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CO Adsorption on Pd Nanoparticles: Density Functional and Vibrational Spectroscopy
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Adsorption of CO on nanosize Pd particles was studied theoretically by density functional method and
spectroscopically by means of infrared reflection absorption spectroscopy (IRAS) and sum frequency generation
(SFG). A density functional approach was applied to three-dimensional crystallites of about 140 atoms. The
model clusters were chosen as octahedral fragments of the face centered cubic (fcc) bulk, exhibiting (111)
and (001) facets. Bare and adsorbate-decorated cluster models were calculat@gsyittimetry constraints.
Various types of adsorption sites were inspected: 3-fold hollow, bridge, and on-top positions at (111) facets;
4-fold hollow and on-top sites at (001) facets; bridge positions at cluster edges; on-top positions at cluster
corners; and on single Pd atoms deposited at regular (111) facets. Adsorption properties of the relatively
small regular cluster facets (111) and (001) are calculated similar to those of corresponding ideal (infinite)
Pd surfaces. However, the strongest CO bonding was calculated for the bridge positions at cluster edges. The
energy of adsorption on-top of low-coordinated Pd centers (kinks) is also larger than that for on-top sites of
(111) and (001) facets. To correlate the theoretical results with spectroscopic data, vibrational spectra of CO
adsorbed on supported Pd nanocrystallites of different size and structure (well-faceted and defect-rich) were
measured using IRAS and SFG. For CO adsorption under ultrahigh vacuum conditions, a characteristic
absorption in the frequency region 1950970 cm! was observed, which in agreement with the theoretical

data was assigned to vibrations of bridge-bonded CO at particle edges and defects. SFG studies carried out
at CO pressures up to 200 mbar showed that the edge-related species was still present under catalytic reaction
conditions. By decomposition of methanol leading to the formation of carbon species, these sites can be
selectively modified. As a result, CO occupies on-top positions at particle edges and defects. On the basis of
the computational data, the experimentally observed differences in CO adsorption on alumina-supported Pd
nanoparticles of different size and surface quality are interpreted. Differences between adsorption properties
of Pd nanoparticles with a large fraction of (111) facets and adsorption properties of an ideal Pd(111) surface
are also discussed.

1. Introduction At low CO pressure, the adsorption site occupancy was found
. . . to depend on particle size, surface structure, and tempera-
Clusters constitute an intermediate state of matter betweeny;e6.1011 on well-faceted Pd particles, CO preferentially
isolated molecular species and sofids?hysical and chemical  54sorbs at bridge sites, whereas on more defective Pd particles,
properties of clusters are size-dependlent thus tunable. This o "on smaller or less-ordered particles, a significant fraction
is particularly important for the synthesis of nanostructured ¢ on-top sites is observed as well. Even well-faceted Pd
material$ and for heterogeneous catalysis by transition méfals.  articles exhibit adsorption properties similar to those of defect-
Modern experimental techniques permit us to design and jcp, Pd(111) surface rather than of an ideal Pd(111) suffate.
characterize model catalysts in the form of metal nanoparticles Carbon monoxide is. on one hand. a touchstone adsorbate:
of well-defined structure, grown on oxide surfaces. For instance, on the other hand. it i's a key reage’nt in methanol synthesis’

rgpent_ly, pa”ad'“”? nanoclustgr; supported on thin alum!na and over oxide-supported Pd cataly$tOn the basis of vibrational
silica films and their characteristics for adsorption and oxidation . -
. . 1o . spectroscopy data, CO is known to adsorb at 3-fold hollow sites
of CO were intensively studi€tt1? It was observed that in many .
cases clusters grown on an alumina film exhibit a well-faceted of well-prepared Pd(111) surfaces when the coverage is up to
9 half a monolayerp < 0.51%11 Around 6 = 0.6-0.7, CO is

truncated fcc structure with a large fraction of (111) faéetd. preferentially bridge-bonded (€0 stretching frequency 1960

cm~1) with a small amount of on-top sites occupied2090
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vibrational bands at 1895 and 2110 th* Density functional performed vibrational spectroscopy measurements of CO ad-
(DF) slab model calculations show that for this %22)-3 CO sorbed on the Pd nanoparticles employing two types of exper-
structure fcc, hcp 3-fold sites as well as on-top sites (each perimental techniques. Under UHV (ultrahigh vacuum) conditions,
2 x 2 unit cell) are energetically preferred to occupation of infrared reflection absorption spectroscopy (IRAS) was ap-
one on-top and two 2-fold bridge sit€sThus, on the ideal  plied??Using sum frequency generation (SF&Y; vibrational
Pd(111) surface, bridge sites are occupied only in the relatively spectra can be acquired from UHV up to ambient conditions,
narrow CO coverage range frofi= 0.6 tod = 0.7. Coverage  allowing us to examine whether UHV results can be transferred
0 = 0.6 is reached at a CO pressure of & bar at 190 Kand  to a technically relevant higher pressure range.

at 100 mbar at 300 K. On the other hand, for alumina-supported

Pd nanoparticles a strong signal of bridge-bonded CO is present2. Computational

already for a pressure of 10 mbar at 300 KI° Also, on
nanoparticles the vibrational peak around 1975 tis char-
acteristic for CO bridge-bonded at defect-rich (stepped) Pd(111)
facets whereas it is observed at 1955 énfor CO bridge-
bonded at perfect (111) terracés! Small Pd particles with a
mean size of 3.5 nm grown at 90 K exhibit a rough surface
with many defects and no distinct facéfs! The vibrational
peak observed for CO on these small clusters around 1975 cm
also clearly indicates the defect-related nature of the bridge sites
on these particle¥.'* Another feature differentiating supported

Pd nanoparticles from the ideal Pd(111) surface is occupation parametrizatio®). To study CO adsorption, we evaluated

. - 1 .
gd?1n1i(;psﬁr?zgfr;ﬁsggggscfnéir?t Ig\g prgslfugeséa?g g:ﬁ atenergic—:‘s in a generalized-gradient approximation (GGA, BP86
0> 06 P 9 P PP y exchange-correlation functiof&P? using the electron density
o ) ) of self-consistent LDA calculations; this computational strategy
Previously, some of us investigated octahedral and cubocta-jg very economic, yet sufficiently accura¥eln some cases
hedral palladium nanoclusters, ranging from;$£t0 Pdis by explicitly specified in the following, we also employed the
means of all-electron relativistic DF calculatiol¥dn particu- PBEN* GGA functional for comparison with BP86 results.
lar, we focused on the interaction of CO with 3-fold hollow For Pd, we used a Gaussian-type orbital basi s&tended
sites located at the center of (111) facets (a single CO molecule;, (18, 11’3p od) by adding ones exponent (0.0135), twg
per facet) and we analyzed how calculated adsorption parameter%xpon(_:"ntS ’(0_0904 and 0.0214), and ehexponent ('0_097)_
vary with cluster size. We also examined how observables s pasis set was contracted tcsBb,4d] using relativistic
calculated for that adsorption position on cluster facets relate \s\yN atomic eigenvectors. To evaluate the classical Coulomb
to adsorption properties of the corresponding site at a single- contripution to the electrorelectron interaction, the electron
crystal surface Pd(111). We were able to demonstrat(_e that C'!JSterdensity was represented with the help of an auxiliary bas@set.
models of about 80 and more Pd atoms describe variousThe exponents of andr? type fitting functions were generated
adsorption properties of the Pd(111) surface (including the from the orbital basis set by a standard proced@ine:addition,
adsorption energy) with quantitative accuragyn the present we chose thep and d “polarization exponents” as geometric
study, we theoretically address CO adsorption at other sites ofseries with factor 2.5, starting with 0.1 and 0.2 foand d
Pd nanoparticles, such as edges, corners, or defect atomgyponents, respectively. For Pd, the auxiliary basis set was of
deposited on the regular cluster facets. In most cases, theihe sjze (1%6r2,5p,5d). C and O atoms were described by orbital
adsorbed CO molecules have been considered at cluster positiongasis sets of quality (®p,4d)3 using the original general

that are far enough from each other so that a direct adserbate contraction [,5p,2d] and by auxiliary charge density basis sets
adsorbate interaction is negligible; thus, our results correspond(14s,9r2,5p,5d)_
to experimental ultrahigh vacuum conditions at sufficiently low  since spin-polarized test calculations for selected Pd clusters
CO coverage. With the calculated adsorption parameters of Pdyeyealed no unpaired electrons, we will discuss only results of
nanoclusters we intend to shed light on two important issues: gpin-restricted calculations in the following. To ensure conver-
(i) how adsorption characteristics of metal particles (that also gence of the electron density during the SCF procedure, we
exhibit several adsorption sites) change with cluster size, andapplied throughout a technique of fractional occupation numbers
(i) how adsorption properties of supported Pd nanoparticles yjith a level broadening of 0.1 e%%.For all Pd clusters, we
differ from those of the well-ordered Pd(111) surface. used an experimental bulk-terminated geometry with & i

A correlation of the theoretical data on the adsorption of CO distance of 2.75 &7 In some cases (Section 4.1.2), we carried
on Pd nanoparticles with experimental results requires the out full geometry optimization (subject only ©, symmetry
preparation of nanopatrticle systems, which can be experimen-restrictions) of bare Pd clusters at the LDA level, invoking a
tally investigated in great detail. As mentioned above, this is quasi-Newton algorithm and analytical forc&s? Finally, the

The calculations were carried out at the all-electron level using
the linear combination of Gaussian-type orbitals fitting-functions
density functional (LCGTO-FF-DF) meth&das implemented
in the parallel code ParaGaw¥§27 We used the scalar relativistic
variant of the LCGTO-FF-DF method which employs a second-
order Douglas-Kroll transformation to decouple electronic and
positronic degrees of freedom of the Dira€ohn—Sham
equations29

Self-consistent solutions of the Kohi®ham equations were
obtained within the local density approximation (LDA; VWN

the case for so-called supportedodel catalystswhich in GGA energy functional was evaluated for LDA-optimized
contrast to real catalysts reveal a reduced complexity and canclusters (BP86//VWN).
be easily studied using most surface science technfoitfe In the calculations of CO adsorption, we kept all Pd atoms

In this work, we employed Pd model catalysts supported by an at positions corresponding to bare cluster, i.e., we neglected
ordered A}Os film grown on NiAl(110)2%21 Previously, this adsorbate-induced relaxation. To obtain approximate equilibrium
system has been characterized in detail with respect to itsgeometries of adsorption complexes with CO molecules oriented
electronic and geometric structure as well as its adsorption according to the symmetry grou, we consecutively varied
properties (see ref 4 and references therein). In addition, thePd—C and C-O distances until deviations were below 0.001
kinetics and mechanism of several model reactions have beenA, using BP86 energies. We corrected the CO adsorption energy
investigated%11.2224 To probe different adsorption sites, we for the basis set superposition error via the standard counterpoise
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Figure 1. Model Pd nanoparticles dd, symmetry.

technique’® To estimate the harmonic CO vibrational frequency,
we approximated the €0 internal mode by keeping the CO
center of mass fixed; polynomials of degree 4 and 3 were fitted
to five total energy values near the minimum of the potential
curve. Both polynomials give essentially the same value of
harmonic frequency; we neglected the anharmonic correction
from the third-order polynomial fitting, which is almost constant
(23—26 cnTl) and close to the experimental value for a free
CO molecule.

We selected a series of metal cluster©pbymmetry—Pdi 1,
Pdiao, Pdias, Pdia7, Pdisg (Figure 1). These are particles with
dimensions ranging from1.4 nm (Pd;¢) to ~1.9 nm (Pdae).

Due to their high symmetry, the electronic structure of these
clusters is determined by a rather moderate number of sym-
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this cluster exhibits also six smallest (001) facets comprised of
4 atoms. Next, the top layer of each tetragonal facet gidsl
removed to yield the cluster Pd Similarly, Pd47is obtained

by truncating the full octahedron g Cluster Pgss was used

to study kink defects at (111) facets, which are represented by
Pd atoms deposited at 3-fold hollow sites in the center of each
(111) facet of Pgyo

3. Experimental Section

The IRAS experiments were performed in a combined
molecular beam/IRAS apparatus developed at the Fritz-Haber-
Institute (Berlin)#® Briefly, the system combines several
independent beam sources, angular-resolved and -integrated gas-
phase detection, and in-situ time-resolved IRAS. SFG experi-
ments were performed in a UHV surface analysis system
combined with an SFG-compatible UHV-high-pressure cell, as
described in refs 9 and 44. For details about SFG spectroscopy
we refer to the literatufe®® (and references therein).

The alumina film was prepared by sputtering and annealing
of a NiAl(110) single crystal, followed by an oxidation and
annealing procedurd:*é Cleanliness and quality of the oxide
film was checked via LEED (low-energy electron diffraction)
and AES (Auger electron spectroscopy). Before the experiment,
Pd (>99.9%) was deposited using a commercial evaporator
(Focus, EFM 3). Details concerning the preparation conditions
were given elsewheré:*” After preparation, the Pd particles
were stabilized by oxygen and CO exposure as discussed
previously*349The IR spectra displayed were acquired using a
vacuum FT-IR spectrometer (Bruker) at a spectral resolution
of 2 cn! and at a sample temperature of 100 K. For the IR
spectra shown in the following, the samples were saturated with
CO at 300 K by exposure to a dose of approximately 20 L
(1L =10°%Torr s), generated from an effusive beam source.
Partially carbon-covered surfaces were prepared by extended
exposure to methanol (approximately 7000 L) via an effusive
beam source at a sample temperature of 449%.

4. Results and Discussion
4.1. Calculated Energetics of CO Adsorption on Pd

metry-nonequivalent Pd centers. For instance, each of the largesNanoclusters. 4.1.1. CO Adsorption at (111) Facetgvell-

clusters Pghs and Pd47; comprises only nine nonequivalent Pd ordered Pd nanoparticles grown on alumina film deposited on
atoms. This is to some extent reminiscent of calculations with NiAl alloy exhibit mainly (111) and (100) surface facéfs'!
periodic boundary conditions where a relatively small elemen- The (111) top facet (parallel to the oxide substrate surface)
tary cell is used to describe an infinite crystal structure. Highly dominates the particle morphology and the fraction of side (111)
symmetric (three-dimensional) cluster models contain a con- and (100) facets is assumed to be sifallherefore, let us start
siderably larger fraction of Pd atoms with high coordination by considering CO adsorption at regular (111) facets of Pd
numbers compared to “planar” (“two-dimensional”) cluster clusters. From experimental investigations as well as from
models, commonly used in chemisorption studi¢Boundary periodic slab model calculations it is known that the 3-fold
metal atoms of such conventional cluster models are a sourcehollow site on the Pd(111) surface is favored for CO adsorption
of inaccuracy in calculations of chemisorption complexes. On at low coveragé®>%-52 Previously, some of us theoretically
the other hand, boundary atoms of three-dimensional clusterinvestigated CO adsorption at hollow sites located at the center
models utilized here (Figure 1) are described considerably moreof (111) facet for two series of octahedral clust&Buss, Pdyo,
realistically’® The program ParaGai#&4’ allows full exploita- Pdss and Pdig Pdigo Pdiss The adsorbed CO molecules (one
tion of the high symmetry and thus makes such large heavy- per facet) were placed in a symmetric fashion at central sites
metal particles computationally tractable, even at the accurateof each of the eight (111) facets. This is the fcc hollow site for
all-electron scalar relativistic level adopted here. the first cluster series (with a subsurface octahedral hole beneath
Cluster Pdys in Figure 1 is of ideal octahedral shape with the site) and the hcp site for the second series (tetrahedral
eight hexagonal (111) facets. This cluster is constructed by subsurface hole).
successive deposition of octahedral shells of Pd atoms around The calculation®¥ yielded rather uniform interatomic dis-
a central Pglunit: completion of the first shell produces the tances, vibrational frequencies, and adsorption energies for all
cluster Pd,, an additional shell leads to Rd The cuboctahedral  cluster models-with the exception of the smallest one,sRd
clusters Pgis and Pdaso (Figure 1) are obtained by truncating that features incomplete coordination of the three palladium
the octahedral cluster Pgd along the planes (100), (010), and atoms forming the hollow site. In particular, for clusters larger
(001). First, six corner atoms are removed resulting iud  than Pds, the adsorption energy per CO molecule (at the BP86
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TABLE 1: Calculated Properties of CO Adsorbed on Different Sites of Regular (111) Facets of the Clusters Rg (hcp, bridge,
and on-top) and Pd 47 (on-top)

hcp bridge on-top

Pdisg(CO) Pcisg(CO)4 Pcisg(CO)4 Pchisd(CO)4 PdisACO)
r(C—0), A 1.188 1.183 1.171 1.152 1.152
r(Pd—C), A 2.067 2.100 2.046 1.854 1.884
D(BP86)2 eV 1.77 1.69 1.47 1.15 1.16
D¢(PBEN//BP86Y, eV 1.49 1.38 1.18 0.92 0.93
1o(C—0)fcm™? 1755 1803 1876 2012 1987
v¢(C—0) x 1.049cm? 1825 1875 1951 2092 2066

a Adsorption energy from a relativistic BP86 calculatiériRelativistic PBEN adsorption energy calculated with BP86 geome@galculated
harmonic frequency of €0 vibration.9 Scaled vibrational CO frequency, see text.

level) varies in a very narrow interval, from 1.77 to 1.82 eV,
the computed CO adsorption parameters for the largest cluster
of the series, PdgCQO)g, are given in Table 1. Thus, significant
cluster size effects are already eliminated for symmetric three-
dimensional models that contain about 80 Pd atoms. Results of
this investigation demonstratédhat convergence of adsorption
energies on metals can be reached for moderately large cluster
models, provided that these models feature a compact shape
terminated by low-index crystal facets. We assume the difference
in adsorption energies between fcc and hcp positions to be
smaller than cluster size effects and thus we will neglect it in
the following discussion. Indeed, slab model calculations for c d

the ideal Pd(111) surface show that the difference in CO Figure 2. Different modes of CO adsorbate deposition at (111) facets
adsorption energy at the two 3-fold hollow sites, fcc and hcp, of the cluster Pdg (a) central hcp position; (b) three on-top positions;

is very small (0.03 eV or less than 0.01 €¥). (c) three hcp hollow sites; (d) three bridge positions.
At variance with the aforementioned clusters with hollow- _ _ _ _
centered (111) facets, the clusterPdFigure 1) exhibits on-  on localized basis functions in our wéPkand the ultra-soft

top positions at the center of (111) facets. Calculated adsorptionpseudopotentials combined with a plane-wave representation of
parameters for Rg{CO) are given in Table 1. Not unexpect-  orbitals in the slab model calculatiofs®? Good agreement
edly, the binding energy for on-top CO is notably weaker than between the cluster and slab model results implies that the
that for 3-fold hollow sites. Concomitantly, a longer @ properties of adsorption sites located close to the middle of
distance and smaller-€0 frequency shift (with respect to gas- regular (111) facets for the clusters of about 100 Pd atoms
phase CO) are calculated for this on-top adsorption complex. (considered at fixed bulk terminated geometry) do not much
It is instructive to compare the results for hollow and on-top differ from the properties of ideal Pd(111) surface. We expect
positions located in the centers of (111) facets, i.e., most remoteour cluster models to achieve comparable accuracy with regard
from cluster edges and corners, with results obtained for slabto experimental values for larger well-ordered Pd particles.
models of the ideal Pd(111) surface. Recently, adsorption of  Another important aspect is how the adsorption energy
CO on Pd(111) surface was studied in detail employing slab ¢acylated with different exchange-correlation functionals cor-
models and the PW91 exchange-correlation functi&hat.low responds to the experimental measurements. The BP86 adsorp-

coveragef = 1/3), the adsorption energies for hcp hoIIovﬂ\i/@and tion energy of CO at the cluster hollow position, 1.77 eV (Table
on-top sites were calculated at 1.98 and 1.36 eV, respectively. 1y is anaut 0.3 eV larger than the experimental value for the

The fcc site, with a binding energy of 2.91 eV, is only slightly single-crystal Pd(111) surface at a low coverage, %454

more stable than the hep sifeThe adsorption energy ata brlt_jge eV 5951 The functional BP86 is known to overestimate binding

Emtehwr?s”calcu!?tgg _?_LLSltﬁv’ weakerdt_t;fan the mtoega:tl-ctlo\r) atenergies whereas the energies calculated with the more recent
oth ‘hollow sites” 1hus, he energy diflerence, ©.oL €V, ¢ nctional PBEN are usually more accurété3 The present

between hcp and on-top positions in our cluster calculations at o .
the BP86 level (Table 1) agrees with the PW91 slab model Ztrllje(:jry alfs(;)r sclijgpgrztspgls ilrlcgng\./ t(q_zgSEll)\I/iP?f digzgrfﬁgn
result. To compare absolute values of adsorption energies, we gy & : Tep

also carried out PW91 calculation of CO adsorption complex _?_);]pirlbme(r:\éz:lrl]g%l_une (t)lfque;fc}'.nswirfgovxg?cldigﬁzl dgl(;curgcyc;se d
on the hcp-hollow sites of cluster Rd Optimized geometry us, by ining -dl ' u » Prop

parameters,(Pd—C) = 2.063 A and(C—0) = 1.187 A, hardly here, and accurate gxchange-correlation poteljtials, e.g.,_PBEN,
changed with respect to the BP86 data (Table 1). As antici- It ShQUId. be possible .to calcqlate adsorption  energies  in
pated®® the PW91 adsorption energy, 1.95 eV, is higher than duantitatve agreementith experiment.

the BP86 energy. Taking into account the differences in  The On symmetry constraints do not allow us to consider
computational parameters used in the cluster and slab modelbridge positions of cluster (111) facets in the same way as for
studies (in particular, the geometry of the Pd substfgtene 3-fold and on-top positions. To compare these three adsorption
can conclude that the adsorption energies of the present modepositions we used an alternative scheme of the adsorbate location
cluster calculations are iguantitatve agreementvith results where three CO molecules are placed on the (111) facetaé Pd

of the periodic slab model calculations. This holds despite the cluster, Figure 2. Unlike the just discussed structures with CO
fundamental methodological differences between the cluster molecules adsorbed above the center of the facet, here the
code ParaGauss and the slab model codes; we mention inadsorption positions are closer to the cluster edges and corners.
particular the all-electron scalar relativistic description based This vicinity of the cluster borders should affect the calculated
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TABLE 2: Calculated Properties® of CO Adsorbed on Cluster Edges, Kinks, and (001) Facet

bridge on-top 4-fold
Pchao(CO)2 Pdig(CO)% Pdig(CO¥ Pdi1(CO) Pdis(CO) PdisACO)
r(C-0), A 1.175 1.154 1.154 1.153 1.198 1.193
r(Pd-C), A 1.982 1.885 1.883 1.875 2.229 2.248
D«(BP8G)? eV 1.95 1.43 1.46 1.23 (1.00) 1.54 150
ve(C—0), cnrt 1859 1997 1988 2004 1656 1687
ve(C—0) x 1.04, cn1? 1933 2076 2068 2084 1722 1754

2 For the designation of the various properties, see TabteAtisorption energyD{(PBEN//BP86) calculated with PBEN exchange-correlation
potential for the geometry optimized at the BP86 level given in parentheses.

adsorption parameters. The “through-space™@D interaction hollow sites should preferentially be populated at cluster facets.
of 24 (free) CO molecules kept in the positions calculated for The strong bond found here for the bridge-on-edge position
Pdis(CO)4 is very weak,~0.01 eV. Probably more important ~ might explain the signal corresponding to the vibration of a CO
is that as many as four CO molecules adsorbed near each vertexnolecule adsorbed at a bridge site that appears under UHV
of Pdi46 octahedron interact with a rather small part offgd  conditions in IRAS4% and SFG spectra of supported Pd
moiety. Thus, the adsorbatsubstrate charge transfer in this nanoparticles (and/or a high-defect Pd(111) suffaty as
arrangement may not be sufficiently compensated by the restshown below.
of the cluster as in the case with one CO molecule per facet. Adsorption at cluster corners (cluster,R{CO), Table 2)
Actually, calculations of PdgCO),4 cluster (Table 1) yield a  exhibits a binding energy that is by0.3 eV higher than that
small decrease of adsorption energy for 3-fold and on-top for on-top positions at the (111) cluster facets (Table 1) although
positions, accompanied by an elongation of the-B® distance; the geometries of the adsorption complexes are very similar.
consistently, the €0 vibrational frequency shifts to higher  Obviously, a stronger bond is formed with the low-coordinated
values. However, the most important finding is that the relative Pd center: the corner atoms are four-coordinated, while the Pd
strength of the adsorption positions for;R€4CO), follows the centers at regular (111) facets exhibit coordination number 9.
same order as on the ideal Pd(111) surface: hohowridge The corner position considered here is probably an oversim-
> on-top. Almost quantitative agreement is found (Table 1): plified model, as the ideal octahedral shape of the supported
the BP86 (PBEN) adsorption energy for the hollow position is Pd clusters is unlikely formed under experimental conditions.
by 0.22 eV (0.20 eV) and 0.54 eV (0.46 eV) higher than for The surface of Pd nanoparticles exposes numerous defects such
the bridge and on-top positions, respectively; the correspondingas steps and kinks'° Also, to some extent a corner position
slab model PW91 values are 0.17 and 0.64'eMence, at least  represents kinks at a (001) surface. As a model of a defect at
at low CO coverage, the adsorption positions at the regular (111)the (111) facet, we investigated the;Rgtluster (Figure 1) that
facets of Pd nanoparticles are calculated to be occupied in theis obtained from Pgg by deposition of an additional Pd atom
same preference sequence as for ideal Pd(111) surface: 3-foldat the central hollow site of each (111) facet. CO is adsorbed
hollow sites are energetically favored over bridge sites and, evenon-top of these three-coordinated Pd centers (clustegPD)s,
more so, over on-top sites. Note that the calculated reduction, Table 2). The calculated adsorption parameters are very close
at most 10%, of the CO adsorption energy on the 3-fold hollow to those for adsorption at corner sites. The adsorption energy
sites of relaxed clusters up to B¢ with shorter Pe-Pd of 1.46 eV (BP86) is as large as for the bridge position at the
distance¥ (see also Subsection 4.1.2) does not change theregular (nondefect) (111) facet.
aforementioned preference sequence. The effect of the cluster Next, we address an important aspect of metal clusters: the
morphology on the properties of adsorption sites of its (111) influence of structure relaxation of clusters on the properties of
facets is thus insignificant. adsorption sites. The calculated average interatomic distance
4.1.2. CO Adsorption at Cluster Edges, Corners, and Defects. of three-dimensional metal clusters is known to increase with
The adsorption positions different from those located at regular cluster size6-5° This trend is described by an approximately
cluster facets are assumed to be responsible for the observedinear dependence of the average interatomic distance on the
differences between Pd nanoparticles and a well-preparedaverage coordination number. For clusters of about 150 atoms,
(“ideal”) Pd(111) surfacé%1!Let us consider first the adsorption  the average interatomic distand@d—Pd) still differs notably
of CO at the edges of the clusterigglIf a single CO molecule  from the value corresponding to the bulk crys$fak® For
is adsorbed at the bridge position in the middle of each cluster instance, the cluster R optimized at the VWN level features
edge, therD, symmetry is preserved and the whole system is T(Pd—Pd)= 2.68 A, whereas extrapolation to the bulk yields
described by the formula Rg(CO).2. Such a bridge site atthe  2.73 A. (The latter value is slightly smaller than the experimental
cluster edge exhibits a CO adsorption energy of 1.95 eV at the value of 2.75 AL)
BP86 level (Table 2). This is the strongest binding of CO It is an empirical finding that, for reasonably strong bonds,
calculated in the present study. Compared to the bridge site atLDA (VWN) structural results often agree better with experi-
the (111) facet (Table 1), the notably stronger interaction with ment than results obtained with GGA functionals; the latter, in
the cluster edge is also reflected in the geometry: for the bridge- turn, yield much more accurate thermochemistry results includ-
on-edge complex, the P distance is shorter and the-© ing adsorption energie8.:51 Recently, we studied the effect of
bond is slightly longer. Such changes are in agreement with the cluster geometry on CO adsorption at the 3-fold hollow sites
the general mechanism of CO bonding at metal surfaceslocated at the center of (111) facéfsNe considered two types
described by electron donation from metal to the antibonding of cluster geometries: a bulk terminated fixed geometry with
27* orbital of CO and back-donation from the bonding 5  r(Pd—Pd)= 2.75 A, as used throughout the present work, and
orbital of CO to the metal. cluster geometries that were fully optimized for bare clusters
In Section 4.1.1 we demonstrated that the adsorption proper-at the VWN level. For the series of octahedral clustersg,Pd
ties of regular (111) facets of Pd nanopatrticles are close to thosePdss, Pdiig, and Pdag, only a small decrease of the adsorption
of ideal Pd(111) surface, i.e., at low CO coverage only 3-fold energyD¢(BP86) by less than 0.2 eV (e¥10%) was computed
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when going from the fixed cluster geometry to the VWN A coincides for cluster and slab models; the-Raldistance of
optimized geometry® Slab model calculation also indicate a 1.88 A for the cluster is only slightly shorter than for the slab
weak dependence of Pd(111) surface adsorption properties ormodel, 1.91 A,
the Pd-Pd distance in the range 2:78.86 A® However, low- Summarizing our results for various on-top adsorption sites
coordinated Pd centers may be more sensitive to the localstudied, one can distinguish two types of such sites: (i) on-top
structure of adsorption sites, thus making it more important to positions on the regu|ar (111) and (001) facets with weak
account for cluster relaxation. binding, and (i) defect low-coordinated Pd centers exhibiting
To examine this hypothesis, the structure of the;Pdluster a relatively strong adsorption bond with CO (due to steric as
was optimized using the VWN approach in two steps (within well as chemical effects). The latter sites are available for
the constraints oD, symmetry). First, the positions of the defect adsorption already at low coverage, while the former should
Pd centers on the (111) facets were relaxed. As a result, thebe populated only at high pressure due to competition with
distances between the defect atom and the Pd centers formingstronger attractive hollow and bridge sites.
a 3-fold hollow site beneath it decreased notably, from the Unfortunate]y' adsorption of CO at a br|dge site of (001)
previously fixed value of 2.75 to 2.63 A. The energy of CO cluster facets can be considered only when the octahedral
adsorption on-top of defect Pd atom was reduced to 1.38 eV, symmetry of present cluster models is broken. Alternatively,
compared to the initial value of 1.46 eV (Table 2). In the next much large cluster models should be used with (001) facets large
step, the cluster geometry was fully relaxed; this caused only enough for depositing several (at least four) CO molecules. Both,
minor changes in the local environment of the defect center. |ower symmetry or larger cluster size, will lead to a significantly
For instance, the CO binding decreased further, to 1.35 eV. |arger computational effort. However, on the basis of the very
ThUS, the overall effect of cluster relaxation on the adSOfption good agreement for hollow and On_top sites between calculations
energy is~0.1 eV, even in the case of a low-coordinated Pd of cluster models on one hand and slab models on the another,
center. one should expect rather similar results also for bridge positions
4.1.3. CO Adsorption at (001) Facetsis assumed that well-  that, according to slab model calculations, exhibit slightly
prepared Pd nanonparticles deposited on alumina films exhibit weaker, by 0.1 eV, binding with CO than 4-fold hollow sifés.
only a small fraction of (001) facefs'®!! Nevertheless, we  Such a small difference between hollow and bridge sites of the
considered the adsorption of CO at these facets as well. On the(001) surface lies at the accuracy limit of the computational
Pd(001) surface, only bridge-adsorbed CO was detected ex-method. Also, only the €0 vibration corresponding to bridge
perimentally for a broad range of covera§e8 however, a positions is experimentally observed, even at very low cover-
partial occupation of the 4-fold hollow sites was predicted at age®® this indicates that bridge positions are more stable on
low coverageé? At low coverage § = 0.006), bridge-bonded  this surface. In summary, as in the case of (111) cluster facets,
CO is characterized by a-€0 vibrational frequency of 1895  the properties of adsorption sites on (001) nanocluster facets
cm~183 The measured binding energy extrapolated to zero are very similar to the characteristics of the ideal Pd(001)
coverage is 1.55 eV; it decreases linearly with growing CO surface-despite the relatively small facet size of the cluster
coverage to~1.3 eV atf = 0.4555 According to another models used. In general, CO binding on (001) facets is slightly
measurement, the heat of CO adsorption on Pd(001), 1.67 eV,weaker than on (111) facets.
is constant up to the coverage @f= 0.45° However, slab 4.2. Calculated Vibrational Frequencies of CO Adsorbed
model calculations of the ordered structure c{22) corre- on Pd Nanoparticles. The harmonic vibrational frequencies
sponding to# = 0.5 show that the 4-fold hollow adsorption calculated at the GGA-BP86 level are by-&% smaller than
site is by 0.10 (BP86) or 0.13 eV (PW91) more stable than the the experimental (anharmonic) values. For instamg&—0)
bridge positiorf® Similar to the Pd(111) surface, on-top = 1755 cnrlis calculated for the 3-fold hollow position located
adsorbed CO shows the weakest binding on Pd(&01). at the center of (111) facets of the clusterR@Table 1); this
For (001) facets, we investigated two types of 4-fold hollow is to be compared to 1868825 cnt! measured at very low
sites: the site of the cluster Bgwhich is obtained by removing ~ CO coverage on Pd(11$}%8 Such a notable frequency under-
six corner atoms from the cluster Bgland the position at the  estimation in gradient-corrected DF calculations is consistent
center of (001) facets of the clusterg(Figure 1). At Pdyo, with the overestimation of interatomic distances mentioned
(001) facet are formed by only four Pd centers with coordination above; this is a general feature of common GGA exchange-
number 6. The cluster Rg exhibits a more extended fragment  correlation potentials, in particular when dealing with bonds
of the (001) surface and the central hollow site is formed by involving transition metal and other heavy atofft§! To
eight-coordinated Pd atoms. Nevertheless, very similar resultsfacilitate comparison with experimental vibrational spectra, we
were obtained for the 4-fold positions of both clusters;4Rd introduce a scaling factor of 1.04 chosen so that it adjusts the
(CO) and Pd4A(CO) (Table 2). The BP86 adsorption energy calculated frequency of CO on 3-fold hollow site to the value
at the hollow site of~1.5 eV is slightly higher than the value of 1825 cnt!, measured for CO adsorbed at Pd(1%1The
of 1.4 eV calculated with the same functional for a two-layer scaled frequencies (Tables 1 and 2) fall into four groups,
Pd(001) slab modéP The calculated energies fall into the range depending on the type of the adsorption position. The lowest
of experimental estimaté8.The geometry characteristics, for C—O frequency around 1720 crh (the highest red shift
instance of the Rd{CO) system, namely the-€0 bond length compared to gas-phase CO, 2143 @&ptorresponds to 4-fold
of 1.19 A and the PdC distance of 2.25 A, are also very similar  sites on (001) facets. Next are 3-fold hollow sites with
to the corresponding values calculated for the slab model, 1.18frequencies in the interval 1828875 cnt! and bridge sites,
and 2.28 Ags 1933-1951 cn1l. On-top sites with vibrational frequencies in
We also considered on-top adsorption the (001) facet of the the range 20662092 cnr* exhibit the smallest shift.
cluster Pdi¢ (Figure 1). The calculated adsorption energy is by  Little is known about the occupation of 3- and 4-fold sites at
~0.3 eV smaller than for the hollow site; the same result was (111) and (001) facets, respectively, of alumina-supported Pd
reported for slab model calculatioffsThe geometry charac-  nanoparticled®1 Comparison of the systems RCO) and
teristics are again very similar: the-® bond length of 1.15 Pdisg(CO)4 (Table 1) shows that the frequency of CO molecules
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Figure 3. IR reflection absorption spectra of the CO stretching frequency region for Pd particles of different size and structure supported on
Al;,04/NiAl(110). The spectra were taken at a sample temperature of 100 K after CO exposure at 300 K (about 20 L). Solid symbols: clean

particles immediately after preparation; open symbols: partially carbon-covered particles after extended exposure to methanol at 44CeK; solid lin
difference spectrum for the two situations.

occupying 3-fold hollow sites can vary significantly, depending clusters, 1977 cml.610.11From this argument, it follows that
on the environment of this site at the (111) facet: from 1825 the cluster Pgig(CO)4, with a calculated frequency of 1951
cm™! for CO in the center of the facet to 1875 chin the cm~! for bridge-adsorbed CO apparently is not a very good
hollow close to cluster edges. The higher frequency for the latter model for Pd(111).
site is consistent with the weaker binding energy (by 0.1 eV)  On the basis of the results of adsorption energy calculations
at this site. On-top sites of the (111) facet also follow this (Section 4.1) we assign the experimentally observed vibration
trend: the CO frequency of on-top sites near a cluster edge,of CO adsorbed at bridge and on-top positions of supported Pd
2092 cntl, is by 26 cnt?! higher than that of the on-top site in  nanoparticles to bridge sites at cluster edges and low-coordinated
the center of (111) facets; see the values for the clustes-Pd  on-top positions, respectively. Despite the scaling correction,
(CO) (Table 1). the calculated frequencies for bridge-on-edge, 1933'¢cand

Oy, symmetry constraints did not allow us to consider bridge low-coordinated on-top sites, 2062076 cnt?, still seem to
adsorption sites remote from cluster edges. Yet, based on thebe somewhat underestimated when compared to the experimen-
results for 3-fold and on-top sites, a frequency shift of about tal values of 19561975 cn! and 2077-2090 cnt! for
40 cnt! can be assumed for bridge sites when moving from supported Pd nanoparticles at low CO pressure. The experi-
the center of (111) facets to cluster borders. Thus, at the samemental observations will be described in the next section.
theoretical level, based on the calculated result for the bridge 4.3. IRAS and SFG Studies of CO Adsorption on Pd
positions at Pgif(CO)4 (Table 1), the vibrational frequency  Nanoclusters. To correlate theoretical findings with experi-
for bridge-bonded CO on perfect Pd(111) should be close to mental results, we investigated the adsorption of CO employing
1910 cntl. This value is red-shifted with respect to 1933¢m vibrational spectroscopies over a broad range of partial pres-
calculated for bridge sites at cluster edges (Table 2). This is in sures.
qualitative agreement with the experimental findings: the  We start by considering the vibrational properties of adsorbed
frequency measured for the bridge site of the ideal Pd(111) CO in the UHV region. Here, two types of Pd nanoparticles
surface, 1955 cmt,1%is lower than for bridge sites on supported were chosen (Figure 3). The first type (Figure 3a) were large
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adsorbs in fcc hollow sites, changing to a mixture of fcc and
hcp hollow sites at coverages up to @°5Various ordered
structures were observed in this region related to absorption

et partcie features in the range between 1800 and 1920¢567.71A¢
coverage>0.5 ML, bridge-bonded species give rise to absorp-
tion in the range between 1960 and 1970 &/t However,
under UHV conditions, this high-coverage regime is only
200 accessible at low surface temperature. On Pd(100), CO absorp-
tion features in the region from 1895 cito 1997 cn! were
observed?

100 Based on these data, the series of broad features in the range

between 1830 cmt and 1930 cm! can be assigned to CO

mainly adsorbed at hollow sites on Pd(111) facets. The

10 absorption peaks at 2077 ci(6 nm particles), 2082 cm (3.5

1985 nm particles), 2074 cri (3 nm particles), and 2094 crh (3

nm particles) are related to CO adsorbed in on-top geometry. It

is likely that the feature is at least partially related to defect

sites. Of specific interest with respect to the present study are

the dominating features at 1955 th(6 nm particles) and

. : . . ~1970 cn1?! (smaller particles). As discussed previously, the
1900 2000 2100 2200 band may be assigned to bridge-bonded CO either on (100)

wavenumber [cm-1] facets or at defect sites such as particle edges or §#ps.
Figure 4. SFG spectra of CO adsorption on@k-supported Pd Taking into account the specific morphology of the large ordered
nanoparticles (mean size 3.5 nm) at 300 K and betweendifd 200 particles, the contribution of (100) facets is expected to be minor,

SFG CO - Pd/Al,03

1990 2105
mbar

FE=-

21056

SFG intensity [a.u.]

1
1972

2082 10-7

300K

mbar. however. For, the fraction of these facets is small and their
_ _ _ orientation with respect to the surface normal is tilted, reducing
and ordered Pd crystallites with an average diameteréhm the parallel component of the dynamic dipole moment (note

(containing approximately 3000 Pd atoms per particle). These that the metal surface selection rule is valid on metal particles
nanocrystallites grow in (111)-orientation, preferentially expos- supported on thin oxide filn§9).
ing (111) facets as well as a small fraction of (100) facets. As
a second type (Figure 3b), we investigated Pd aggregates with
an average size of3 nm (containing about 400 atoms per
particle). On these smaller aggregates no indications for the
formation of ordered crystal facets could be found and it is
assumed that their surface structure is characterized by a hig
density of defect sites. More details concerning the preparation
and structure of the two model systems can be found in the
literature?10:47.48

IRAS spectra were acquired for both types of model systems
after CO saturation at 300 K. These spectra are displayed in
Figure 3 (solid symbols). For the large, well-ordered particles
(Figure 3a) a sharp and dominating absorption feature was

On the basis of these considerations and the results of the
present DF calculations indicating strong bonding of CO to
bridge sites at particles edges, the features at 1955 amd
~1970 cnt! are assigned to bridge-bonded CO adsorbed at
Hoarticle-defect and edge sites. One expects that on the large and
ordered particles regular edges are the dominating type of defect
sites, whereas on smaller particles a broader spectrum of edge-
like positions with different local structure exists. Finally, all
the spectral features observed are expected to be strongly
modified by dipole coupling effects. As a consequence, the
relative intensities do not directly reflect the relative fraction
of CO adsorbed at the corresponding sites, but the defect band

observed in the CO stretching frequency region at approximately at high frequency is expected ta gain intensity on the expense
1955 cn1l. It has a broad low-frequency shoulder extending to of the Iowgr frequency featurds: )
approximately 1830 crit. Additionally, a weak feature at 2077 The assignment of the absorption bands at 1955'cand
cm1 was observed. For the smaller and defect rich particles 1967 cntis corroborated by IR spectra acquired from partially
(Figure 3b) a similar spectrum is detected. A band at 1967:@cm  carbon-covered surfaces. This surface carbon is produced by
dominates the absorption. On the low-frequency side down to €xtended exposure to methanol at a sample temperature of 440
approximately 1830 crt, it extends into a shoulder containing K (see refs 23 and 24 for details). Under these conditions, slow
several broad features. Furthermore, two weak bands in the high-C—O bond scission leads to the buildup of adsorbed carbon.
frequency region were observed at 2074 éand at 2094 cmt. The corresponding IR spectra after subsequent CO saturation
Figure 4 shows corresponding SFG spectra of CO on Pd at 300 K for the two types of Pd particles are displayed in Figure
particles with a mean size of 3.5 nm (approximately 850 Pd 3 (open symbols). In addition, the difference spectra for CO on
atoms per particle) taken at 300 K. These particles were expectedhe clean and on the partially carbon-covered samples are shown.
to have a defective structure similar to the particles shown in It is found that specifically the defect features are affected by
Figure 3b. In fact, the observed SFG resonances at bar adsorbed carbon. In contrast to this, the spectral region assigned
at 1972 cm! and 2082 cm? were close to those in Figure 3b, to regular Pd(111) facets (1930 cfrand 1830 cm?) is hardly
and the small frequency shift may be rationalized by a slightly modified. This interpretation is consistent with the assumption
higher coverage due to the background pressure of dibar that the edge and defect sites on the Pd particles are character-
CO. ized by adsorption and reaction properties which differ from
To some extent, these spectra can be interpreted on the basithe regular facets. As soon as the preferred adsorption sites at
of single-crystal datd (and references therein). As already the particle defects are blocked, CO is forced to adsorb in an
mentioned, on Pd(111), a large number of adsorbate structureson-top geometry, giving rise to the new absorption feature at
are formed as a function of coverage. At low coverage, CO 2088 cntl.
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