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Ethylene hydrogenation catalyzed at 300 K by 1-1.5 nm nanoparticles of Ni, Pd and Pt supported on MgO
(100) with a narrow size-distribution, as well as the deactivation under reaction conditions at 400 K, was
investigated with pulsed molecular beam experiments. Ni nanoparticles deactivate readily at 300 K,
whereas Pd particles deactivate only after pulsing at 400 K, and Pt particles were found to retain hydro-
genation activity even after the 400 K heating step. The hydrogenation turnover frequency normalized to
the number of particles exhibited the trend, Pt > Pd > Ni. The activity/deactivation was found to scale

ﬁgg\:&?rg;alysis with the location of the particles’ d-band centroid, ¢, with respect to the Fermi energy of the respective
Nickel metals calculated with density-functional theory. An & closer to the Fermi level is indicative of a facile
Palladium deactivation/low activity and an ¢ farther from the Fermi level is characteristic of higher activity/
Platinum impeded deactivation. CO adsorption, probed with infrared reflection absorption spectroscopy was used
d-band to investigate the clusters before and after the reaction, and the spectral features correlated with the

Ethylene de-/hydrogenation observed catalytic behavior.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

The correlation between the electronic structure and the cat-
alytic activity of materials is one of the fundamental principles
underlying the understanding, and systematization of investiga-
tions in heterogeneous catalysis. It is also a powerful aid in the
selection and design of catalysts, and the interpretation of trends
measured across the periodic table. For transition metal catalysts,
the d-band model has been particularly useful in investigating
and systematizing the above correlation [1-3]. For model hetero-
geneous catalysis, ethylene hydrogenation represents the most
basic hydrogenation reaction catalyzed by noble metals and as
such it has been thoroughly investigated on Ni, Pd, and Pt single
crystals [4-11], small particles [12-17], as well as a variety of sup-
ported metal catalysts [18]. A theoretical study of the ethylene
hydrogenation on pseudomorphic Pd films grown on different
metal single crystals, employing the d-band model, concluded that
the activation barriers for hydrogenation and dehydrogenation
depend on the location of the d-band center of the metal catalyst
with respect to the Fermi level [19]. Specifically, a d-band center
closer to the Fermi level facilitated a lower activation barrier for
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the dehydrogenation of ethylene to vinyl, and a higher activation
barrier for the hydrogenation to ethane.

In this letter we report on an investigation of ethylene hydro-
genation on MgO-supported Ni, Pd and Pt nanoparticles with a nar-
row size distribution of 1-1.5nm. These investigations were
carried out under ultra-high vacuum (UHV) conditions with the
use of pulsed molecular beams to study the catalytic behavior of
these clusters under isothermal conditions. Infrared reflection
absorption spectroscopy (IRRAS), with CO as a probe molecule,
was used to probe the catalysts before and after the hydrogenation
reaction. Trends in the measured ethylene hydrogenation activity
and in the deactivation of the cluster catalysts were found to cor-
relate with the electronic structure of the supported metal parti-
cles, in particular the aforementioned d-band centroid model,
calculated with first-principles density functional theory (DFT).

2. Methods

All experiments were performed in an UHV chamber with a
base pressure of 2 - 107'° mbar shown in Fig. 1. The details of the
chamber and cluster preparation are described elsewhere [20].

The MgO(100) thin film as support material was grown on a Mo
(100) single crystal, and characterized, using techniques that have
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Fig. 1. Schematic of the experimental setup used for this study. On the left, the
cluster source is depicted. The 2nd harmonic of a Nd:YAG laser impinges on a
rotating metal target and the metal vapor is extracted though the skimmer into the
vacuum. It is guided by electrostatic lenses to a bender, and then sent through a
QMS which was operated as an ion guide. The particles are then deposited on a MgO
(100)/Mo(100) thin film. The right side depicts the analysis chamber with a variety
of surface science techniques including pulsed molecular beams, a quadrupole mass
analyzer, infrared reflection absorption spectroscopy, Auger electron spectroscopy,
Mg evaporator. See [20] for technical details.

been previously described [21]. The Ni (99.98% purity, Goodfellow,
England), Pd (99.95%, ESG Edelmetalle, Germany) and Pt (99.95%,
Alfa-Aesar, Germany) nanoparticles are generated by a laser vapor-
ization source, coupled with a mass spectrometer. For this work,
the quadrupole mass spectrometer (QMS) (Extrel, USA) was oper-
ated with only the AC voltage component, which leads to the spec-
trometer functioning as an ion guide and a high pass mass filter.
The size distribution is then determined by the settings of the clus-
ter source [22]. Recent TEM studies on Pt have shown that the par-
ticle area distribution of a sample deposited with these settings
can be fitted by a log-normal distribution [23-25] and approxi-
mately correspond to the size distribution from the source. In these
studies a particle size distribution of 1-1.5 nm was determined
and this is the expected size range studied in this paper. The cov-
erage is measured by integrating the deposition current and
assuming unit charge for all impinging particles. For all measure-
ments, 9 - 10'? particles were deposited onto the 0.785 cm? single
crystal.

Catalytic measurements were performed at 300 K using a piezo
driven valve, of in house design, to pulse (pulse width =600 ps,
0.1 Hz) well defined amounts of ethylene (3.5 purity, Westfalen,
Germany) onto the sample. The local pressure of ethylene was
determined to be 5-1077 mbar, from the time profile and QMS
response from a single ethylene pulse. A background deuterium
(100% purity, Westfalen, Germany) pressure of 2 - 10~ mbar was
applied and the crystal was held approximately 0.5 cm from the
piezo valve nozzle and the skimmer leading to the QMS (Balzers
QMA 430, Liechtenstein) for reactivity studies.

Fig. 2 shows an average of 20 pulses for the Pd samples.
Between a time of 40 ms and 80 ms we define a ‘quasi steady state’
regime and use this value for the calculation of turnover frequen-
cies (TOF) [26]. The TOF was determined by calibrating the QMS
with a monolayer CO TPD from Pt(111) in the same chamber,
and determining the sensitivity factor with respect to ethane
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Fig. 2. Representative average of 20 pulses of the ethane (31m/z) signal from Pd
nanoparticles at 300 K. The area marked in gray defines a region of quasi steady-
state conditions, from which the catalytic data were extracted.

(m/z=30). The measured mass was 31=m/z as deuterium was
used to minimize any possible background signals. Since the
QMS calibration was performed with non-deuterated ethane, a sys-
tematic error is present in the absolute TOF values calculated.
However, it has been shown experimentally that the sensitivity
factor of the m/z=31 fragment of C;H4D, with respect to non-
deuterated ethane, at an ionizing voltage of 70V, is approximately
a factor of ] and therefore the values reported here are of the cor-
rect order of magnitude [27].

IRRAS (Thermo Electron Corp. Nicolet FT-6700) measurements
were performed in single reflection mode, with an external MCT-
detector (Thermo Electron Corp., MCTA-TRS), at 100 K after dosing
10 L of CO (256 scans, 4 cm~! resolution). One spectrum was taken
with a freshly deposited sample of clusters and the other spectrum
after performing the aforementioned catalytic experiment with a
freshly deposited sample. This technique of probing metal particles
with CO before and after performing ethylene adsorption and/or
hydrogenation, has often been used to investigate particle mor-
phology and the presence of carbon deposits [28-32].

For modeling the experimentally obtained size-distribution a
representative cluster of 30 atoms for each metal was chosen. To
model M3o/MgO (M =Ni, Pd, and Pt) systems, we employed a
four-layer MgO(100) slab with a calculational cell consisting of
7 x 6 unit cells; each layer consisted of 42 Mg and 42 oxygen
atoms with the atoms in the bottom layer held stationary (at the
experimental lattice constant of 4.21 A) and the atoms in the other
three layers allowed to relax to the optimal atomic arrangement;
optimal configurations (using a conjugate gradient search) were
determined when the calculated energy converged within
0.001 eV. The bare Msq cluster was positioned on the MgO(100)
surface, and its configuration was optimized, see [33] for details
regarding the particle geometry. The calculational supercell, which
included the MgO(100) slab and a 24 A thick vacuum region, was
periodically replicated.

The first-principles electronic structure calculations used the
density-functional theory (DFT) method employing the VASP-DFT
package, using a plane-wave basis with a kinetic energy cutoff of
400 eV, PAW pseudopotentials [34] and the PBE generalized gradi-
ent approximation (GGA) for the exchange-correlation potential
[35]. T'-point sampling of the Brillouin zone was used. The
angular-momentum projected local density of states (PLDOS) was
calculated by using the spherical harmonics, Y}, projectors (in par-
ticular 1 = 2 for the d-band PLDOS). The PLDOS of the entire cluster
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is the sum of the projected contributions calculated for each of the
atoms of the adsorbed metal cluster, with the position of the atom
taken as the center for the angular-momentum projection and the
integration carried out over a sphere of radius 1.22 A (Ni), 1.37 A
(Pd, Pt) about each of the atoms; this radius is taken as half of
the average bond-length to minimize overlap.

3. Results

Fig. 3a displays the pulse-to-pulse ethane signal from deposited
Ni, Pd and Pt clusters at 300 K. The pulse-to-pulse signal from the
same samples measured at 100 K is also included as a background
and can be seen to be approximately zero. The plotted Pd and Pt
results also show, in addition, the ethane signal measured at
300 K after exposing the samples to 15 ethylene pulses at 400 K.
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Since the Ni data show a fast deactivation of the particles after only
15 pulses at 300 K, the effect of heating to 400 K was not probed.
For Pd nanoparticles the product (ethane) signal at 300 K slowly
decreases as the number of pulses increases, but catalytic activity
maintains even after 20 pulses. However, after pulsing the
nanoparticles with ethylene at 400 K the sample is observed to
have lost all hydrogenation activity. The Pt nanoparticles exhibit
a similar behavior at 300 K to that of Pd, but hydrogenation activity
persists even after ethylene pulsing at 400 K.

The IR spectra of CO adsorbed on the Ni, Pd and Pt nanoparticles
before and after the experiments in Fig. 3a are displayed in Fig. 3b.
The Ni spectrum before the reaction shows a single peak at
2088 cm™!, with a broad feature at 1900-1950 cm™! correspond-
ing to linear and bridge bonded CO, respectively. After the reaction
has been run, the bridge bonded peak disappears and the linear
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Fig. 3. Pulsed molecular beam (a) and IRRAS (b) data from Ni, Pd and Pt nanoparticles of the size range 1-1.5 nm. In all cases the data in (a) show the ethane signal
progression of single ethylene pulses, and the data shown in (b) were recorded before and after the completion of the experiments shown in (a). The Ni data (top panels) in (a)
show the pulse-to-pulse ethane signal taken at 300 K and at 100 K, and in (b) measurement of the linear- and bridge-bonded CO stretch on clean Ni nanoparticles and after
pulsing at 300 K. The Pd data (middle panels) in (a) depict the pulse-to-pulse data at 100 K, at 300 K, and at 300 K but subsequent to pulsing ethylene at 400 K. The Pd IR
spectra in (b) show the linear- and bridge-bonded CO stretch on a clean sample, and after the corresponding experiments displayed in (a), except the one at 100 K. The Pt
measurements (bottom panels) in (a) and (b) were performed under the same conditions described for the Pd data.
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bonded peak shifts slightly to higher wavenumbers and now has a
shoulder at 2075 cm™!. The Pd IR spectrum before the reaction
shows the linear and bridge bonded CO species at 2098 cm~! and
1960 cm™!, respectively, as with Ni. Following ethylene pulsing
at 300K the bridge bonded disappears and the linear peak is
slightly redshifted to 2088 cm™!. After running the reaction subse-
quent to ethylene pulsing at 400 K, no CO peak is observed.

The Pt IR spectrum before the reaction shows a linear bonded
species on the clean particles at 2082 cm~! and bridge bonded cen-
tered at 1870 cm™!. After pulsing at 300 K there is a redshift in the
CO stretch and after ethylene pulsing at 400 K, a double peak at
2054 and 2040 cm™! is measured. Both Pt spectra after the two
reaction cycles (‘300 K’ and ‘after 400 K’, Fig. 3a) display a very
strong decrease in signal intensity compared to the Ni (top) and
Pd (middle) cases.

A cluster consisting of 30 atoms was chosen as a model for the
studied nanoparticle systems, as this size has dimensions similar to
the size distribution investigated. To determine optimal structures
of the adsorbed 30-atom clusters on the Mg(100) surface we have
focused on the Pd3q cluster; once alternative structural motifs have
been constructed and tested, the optimal ones have been relaxed
subject to the characteristic pseudopotentials of the three metals
(Ni, Pd, and Pt). On the clean surface of MgO(100) (prior to adsorp-
tion of the Pdsq cluster), the oxygen atoms of the topmost layer are
located 0.053 A higher (i.e., toward the vacuum) than the Mg
atoms. After adsorption of the pyramidal Pds3, cluster on the sur-
face, the 16 O atoms in the area covered by the base of the cluster
(see Fig. 4) are found to be located 0.009 A higher than the corre-
sponding 16 Mg atoms. The ground-state structure of the sup-
ported Pdsq cluster is found to be a square pyramid (Fig. 4a and

()

Fig. 4. Optimal structures of pyramidal (a, b) and two-layer (c, d) Pds, clusters
adsorbed on a MgO(100) surface. The atoms of the Pds, clusters are colored by a
blue color gradient for clarity. The color depends on the distance of the Pd atoms
from the MgO surface, with those closer to the MgO surface depicted in a deeper
blue color. The Mg atoms are green spheres and the oxygen atoms are red. The
adsorbed pyramidal Pdszo cluster is 1.84 eV lower in energy than the two-layer
cluster. (a) and (b): Pyramidal Pd3o. The numbers of Pd atoms from the bottom Pd
layer to the top layer are 16, 9, 4, and 1. The spacing between the bottom Pd layer
and the topmost O (Mg) atoms under the Pdsq cluster is 2.267 A (2.258 A). The
spacing between the bottom (first) layer and the Pd cluster and the layer above it
(second layer) is di,=1.987 A. The spacing between the consecutive layers is
dy3=1.795 A and ds4 = 1.790 A. The average Pd-Pd bond length on the bottom edge
of the Pdso pyramid is 2.66 A. (c) and (d): Two-layer Pdso. The numbers of Pd atoms
of lower and upper Pd layers are 18 and 12. The spacing between the lower Pd layer
and the topmost O (Mg) atoms under Pds is 2.284 A (2.283 A). The spacing between
two Pd layers is di5 = 1.999 A.

b), with the energy of the optimal Pdso(pyramid)/MgO system
found to be lower by 1.84 eV compared to an alternative (fully
relaxed) two-layer structure (Fig. 4c and d). On the other hand,
the (vertical) adsorption energy of the two layer Pdsg cluster
isomer to the MgO(100) surface is slightly higher (E.qs(2-layer)
=10.45eV) than that of the pyramidal cluster (E.qs(pyramid)
=10.08 eV); E,qs [vertical binding energy, vBE, in Table 1] is calcu-
lated as the difference between the total energies of the individual
components (free cluster and clean surface, both in the configura-
tions of the optimally adsorbed system) and that of the combined
adsorption system Pdso/MgO. As found in earlier first principles
investigations, free [36] and supported [37] Pd clusters exhibit
spontaneous magnetization. The optimal minimum energy config-
uration of the Pdsq (pyramidal) cluster has a spin state with NT-N|
=4 (where N7 is the number of spin-up electrons and N| is the
number of spin-down electrons); the energy of this magnetic state
is lower by 0.05eV than that with no magnetic moment, i.e.,
N7 =N|. In the current investigation we give results for the non-
magnetic states of the clusters, because of the very small influence
that they have on the geometrical and electronic properties of the
adsorbed clusters. Details of the structural parameters for the
ground-state pyramidal and 2-layer structural isomers of the 30-
atom Ni, Pd and Pt clusters are given in Tables 2 and 3.

Table 1

Total energy differences and vertical binding energy of the X3, cluster to the Mg(100)
surface. AE = Eot[X30(2-layer)/MgO] — Eioc[X30(pyramid)/Mg0O] and VBE = E[frozen
X30] + E[frozen MgO] — Eio[X30(2-layer)/MgO] where X=Ni, Pd, and Pt. E[frozen
X30] and E[frozen MgO] denote the total energies of the isolated 30 atom cluster and
the bare underlying MgO surface in the geometries they have when the cluster is
adsorbed on the surface (for which the total energy is given as Eo[X30(pyramid or 2-
layer)/MgO]). Energies in units of eV.

Nizo/MgO Pd30/MgO Pt30/MgO
AE (eV) 247 1.84 3.93
VBEpyramia (€V) 11.09 10.08 10.99
VBE;_jayer (€V) 12.19 10.45 11.87

Table 2

Interlayer and interatomic distances for the pyramidal adsorbed clusters. d; o is the
spacing between the bottom layer of the cluster and the top 16 O (oxygen) atoms
under the cluster, d;_ is the spacing between the bottom layer of the cluster and
the top 9 Mg atoms under the cluster, d,_, is the spacing between the bottom and the
2nd cluster layer, d,_s is the spacing between the 2nd cluster layer and the 3rd cluster
layer, d3_4 is the spacing between the 3rd cluster layer and the 4th cluster layer. (bl)
is the average bond length of the bottom edge atoms of the cluster.

Nizg(pyramid)/MgO  Pdszo(pyramid)/MgO  Ptso(pyramid)/MgO
di_o(A) 2035 2.267 2.272
di_mg (A) 2107 2258 2.262
di_5(A) 1557 1.987 1.970
dy s (A 1.622 1.795 1.762
ds 4 (A) 1659 1.790 1.838
(bl) (A) 2.482 2.664 2.645

Table 3

Interlayer and interatomic distances for the two-layer adsorbed clusters d; ¢ is the
spacing between the bottom layer of the cluster and the top 18 O atoms under the
cluster, dy_ng is the spacing between the bottom layer of the cluster and the top
10 Mg atoms under the cluster, d;_; is the spacing between the bottom and the 2nd
cluster layer, and (bl) is the average bond length of the bottom edge atoms of the
cluster.

Ni3g(2-layer)/MgO Pdso(2-layer)/MgO Pt3o(2-layer)/MgO

di_o (A) 2.055 2.284 2.271
dimg (A) 2123 2.283 2.268
di_5 (A) 1.583 1.999 1.981
(bly (A) 2.541 2.691 2.668
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4. Discussion

From comparison of the catalytic reactivities of the three metal
nanoparticles (Fig. 3a) a clear trend can be established as a function
of an elements period within the same group of the periodic table.
In particular, the tendency for a group 10 metal to deactivate in the
course of ethylene hydrogenation increases as the period decreases
- namely, Ni (period 4) exhibits the highest deactivation tendency
(see sharp falloff of the activity with increasing number of pulses in
Fig. 3a), whereas Pt (period 6) displays a much reduced deactiva-
tion (maintains reactivity after ethylene pulsing at 400 K), and Pd
(period 5) shows an intermediate behavior (deactivation only after
ethylene pulsing at 400 K).

In the case of extended surfaces it has been found (based on the
d-electron model [1,2]) that the activation barrier for ethylene
hydrogenation increases as the d-band center shifts closer to the
Fermi level, while the activation barrier for dehydrogenation,
resulting in formation of carbonaceous species (that poison the
hydrogenation reaction) decreases [19]. To assess the validity of
these results for the case of the nanoparticles investigated here,
we show in Fig. 5 the DFT calculated DOS for M3o/MgO(100),
[M =Ni, Pd and Pt], evaluated for the structure of the representa-
tive 30-atom adsorbed cluster shown as inset in the middle panel
of Fig. 5, which has been found previously to be the lowest -
energy optimal configuration for Pdsg/MgO [33]. The cluster
d-band centers, &M = EM — Eg, for M =Ni, Pd, and Pt, where Eg is
the Fermi energy of the cluster, obtained from the d-level projected
DOS (PLDOS, see red-filled areas in Fig. 5), were calculated to be
eNi=_-133eV, eMM=-1.86eV, &'=-240eV. These values are
rather similar to those calculated for the d-band centers in
extended (bulk) Ni, Pd, and Pt surfaces —1.29 eV, —1.89 eV and
—2.25 eV, respectively [38], and thus the general conclusions
drawn about the hydrogenation reaction catalyzed by the
extended (bulk) surfaces of these metals [19] are expected to
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Fig. 6. Ethane TOF for Ni, Pd and Pt nanoparticles plotted against the calculated d-
band center, ¢ (see Fig. 5). The closer the d-band center is to the Fermi level, the
lower the activity and the more facile the deactivation (see Fig. 3a). The TOF has
been calculated from pulse 17 to 20 for all three metals.

extend to the supported nanoparticles in the size-range of 1-
1.5 nm. This expectation is apparent from Fig. 3a for deactivation
and quantified in Fig. 6 where the scaling of é¥ with the hydro-
genation activities of the three nanoparticle systems is depicted.
Here, the hydrogenation activity is expressed in terms of the
hydrogenation (ethane production) TOF, which has been calculated
per particle from the average of pulses showing a constant activity.
Fig. 6 illustrates that for the clusters of M = Ni, Pd and Pt studied
here the predicted scaling of the hydrogenation reaction TOF with
€M is maintained.

While the general behavior of the catalysts can be well rational-
ized with the d-band model, the microscopic picture is still uncer-
tain. In particular, Ref. [19] only investigated an initial
dehydrogenation step to a vinyl intermediate, which may or may
not be the final product/intermediate at a given temperature on
a given metal.

In order to investigate features of the nanoparticle surface sub-
sequent to reaction, IRRAS of CO (see Fig. 3b) provides a powerful
tool, where a decrease in the CO absorption intensity can indicate a
loss of adsorption sites and a redshift indicates co-adsorbed car-
bonaceous species [28-32].

After pulsing at 300K the signal corresponding to bridge-
bonded CO on Pd disappears, but the linearly-adsorbed CO adsorp-
tion peak is still visible and 10 cm™! redshifted, see Fig. 3b. The loss
of CO adsorption sites from ethylene decomposition on Pd has
been previously reported [28,29] and our results support this find-
ing. Following pulsing at 400 K, however, resulting in completely
deactivating the catalyst (Fig. 3a), there is no detectable CO adsorp-
tion, implying blocking of all CO adsorption sites on the particles
by carbon species. Such a complete loss of all CO adsorption sites
(down to the detection limit) has, to our knowledge, not been
observed previously; Refs. [28,29] only investigated the effect of
ethylene decomposition at 300 K, with ethylidyne identified as
the resulting surface species [29]. The effect of higher tempera-
tures on further dehydrogenation and subsequent CO adsorption
has not been studied, but a temperature-dependent model of
ethylene adsorption on Pd nanoparticles has been proposed based
on temperature programmed desorption, IRRAS and X-ray photo-
electron spectroscopy studies [13]. The authors identified three
distinct temperature regions: (i) T< 300K, here ethylene can be
7- or di-o-bonded to Pd particles, with the di-o species being able
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to convert to ethylidyne between 250 and 300K. (ii)
300 K< T<400K, ethylidyne can dehydrogenate further to form
C-H surface species. (iii) T > 400 K, in this region a complete dehy-
drogenation occurs and the particles are covered with carbon
deposits. This proposed model explains the results of the CO IRRAS
experiments here. At temperatures up to 300 K a limited amount of
dehydrogenation occurs, possibly to form ethylidyne, which is evi-
denced by the loss of bridge bonded CO and slight redshift. At tem-
peratures up to 400 K further dehydrogenation reactions occur,
resulting in the blocking of CO adsorption sites (no CO IR peak),
and poisoning of the ethylene hydrogenation reaction.

The similarity between the IR spectra taken after the two reac-
tion cycles on Pt indicates that the temperature increase to 400 K
has not caused any reduction in CO adsorption capability, but from
Fig. 3a has caused a decrease in activity. The activity decrease is
likely an effect of accelerated ethylene dehydrogenation at ele-
vated temperatures leading to increased site blocking, as particles
in this size range have been previously proposed to suppress ethy-
lene dehydrogenation at 298 K [17]. The presence of a small CO
peak after the 400 K step is not unexpected, as CO is able to pene-
trate an ethylidyne surface layer [31] and dehydrogenated frag-
ments tend to have low saturation coverages due to repulsive
interactions [39]. The identification of ethylidyne as the dehydro-
genation product on Pt nanoparticles is, however, tenuous at par-
ticle sizes smaller than 2 nm, but the redshift and loss of
intensity compared to the clean spectrum clearly indicate the pres-
ence of carbon. It has been proposed that ethylidyne requires 3-
fold symmetric sites to form and that smaller particles present less
of these sites, thereby suppressing ethylidyne formation [40,29].
Experimental identification of the carbon species chemical nature
after reaction at 300 K was not possible, due to the very low con-
centration of catalyst used. One possibility is the formation of
ethylidene, which was shown to be the likely precursor of ethyli-
dyne on Pt(111) [41]. If this species is produced at 300 K as a pre-
cursor to ethylidyne, then it would in effect have a similar site
blocking effect as ethylidyne, as both species would have similar
coverages. Ethylidene would have, however, a different chemical
interaction with Pt, as it would only be coordinated with two Pt
atoms, therefore attenuating its effect on ethylene hydrogenation.
Ethylidyne would then be the next species formed at temperatures
up to 400 K, and its coordination with three Pt atoms leads to a dis-
tinct deactivation of the catalyst, but its relative coverage is the
same as ethylidene and therefore CO adsorption properties remain
the same.

The measured intensity decrease on the Pt nanoparticles has
also been shown on Pt(111), where the linear CO stretch intensity
decreased by a factor of seven when the surface was pretreated
with ethylene at 330 K, which led to a saturated coverage of the
dehydrogenated product, ethylidyne (upon which ethylene hydro-
genation activity is still present) [10,30]. Our results show a factor
of 15, but we have only dosed 10 L of CO, whereas the experiment
on Pt(111) was performed in a background CO pressure of 1077
Torr. Additionally, our result showing CO adsorption after the
400 K step is consistent with findings that ethylidyne further dehy-
drogenates on Pt(111) only at temperatures above 400 K, which
would then lead to a more complete sight blocking [42,43].

Ni presents unexpected behavior as the supported nanoparti-
cles appear to have lost all activity after a few pulses at 300 K as
well as all bridge bonded CO (Fig. 3a), but still display a linear
CO feature of similar intensity to that of the clean sample
(Fig. 3b). It is plausible that the dehydrogenation product at
300K on Ni is displaced by CO, in contrast to Pt where a signal
of small intensity was observed. This behavior has been observed
previously on a Ni catalyst supported by silica, where at room tem-
perature the largest IR absorption peak attributed to ethylene dis-
appeared upon CO adsorption [44]. Another possibility is the

selective ethylene dehydrogenation on active Ni sites for hydro-
genation, in contrast to Pd or Pt where dehydrogenation occurs
primarily elsewhere. This also follows our interpretation from the
d-band model. Taking into consideration a single active site for
hydrogenation on Ni, Pd and Pt, then from our interpretation, ethy-
lene dehydrogenates on Ni exactly at this site with a high probabil-
ity due to a low activation barrier. On Pt and Pd, the probability to
dehydrogenate at an equivalent site is much lower due to a higher
activation barrier. In both cases, the activation barrier is a direct
result of the d-band center, ¢V. This interpretation, however, only
requires ethylene dehydrogenation on the active sites on each par-
ticle, leaving open the possibility that ethylene dehydrogenation
does not occur (as observed on Ni), or does occur (as observed on
Pt), on other sites where CO can adsorb. This leads, in the case of
Ni, to a very similar CO IR spectrum compared to the clean sample,
but the presence of carbon is still observable (loss of bridge bonded
and redshifted shoulder in Fig. 3b). For Pt however, the before and
after spectra show strong deviations as ethylene dehydrogenates
not on an active site (as with Ni) but rather where it competes with
CO for adsorption sites. Supporting this point are data from single
crystal studies, where the dehydrogenation pathway on Ni
proceeds through a vinyl species to acetylene [45], in contrast to
Pt where ethylene is known to form ethylidyne from possibly an
ethylidene intermediate [41]. These two different reaction path-
ways indicate a fundamental difference in ethylene dehydrogena-
tion chemistry, which can also be occurring on nanoparticles.
Another important aspect to consider is that even though dehydro-
genation fragments such as vinyl and ethylidyne form very strong
bonds to the surface, their coverages remain relatively low due to
repulsive interactions [39]. The large signal intensity of CO on Ni,
could also be due to strong repulsive interactions between carbon
fragments leaving a large amount of free CO adsorption sites. This
puzzling result from Ni indicates that there is still much unknown
about the molecular nature of dehydrogenation intermediates and
products on small nanoparticles.

5. Conclusion

In conclusion, from pulsed molecular beam experiments of the
hydrogenation reaction of ethylene catalyzed by Ni, Pd, and Pt
nanoparticles, of 1-1.5 nm size-distribution, we found that the
reaction efficiency (TOF) scales with the metal’s calculated
d-band center, using a 30 atom particle as a model system for
the calculations. In this size range of nanoparticles the behavior
observed was shown to be that which would be expected from
extrapolating bulk properties to this size range, i.e. the calculated
d-band center and predicted reactivity of bulk structures are, in
this case, scalable down to 1-1.5 nm particles. Specifically, the
proclivity for nanoparticle deactivation was observed to decrease
in the order Ni > Pd > Pt, following the reverse trend exhibited by
the calculated d-band centroid of the clusters, that is
&N < g7 < gt. Clearly, understanding of the molecular details and
elucidation of the mechanisms of the involved reactions, require
microscopic treatment, beyond the d-electron model used here.
Certain aspects that remain unresolved are evidenced by the IRRAS
results recorded after running the reaction at 300 K, where a com-
plete deactivation of Ni did not preclude the adsorption of CO. This
is indicative of a different interaction and composition of the
inhibiting species compared to e.g. Pd, where a complete deactiva-
tion was coupled with no CO adsorption. Additionally, Pt showed a
very limited CO adsorption after reaction at 300 K even though the
activity was measured to be higher per cluster than Pd.

The application of a cluster source for the production of
nanoparticles is a powerful tool for explorations of heterogeneous
catalytic reaction. Comparative experimental investigations with
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respect to the identity of the metal catalysts, in combination with
DFT calculations of model systems, can offer insight into subtle dif-
ferences between the surface chemical behavior within the scal-
able size range. These basic studies can serve as a foundation for
the investigation of size-selected clusters in the sub-nanometer
size range (i.e. particles containing up to 20 atoms) where the scal-
ability of these properties breaks down [46,47].
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