the
experimental set-up can be found elsewhere [20].
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Figure 1. Field emission scanning electron microscopy (FESEM) image of
the platinum nanoparticle array showing a particle diameter of 28 +2nm
and a periodicity of 100 & 2 nm.

The Pt(111) single crystal was cleaned in UHV by
cycles of Ar" sputtering, O, treatment, and annealing
[21]. After the single crystal had been cleaned, the HP
reaction cell was closed and the gas mixture was intro-
duced. The reaction gas mixture for the Pt(111) single
crystal included 10 Torr C,Hy, 1 Torr CO, 100 Torr H,,
and Ar make-up gas to bring the total gas pressure to
760 Torr. The reaction was then monitored over time
for product accumulation by GC.

2.2. Pt nanoparticles on alumina: fabrication,
characterization, and reaction rate studies

The details of the EBL fabrication process for the Pt
nanoparticle array model catalyst have been reported
elsewhere [22,23]. Briefly, a highly collimated electron
beam is used to expose a thin layer of poly(methyl meth-
acrylate) (PMMA), which is spin-coated on an Si(100)
wafer that is coated with 15nm of alumina (Al,O3).
The electron irradiation decomposes the polymer
backbone, making it possible to dissolve the exposed
polymer in a developing solution. A 15nm thick Pt
film was deposited on the surface by electron beam
evaporation. The remaining PMMA was removed with
acetone and ultrasonication. The alumina-supported Pt
nanoparticle array model catalyst has a 100 + 2 nm inter-
particle spacing with particle diameters of 28 +2nm
(figure 1). The sample was characterized by field emission
scanning electron microscopy (FESEM), atomic force
microscopy (AFM), and X-ray photoelectron spectros-
copy (XPS).

The Pt nanoparticle system was cleaned with NO,,
followed by dosing the sample with CO and flashing
the temperature to 573 K. This removes the major
impurities on the surface, such as oxygen and carbon.
This procedure has been established to be safe and
effective for cleaning the Pt nanoparticles [24]. The
catalysis study was performed in a similar UHV

chamber with an HP reaction cell. The details of this
experimental set-up are described elsewhere [24]. The
reaction gases were pre-mixed in a gas manifold before
being introduced into the HP reaction cell. The reaction
gas mixture consisted of 10 Torr C,Hy, 0.3 Torr CO,
100 Torr H,, and Ne make-up gas to bring the total
gas pressure to 760 Torr. The products were analyzed
by GC.

3. Results and discussion

3.1. Ethylene hydrogenation reaction rate studies on
Pt(111): effects of temperature

The poisoning effects of CO for the ethylene hydro-
genation reaction over Pt(111) were investigated from
400 to 523 K. Arrhenius plots of the initial turnover
frequency (TOF) as a function of 1/7T for ethylene
hydrogenation with (®) and without () CO over
Pt(111) are shown in figure 2. Turnover frequency
(TOF) is defined as the number of ethane molecules
generated per Pt surface atom per second. When CO is
adsorbed, the TOF is reduced by 2-3 orders of
magnitude, depending on the temperature. At 413K,
the reaction rate for ethylene hydrogenation over the
Pt(111) single crystal in the presence of CO is reduced
from 10' to 1072 molecules/Pt site/s; at 473K, the
reaction rate for ethylene hydrogenation over the
Pt(111) single crystal in the presence of CO is reduced
from 10% to 10° molecules/Pt site/s. Activation energies
obtained from the slopes in figure 2 for ethylene hydro-
genation over the Pt(111) single crystal in the presence
and absence of CO are 20.2£+0.1 and 9.6 &+ 0.4 kcal/
mol, respectively. The measured activation energy for
ethylene hydrogenation over Pt(111) in the absence of
CO is consistent with previous studies, which reported
an activation energy of 10.8 kcal/mol [25].

The measured activation energy for ethylene hydro-
genation on Pt(111) in the presence of 1Torr CO,
20.2 £+ 0.1 kcal/mol, is close in value to the desorption
energy of CO on Pt(111). Carbon monoxide is known
to form an incommensurate hexagonal overlayer on the
surface, with a coverage of 0.60 ML, when the species
is present in the mTorr range and above [26]. At this
coverage, the heat of adsorption of CO is 22 + 4 kcal/
mol [27]. The proximity of this value with the ethylene
hydrogenation activation energy suggests a possible
correlation that needs further investigation.

3.2. Ethylene hydrogenation reaction rate studies on Pt
nanoparticles supported on alumina: effects of
temperature

The ethylene hydrogenation reaction over the Pt nano-
particles, with and without CO, was studied over the
range 313 to 523 K. The activity of the Pt nanoparticles
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Figure 2. Logarithmic plots of turnover frequency (TOF) versus 1/T for ethylene hydrogenation with (@) and without (M) CO over Pt(111). The activation
energies obtained from the slopes are 20.2 + 0.1 and 9.6 & 0.4 kcal/mol with and without CO present, respectively.

with 0.3 Torr CO is less than 5% of the activity without
CO at the same temperature, as defined as the percent
conversion of ethylene to ethane molecules. At 413K,
the reaction rate for ethylene hydrogenation over the
Pt nanoparticle array model catalyst in the presence of
CO is reduced from 10> to 10°nmol/s. The reaction
without CO was investigated from 313 to 423K.
Reactions conducted above 423K proceeded too
quickly to permit an accurate measurement of the
reaction rate. Conversely, because the catalytic activity
of the Pt nanoparticles was greatly inhibited in the
presence of CO, the poisoning reaction was studied
from 373 to 523 K in order to obtain results that were
distinguishable from the background reaction in the
experimental timeframe.

Arrhenius plots for the ethylene hydrogenation
reaction with () and without ((J) CO over the Pt nano-
particle array model catalyst are shown in figure 3. The

graph shows that the activation energy for ethylene
hydrogenation without CO (10.2 £+ 0.2 kcal/mol) is
virtually identical with that for the reaction with
0.3 Torr CO (11.4 £ 0.6 kcal/mol). The same effects on
the ethylene hydrogenation reaction over the Pt nano-
particle array model catalyst are seen for reactions
poisoned with either 0.6 or 0.3 Torr CO. The reaction
rate at 413K is reduced by two orders of magnitude
and the activation energy remains the same.

The activation energy difference between the Pt(111)
single crystal and the Pt nanoparticle array model
catalyst for a reaction poisoned by CO is significant.
Because the activation energy is largely unchanged for
the nanoparticle array in the presence of CO, concentra-
tions of Pt sites are still available for ethylene hydrogena-
tion. It is known that CO hydrogenation is enhanced at
oxide-metal interfaces [28]. Therefore, these interface
sites could remain free of CO in order to continue
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Figure 3. Arrhenius plots of the rate of ethylene hydrogenation versus 1/T on platinum nanoparticle arrays with () and without () CO. The activation
energies obtained from the slopes are 11.4 & 0.6 and 10.2 & 0.2 kcal/mol with and without CO present, respectively.
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hydrogenating the ethylene. With increasing CO pres-
sure, fewer CO free sites are available. On the single crys-
tal, all available Pt sites are poisoned by CO. In this case,
CO molecules must desorb in order for hydrogenation to
take place on the metal surface. This helps explain why
the activation energy for ethylene hydrogenation on
Pt(111) in the presence of CO is equal to that of the
heat of desorption of carbon monoxide.

The main difference between the Pt(111) single crys-
tal and the Pt nanoparticle array is the oxide-metal
interface. Hydrogenation can take place at either of
two sites. First, there are metal sites that exist on both
model catalyst systems and are prone to CO poisoning.
Then there is the interface site, which appears to be less
prone to CO poisoning due to electronic interactions. A
difference in reactivity between these interface sites and
metal sites may exist, as shown by the differences in the
activation energy and turnover rate of the ethylene
hydrogenation reaction with CO on both model catalyst
systems. The difference could also be the result of the
relative mobilities of species on the surface. Scanning
tunneling microscopy (STM) results from earlier work
in our group have shown that ordered structures
appear for the ethylene hydrogenation reaction over
Rh(111) single crystal catalysts when CO molecules
are introduced into the system [29]. The adsorption of
CO on vacant hollow sites prevents the diffusion of
ethylidyne. Because the surface becomes full of these
immobile adsorbates, the ethylene from the gas phase
has no room to adsorb and hydrogenation is prevented.
Mobility is necessary to free up active hydrogenation
sites. It is possible that the CO molecule retains its
mobility at the oxide-metal interface sites on the Pt
nanoparticle array model catalyst, which would keep
these sites catalytically active for hydrogenation. The
Pt nanoparticle array also has an alumina support,
which can play a factor in diffusion and spillover effects
of CO. The support material will be changed to other
oxides, such as silica or titania, to determine the effects
of the support. CO could induce a reconstruction of the
Pt nanoparticle surface, creating domain boundaries,
which would then increase CO diffusion. The Pt nano-
particle arrays could also be exposing a different crystal-
line face at the interface that is not prone to CO
poisoning, thus allowing the reaction chemistry to
take place at another type of site. The strength of the
adsorption of the CO molecule on the catalyst surface
must be further investigated. AH,4, is related to the
mobility of the molecule on the catalyst surface, with
weakly bound species enjoying greater mobility. The
residence time of CO at these interfacial sites is small
if the molecule is very mobile, and this would keep the
sites available for reaction. More studies are necessary
to gain an understanding of the differences in reaction
mechanism for CO poisoning of the ethylene hydrogen-
ation reaction over Pt(111) single crystal and Pt nano-
particle array model catalysts.

4. Conclusions

CO poisoning of the ethylene hydrogenation reaction
has been studied on Pt(111) and Pt nanoparticle array
model catalysts. Rate studies for Pt(111) show that the
reaction is poisoned by CO, with the activation energy
increasing from 10.8 to 20.2 kcal/mol. This poisoned
activation energy is near the desorption energy of CO.
Rate measurements for the CO-poisoned -ethylene
hydrogenation over the Pt nanoparticle arrays show a
decrease in activity, but not a meaningful increase in
activation energy. The activation energies for the ethyl-
ene hydrogenation reaction over the Pt nanoparticles
with and without CO are 11.4 and 10.2 kcal/mol, respec-
tively. The oxide-metal interface sites might therefore
remain active for ethylene hydrogenation, which in
turn suggests these sites remain free of adsorbed CO.
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