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Abstract

Combined Density Functional Theory (DFT) calculations and Diffuse Reflectance Infrared
Fourier Transform Spectroscopy (DRIFTS) were performed to study the distribution of Pd
atoms in bimetallic AuPd nanoparticles in the presence of adsorbed CO. Compared to vacuum
condition, the results showed evidence of Pd surface enrichment where both Pd monomers
and Pd dimers could exist. The energetic stability calculated for several alloy configurations
evidenced the preference of Pd to occupy under-coordinated edge sites in the presence of CO
gas. Moreover, the calculation of the vibrational frequencies of adsorbed CO for the first time
allowed the fine assignment of the complex experimental DRIFTS bands of CO interacting
with the bimetallic nanoparticles and their evolution with time exposure. Electronic structure
analysis shows preponderant m-back-donation from under-coordinated Pd to CO inducing

strong bonding on edge sites.
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l. Introduction

In surface science and catalysis, the CO molecule is commonly used as an indirect probe
to identify the nature of metal surface sites [1-2]. Its application is based on the statement that
IR bands of carbonyl adsorbed species recorded after CO introduction are relevant to specific
CO/metal interactions and serve as a fingerprint of the adsorption site. The use of CO to
characterize the local structure of nanoalloy catalysts is particularly important to understand
their appealing chemical properties.

Recently, surfaces and particles of AuPd alloys were investigated regarding the role of
ensembles in many chemical reactions such as hydrogen peroxide synthesis [3], acetoxylation
of ethylene to vinyl acetate (VA) [4-5] and CO oxidation [6]. It appeared from these studies
that the knowledge of the structure and surface composition of AuPd nanoalloy particles is
crucial to interpret their catalytic performance. In addition, the bonding of adsorbates under
reaction conditions may, in some cases, induce modifications of local atomic composition and
surface structure, changing the activity and the selectivity of the catalyst. In particular for the
AuPd system, the surface segregation of Pd was reported to occur in the presence of reactive
gas such as CO [7, 8], NO [9], O, O, [10, 11] and CO+O, [12]. Furthermore, recent
theoretical work of Ismail et al. [13] has indicated preferential segregation of Pd towards
the interface between the AuPd nanoparticles and the MgO oxide support. Thus, for low Pd
loading, one can imagine that a competition may occur between burying the active Pd atoms
at the metal-oxide interface rather than allowing them to migrate to the surface. This
emphasises the subtlety of the segregation process under real conditions and the necessity to
combine different investigation methods to describe the behaviour of the alloy under reaction
conditions.

Goodman and co-workers studied the effect of CO pressure on the low temperature

oxidation reaction using two types of Au-Pd model catalysts; thin alloy films on Mo(110) and



AuPd nanoparticles on a TiO, thin film on Mo(110) [6, 14]. At low CO pressure (1 x 107
Torr), the catalysts were inactive in CO oxidation. The authors deduced that alloying with Au
forms isolated surface Pd sites that were unable to dissociate O,. At elevated CO pressure (8-
16 Torr), the Au-Pd alloys showed superior reactivity compared to pure Pd catalysts. The
authors concluded that Pd surface segregation under high CO pressure exposure led to the
formation of contiguous Pd sites, at least Pd dimers, able to dissociate O,. These experiments
coupled with IR (IRAS) studies showed that neither Au, nor isolated Pd atoms were able to
dissociate O,. Only contiguous Pd sites, evidenced by the formation of bridging CO species,
could dissociate O, and lead to active catalysts. Moreover, Goodman showed that Pd started
to segregate to the surface of AuPd(100) from 260 K and CO pressures as low as 10 Torr.
Therefore, the determination of the structure and chemical order of the surface nanoparticles
under vacuum and the control of their changes under operating conditions are determining for
optimizing the catalyst performance.

The theoretical methods for studying properties of bimetallic particles have recently
evolved into an important tool [15], which allows one to predict not only equilibrium
structures at 0 K but also phase transitions [16-17] and growth nanostructures [18-19]. For the
AuPd system, several theoretical papers have dealt with the study of the surface structure of
the alloy in order to explain their catalytic reactivity [20-23]. A Density functional study of
low Pd concentrations on Au clusters has shown that Pd atoms tend to occupy the (111) facets
leaving the Au(001) facets free [23]. Neyman et al. [24] investigated the role of the edges,
which represent interesting morphological elements of nanoparticles with respect to catalytic
activity. These authors have reported that the stabilization of gold at the edges of PdAu
nanoparticles (with high Pd content) is due to their higher flexibility for surface relaxation,

which minimizes the strain induced by the larger atomic radius of Au as compared to Pd.



One feature of the vast majority of these studies is that they do not take into account
the possibility that the surface composition can be modified during gas exposure. This is a
serious drawback that may prevent reliable description of the nanoparticles reactivity that
mainly depends on the structure configuration of the surface. Although in the presence of CO,
the segregation of Pd to the surface was predicted by experimental [8, 25] and theoretical
studies [7, 9-11, 14, 26], very little is known about the distribution of Pd on the surface and
their coordination as well as the facets on which the Pd atoms are stabilized. With the
intention to fill this knowledge gap, we combined DFT and DRIFTS methods to investigate
the segregation of Pd and to identify the precise chemical ordering of the surface of AuPd
nanoparticles as well as its change during CO exposure. As far as we know, we report herein
the first fine assignment of the complex experimental DRIFTS bands of CO interacting with
the Au-Pd bimetallic nanoparticles.

In this paper, the results are organized as follows: the first part reports the
experimental DRIFT spectra of AuPd nanoparticles supported on alumina during CO gas
exposure. In the second part, the experimental data are assessed from the computational point
of view. Firstly, the main insights of Pd segregation are discussed, based on the calculation of
the segregation energies of Pd (isolated and dimers) on low index Au (100) and (111) surfaces
in the presence and absence of adsorbed CO molecule. Secondly, 38-atom clusters are used to
monitor the CO interactions as a function of surrounding chemical environment and to extract
information of the structural arrangement under reacting gas. More precisely, CO interactions
in a series of Ausg.nPd, (n=1, 2) clusters with different possible Pd locations and coordinations
are theoretically investigated by means of DFT minimum energy optimizations and second
derivative force constant calculations. The calculated theoretical harmonic frequencies are
then overviewed and compared to the IR experimental attributions, allowing a fine

assignment of the IR bands. Finally, the Pd distribution in the presence of CO on the particle



surface is described based on electronic and energetic analysis and discussed in detail to

amend the interpretation of the experimental observations.

Il.  Experimental and Theoretical methods

1. 1. Experimental details

A AuPd/Al,O3 sample with a Au/Pd atomic ratio of 20 (AuPd-20/Al,03) was prepared
using the deposition-precipitation with urea (DPU) method. 3 g of alumina in 290 mL of
distilled water was introduced into a glass reactor with double walls, allowing water
circulation at 80 °C between the walls and therefore, a homogeneous and well-controlled
temperature of 80 °C of the suspension. Then 6.0 mL of a solution of HAuCI,-3H,0 (2.5 10
M) and 1.6 mL of a solution of Pd(NH3)s(NOs), (4.7 10 M), corresponding to an atomic
Au/Pd ratio of 20, were added under vigorous stirring, followed by the addition of 0.9 g of
solid urea. The suspension was stirred at 80 °C for 16 h in the absence of light. The solid was
then separated by centrifugation and washed with 300 mL of water. This procedure of
centrifugation-washing was repeated four times, and after the fourth washing, the addition of
a few drops of silver nitrate to the supernatant did not reveal any traces of chlorides. Finally,
the samples were dried under vacuum at RT in a desiccator in the dark for about 12 h.

Reference samples of monometallic Au/Al,O; with 1 wt % Au, Pd/Al,O3 with Pd
loading of ~ 270 ppm, which corresponds to the Pd loading in alloy samples with a Au/Pd
ratio of 20, were also prepared by deposition-precipitation method. The Au/Al,03; sample was
prepared according to the same procedures as above, except for the absence of
Pd(NH3)4(NO3),. The reference Pd/Al,O; sample was prepared by deposition-precipitation
with Na,CO3 and not with urea. 3 grams of alumina was dispersed in 150 mL of distilled

water, at RT, then 1.35 mL of PdCl, solution (1.0 g -L™) was added under stirring, and the pH



was adjusted to 10.5 by dropwise addition of a solution of Na,CO3 (1 M). After 1 h of
stirring, the solid was gathered by centrifugation and then washed four times in distilled
water. Finally, the samples were dried under vacuum at RT and stored in a desiccator in the
dark (as prepared samples).

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) was
performed with an IFS 66V Bruker spectrometer. The sample compartment of the cell
(collector from Spectratech) was filled with the as prepared sample. The sample (~20 mg)
was first reduced in situ in 50 cm®.min™ of 5% v/v Ho/Ar to 300 °C (Au/Al,03) or 500 °C
(Pd/AlL,O; and AuPd-20/Al,05) at 2 °C min™. The sample was maintained at the final
temperature during 2h. Then the cell was cooled to RT and purged with He. A spectrum was
recorded under He and used as reference. Then a flow (50 cm® min™) of 1% v/v CO in He was
introduced at RT, and spectra were recorded. The intensity of the spectrum under CO/He was

expressed as log (%J The relative reflectance R’ is given by R'= RE: ICIO’He
© He

I1.2. Theoretical details

To study the CO adsorption on AuPd surfaces and nano-clusters, periodic self-
consistent DFT calculations were performed using the Vienna ab-initio simulation package
(VASP) [27]. The exchange-correlation energy was calculated within the Perdew, Burke and
Ernzerhof formulation of the generalized-gradient approximation (GGA-PBE) [28]. The
valence electrons were treated explicitly, and their interactions with the ionic cores were
described by the projector augmented-wave method (PAW) [29,30], which allowed the use of
a low energy cut off equal to 415 eV for the plane-wave basis. The positions of the atoms in
the super cell were relaxed until the total energy differences fell below 10 eV. Vibrational
spectra were calculated for selected surface species within the harmonic approximation. Only

the CO center and its first and second neighbors (gold and palladium atoms) were considered



in the Hessian matrix. This matrix was computed by the finite difference method followed by
a diagonalization procedure. The eigenvalues of the resulting matrix led to the frequency
values.

For the calculation of segregation energy of Pd in the presence and absence of CO, Pd
impurities (one or two atoms) were substituted in different layers of the Au(111) and Au(100)
surfaces as in references [10,11]. The slabs consist of 3x3 unit cells separated by 15 A of
vacuum space. Atomic relaxation of all metallic atoms in the top four layers of the slab and
the CO molecule was allowed. The bottom two layers were constrained at the bulk geometry
with a calculated equilibrium lattice constant of 4.18 A comparable to the experimental value
of 4.08 A [31]. The Brillouin zone integrations for flat surfaces were performed on a
Monkhorst-Pack (3x3x1) k-point mesh. The segregation energy (Ese) of Pd in the gold
matrix was defined by equationl.

Eseg. = [ Eaupd(Pd x-layer) —EAupd(pd ath-layer)]/Npd (Eq.1)
where Eaupd(pd x-layer) represents the total energy of the AuPd alloy system with Npy the number
of Pd atoms located in the upper x gold layers (x= 1, 2 or 3), and Eaupd(pd th-layer) represents
the total energy of the AuPd alloy system with the Pd atoms located in the 4™ gold layer,
which corresponds to the presence of Pd atoms in the “bulk” gold. In the presence of adsorbed
CO molecule, the segregation energies were calculated by considering the energetically most
stable configuration regarding the position of Pd in gold slabs.

To model nanoparticles, a cubic cell with sides of 2 nm was chosen to provide enough
spacing between metal clusters in the neighboring repeated cells. A cluster model of 38
atoms with cubo-octahedral shape was cut from bulk fcc metal and presents (111) and (100)
facets. The 38-atom cluster was selected because size 38 is a “magic” number for the
truncated octahedral structure, which possesses a high symmetry, thus simplifying the

analysis of ligand adsorption [26]. Moreover, as hexagonal local arrangements are a common
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occurrence on the surface of nanoparticles [32], 38-atom cluster is often taken as a model of
crystalline-like structure and thus also as representative of larger clusters [26, 33-35]. During
geometry optimization all atoms were allowed to relax. The Gamma point was used in the
Brillouin-zone integration. According to their coordination numbers, the surface atoms of the
considered cluster could be divided into two groups, the edge sites with coordination number
of 6 and the facet sites with coordination of 9. Hereafter, we define all possible CO adsorption
sites as follows: two top sites, edge site (TOP-ed) and facet site (TOP-fc); two bridge sites,
between two edge atoms (BDG-ed-ed) and between edge and facet atoms (BDG-ed-fc); three-
fold sites between three adjacent atoms on (111) facet and four-fold sites between four
adjacent atoms on (100). The adsorption energy of the CO molecule was calculated from
equation 2:
Eads=Eciu+co-Eco-Eciuster (Eq.2)

where Eqy+co is the total energy of the CO adsorbed on cluster system, Eco and E¢jyster are the

total energies of free CO and metal cluster, respectively.

I11. Results and discussions

111.1. Experimental Results

In our earlier studies, we reported that the method of preparation of supported gold
catalysts by deposition-precipitation (DP) is efficient for obtaining small particles with
narrow size distribution over TiO, and other supports [8, 36]. In the present investigation, we
employed also this method to prepare Au, Pd/Al,O3 and AuPd-20/Al,03 samples. The TEM
characterization of such catalysts has been previously reported and indicated the presence of
metallic nanoparticles in the range 2-3 nm [8, 25].

To study the CO adsorption on these samples, we used the DRIFT spectroscopy which

can provide information about the nature and population of different adsorption sites (linear,



bridged ...) present on the surface of metallic or bimetallic particles, and thus may give some
information on the elemental composition of the surface.

As references, Figure 1 shows the DRIFT spectra in the carbonyl region (1800-2400 cm™) of
the monometallic Au/Al,O3; and Pd/Al,O3 samples, recorded after 10 min under a CO/He
flow. It is worth noting that after 10 min under CO/He, the spectra did not evolved anymore.
Au/Al,03 exhibited a single intense band at 2104 cm™, which has been previously attributed
to CO linearly adsorbed on low coordination sites of metallic Au [37-39]. No CO bridged
species could be detected on the Au/Al,O3 sample, which is in accordance with most of the
studies reported in the literature. Pd/Al,O3 exhibited two broad bands, one in the region 2150-
2000 cm™, centered at 2077 cm™ and the other in the region 2000-1800 cm™, centered at 1910
cm™. These bands are assigned to CO linearly adsorbed on metallic Pd (2077 cm™) and to
multi-bonded CO adsorbed on metallic Pd planes (1910 cm™) with combination of bridged

(2000-1895 cm™) and three-fold bridged CO species (1920-1830 cm™) [40-42].
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Figure 1: DRIFT spectra in the carbonyl region of Au/Al,O3 (red line) and Pd/Al,O3 (blue

line) and Au-Pd(20)/Al,03 (black line) after 2 min under CO/He.
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Figure 2: DRIFT spectra in the carbonyl region of Au-Pd(20)/Al,O3 with time under CO/He
(first spectra after 2 min under CO/He (black line), last spectra after 90 min (green line) (A);
Decomposition of the first Au-Pd(20)/Al,03 spectrum under CO/He (B); Decomposition of

the last Au-Pd(20)/Al,O3 spectrum under CO/He (C).

Figure 1 also shows the first DRIFT spectrum of a AuPd-20/Al,03 bimetallic sample recorded
after 2 min under CO/He. This sample exhibits several bands in the carbonyl region: a sharp
band located at 2110 cm™ that can be assigned as previously to CO linearly adsorbed on low
coordinated metallic Au sites, a band at 2077 cm™, clearly containing several components,

analogous to the one observed for CO linearly adsorbed on metallic Pd sites (Figure 1) and



two weak bands at 1950 cm™ and 1927 cm™ which may correspond to bridged CO species. It
is noteworthy that the low intensity of these latter bands and the absence of bands below 1900
cm, formerly assigned to CO on three-fold bridged Pd sites, indicate that the dilution of Pd
in Au on the particle surface limits the formation of multi-bonded CO. Such observations
were already made in previous studies on AuPd films and supported AuPd nanoparticles [43-
45]. Although we cannot discard the possible presence of monometallic gold particles in the
Au-Pd/Al,O3 catalyst, the observations described above as well as previous characterization
by TPR [46] and catalytic results obtained in selective hydrogenation of p-chloronitrobenzene
[46] and butadiene [8], support the assumption that most of the Pd is contained in bimetallic
AuPd particles.

Contrary to the monometallic samples, the spectra of the Au-Pd/Al,O3 catalyst do not
stabilise rapidly under CO and large changes in the band intensity are observed with time
under CO/He (Figure 2A). Indeed, the band corresponding to linear CO on Au decreases with
time while the ones assigned to linear and bridge CO on Pd increase. Such an observation can
be related to modifications in the surface composition of the bimetallic nanoparticles, with a
progressive enrichment of the surface in Pd. Palladium surface segregation in AuPd alloys
under CO or CO/O, was previously reported [6-8, 12-14, 47-48] and the segregation of the
second metal was also observed for other gold-containing bimetallic systems such as Au-Pt,
Au-Ni or Au-Rh [49-51]. We tentatively decomposed the broad band corresponding to linear
CO on Pd of the Au-Pd/Al,O3 spectra and the results of the decomposition are presented in
Figure 2B and 2C for the first and the last spectrum recorded under CO/He, respectively.
Three components at 2076, 2062 and 2043 cm™ were obtained. Their intensities, as well as
those of the bands at 1950 and 1927 cm™, increase with time under CO/He as shown in
Figures 2B and 2C. Among the three components of the band of linearly adsorbed CO on Pd,

the one at 2076 cm™ undergoes the largest increase.
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These experimental data provide evidence of Pd surface enrichment of the AuPd
nanoparticles under exposure to CO at room temperature. The assignment of the various
components of the CO on Pd bands is not straightforward but could afford valuable insight
into the possible specific surface sites occupied by the migrating Pd atoms in the initial stage
and during the segregation process. In the following section, we present the theoretical

assignments of such components.

I11.2. DFT calculation results

Pd segregation on semi-infinite surfaces

In order to gain insight into the segregation behavior of Pd in the presence of carbon
monoxide, we performed DFT calculations of the segregation energies of Pd atoms on Au
(100) and (111) surfaces (calculated from Eq. (1)). Indeed, the (111) and (100) orientations
could form the main facets of stable nanoparticles. Figures 3A and B report the evolutions of
the segregation energies of one Pd atom (Pd monomer) and of a pair of adjacent Pd atoms (Pd
dimer) as a function of their position in the (100) and (111) gold matrix, respectively. These
evolutions of the segregation energies (Esg) are analyzed in the presence and absence

(vacuum conditions) of CO gas.
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Figure 3: Evolution of the segregation energies (Eseq) (eV/Pd atom) of monomer and dimer
Pd atoms from the gold “bulk” (4™ layer in the sub-surface) to the (100) (A) and the (111) (B)
surface. DFT calculations were performed in the presence and absence of one adsorbed CO

molecule (on top of Pd monomer and bridging dimer Pd).

Under vacuum conditions, the Pd monomer and dimer present a similar behavior on
both facets; they are highly unstable in the surface and in the sub-surface layers (for Pd
monomer, Esg = +0.42eV/atom and +0.39eV/atom for (100) and (111) surface, respectively).
The preference of Pd to be in the bulk gold (i.e., third and fourth layers) is due to the lower
surface energy of gold compared to that of the Pd (experimental values are 0.64 eV/atom for

Au [52], 0.86 eV/atom for Pd [53]).

In the presence of adsorbed CO, the segregation energies change drastically and
depend on the surface orientation. Indeed, in the presence of one CO adsorbed on top of
isolated Pd or bridging the Pd dimer, the Pd atoms become highly stable on the surface of the
alloy with a noticeable preference for the (111) orientation (for isolated Pd Esy= -0.23
eV/atom and -0.42 eV/atom for (100) and (111) surface, respectively). This result shows that,
if the ability of the Pd atoms to segregate on surface is controlled by the binding energy of the
reactants, the binding energy is directly related to the “host” surface atomic structure of the
alloy and its orientation. The calculated negative segregation values are consistent with the
observed Pd surface enrichment upon CO exposure described in the experimental results, and
predict that both Pd monomers and Pd dimers can exist on the top surface of alloy
nanoparticles.

It is worth noting that the effect of CO on Pd segregation is stronger than that of oxygen.
Indeed, we reported in a previous work [11], that in the presence of O, molecules, the Pd

monomer is as stable in the surface as in the bulk. In addition, for adsorbed atomic oxygen
13



[10], the segregation of Pd was found to be oxygen coverage dependent since more than 1/3

of a surface monolayer of O was necessary to induce Pd segregation.

CO adsorption and stretching frequencies

To facilitate the comparison between calculated and experimental vibration
frequencies, we applied a scaling factor of 1.033 to adjust the calculated frequency of CO on
atop Pd site of the Pdsg cluster to the value of 2077 cm™, experimentally measured for CO
linearly adsorbed on metallic Pd. Table 1 gathers the main features of CO adsorbed on Aussg
and Pdsg clusters in terms of metal-CO distances, CO adsorption energies and corrected vco
frequencies.

Table 1: DFT optimized configurations, CO-metal distances (dc-au or pa), CO adsorption

energies (Eags) and corrected vCO frequencies on monometallic Ausg and Pdsg clusters.

co agiizgption TOP-fc ToP-ed | BDG-ed-fc BDG-ed-ed |  3-fold 4-fold
7 P X (L \ [ .
AUlgzg \
2.46
2.3287
2.193% 2.140 2.46
deau (R) 2.040 2.020 2.132%
2.173% 2.140 2.46
2.132%
2.46
Eass (€V) -0.35 -0.86 -0.61 0.8 -0.48 -0.17
veo (cm™) 2124 2112 1928 1926 1845 1847
g a4 4 £ 4 -~ g -
L W
E h' w » [
Pdss &j %v unstable \Q' k: o
y ' - Y




2.191
2.0867
1.892 2.191
depa (A) 1.869 1.867 2.048
1.892 2.191
2.048%
2.191
Eaas (V) -1.33 -1.66 -1.99 212 -1.93
-1
veo (cm™) 2082 2077 1911 1809 1820

T de-aufe s $dcaveds T depd-te s $dcpa-ed

Monometallic gold and palladium clusters: As expected, on pure gold the most favorable CO
adsorption site is the top-edge (TOP-ed) site, i.e., CO linearly adsorbed on an under-
coordinated Au atom located in an edge site, with calculated adsorption energy of -0.86 eV.
The corresponding CO frequency is about 2112 cm™, which matches well with the single IR-
band observed on gold clusters at 2104 cm™. The adsorption of CO on a top-facet (TOP-fc)
site whose coordination number is 9 is highly unfavorable. Furthermore, the 3-fold gold site
of the (111) facet and the 4-fold sites of the (100) facet are also unfavorable for CO
adsorption.

On the (100) face composed of four low-coordinated Au atoms, a strong adsorption energy on
the bridged edge-edge (BDG-ed-ed) site is also predicted (Eags= -0.80 eV). Although this type
of favorable adsorption site was already predicted by other DFT studies [54, 55], no bridge
adsorption of CO on pure gold has been observed experimentally. Indeed, one of the known
artefacts of DFT calculations in close-packed metal surfaces is the overestimation of the
adsorption energy for sites with high coordination compared to sites with low coordination
(with our model cluster, we got similar energies for atop and bridging sites). This

overestimation results from the underestimated energy difference between HOMO and
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LUMO orbitals that contributes to the CO overbinding. Different GGA functionals reduce
these discrepancies, but neither harder potentials for CO, nor different GGA functionals
correct the results for CO adsorption on these substrates [55].

In contrast to the case of the gold cluster, CO prefers to occupy the 3-fold site of the
(111) facet of the palladium cluster with a strong adsorption energy of -2.12 eV. The 4-fold
and BDG-ed-ed sites of the (100) facet are also favorable sites with calculated adsorption
energies of -1.93 and -1.99 eV, respectively. For these three types of sites, the calculated CO
stretching frequencies are 1809, 1820 and 1911 cm™, respectively. These values fall within
the wavenumber range of the broad IR band observed around 1910 cm™ in the Pd/Al,O;
sample (Figure 1). The adsorption of CO on atop Pd is also exothermic with a strong
preference for the under coordinated site, TOP-ed site (-1.66 eV), rather than TOP-fc site (-
1.33 eV). Compared to gold, adsorbed carbon monoxide exhibits bands at lower frequency on

palladium atoms and the adsorption energies are two or three time higher.

Table 2: DFT optimized configurations, CO-metal distances, CO adsorption energies and

corrected vCO frequencies on Aus;Pd; nanoalloy cluster

AuzPd; (edpg) | TOP-edg TOP-fca, BDG-edpoeday | BDG-edhofon,
ot & { m S &t
Configurations
2.24* 2.178*
dem (M:Au,Pd) (A) 1.915 2.011 1.988** 1.990**
Eads (€V) -1.40 -0.32 -1.06 -0.91
veo (cm™) 2094 2139 1969 1960
AU37 Pdl (prd) TOP—prd TOP'edAu BDG'edAu'edAu BDG'edAu'prd
' y
Configurations




*

dem avee (A) 1.922 1.972 ggg 12;345135**
Eass (V) -1.00 -0.81 -0.68 -0.72
veo (cm™) 2083 2122 1932 1934

* de-au; ** de-pd

Nanoalloy clusters: A wide variety of CO adsorption sites in the two nanoalloy models
(Auz7Pd; and AussPd; clusters) with different surface configurations of Pd monomer (Table 2)
and dimer (Table 3) was investigated.

Table 3: DFT optimized configurations, CO-metal distances, adsorption energies and

corrected vCO frequencies on AuzgPd, nanoalloy cluster

AU36Pd2 BDG'Edpd'Edpd BDG'edpd'fCAu
(edpa-edpy) TOP-edpq TOP-fca,
Configurations
2.036
dem mmanrey (A) 1.908 1.991 > 036 Unstable
Eags (€V) -1.42 -0.36 -1.55
veo (cm™) 2092 2137 1946
AU36Pd2 TOP-edpd TOP-prd BDG'Edpd'EdAu BDG'Edpd'prd

(edpg-fCpq)

Configurations

2.304* 2.037¢

dem meaupa (B) 1.910 1.919 1 93(?5** 2 (?267“
Eags (€V) -1.42 -1.03 -1.09 -1.23
veo (cm™) 2092 2081 1960 1943

*dc-au; ** de-pd ; “de-pd-ed 5 de-pd-fe
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Figure 4: 4d-bands DOS for the Pd atoms located at edge (circle) and facet (square) sites of
the Aus;Pd; cluster.

For the Aus;Pd; cluster, two Pd monomer locations were considered: Pd at edge site
(edpg) and Pd on facet site (fcpg). Among all computed configurations, the top Pd atom is the
preferred adsorption site for CO compared to adsorption over Au atoms or bridging Au-Pd
sites. Moreover, the preferred top Pd site is predominantly a Pd edge site (TOP-edpq) (-1.4
eV) rather than Pd on the facet (TOP-fcpg) (-1.0 eV). This reveals an effect of the Pd
coordination number on the CO interaction with the nanoalloy surface. Figure 4 shows the
Local Density Of State (LDOS) of the d-bands of Pd atoms at edge (edpg) and on facet (fcpq)
in Aus7Pd; cluster. It can be seen that the edpy d-band is slightly shifted to the Fermi level
with a calculated band center at -1.36 eV compared to -1.41 eV for fcpg d-band. According to
the Ngrskov theory on the adsorption of CO on metals [56], the observed shifts in the d-band
centers towards the Fermi level can be correlated with the increase of the adsorption energy of

CO from Pd facet to edge sites. The corrected harmonic frequencies of CO on TOP-fcpyq and



TOP-edpq sites are 2083 and 2094 cm™, respectively. This result shows that the decrease in
the coordination number of Pd in Aus;Pd; alloy cluster (from 9 Au neighbors to 6) induces a
blue shift in the CO stretching by more than 10 cm™. This could explain the multiple
components of the band of CO linearly adsorbed on Pd atoms in the Au-Pd(20)/Al,03; sample
(2076, 2062 and 2043 cm™) (Figure 2) and allow to assign the slight blue shift from 2043
toward 2077 cm™ to the decreasing number of gold neighbors around palladium when
palladium segregates to the surface and occupies low coordinated sites. The DFT optimization
of the geometry also predicts that the bridge BDG-edpg-eda, Site is a favorable site for CO
adsorption. On this site, the CO molecule, that tends to make short bonds with Pd atom,
vibrates with a frequency value of 1969 cm™. This value may correspond to the observed IR
band at 1950 cm™ whose intensity increases upon CO adsorption (Figure 2).

The adsorption energy of CO on a TOP-eda, site with a Pd atom as a neighbor (-0.81 eV,
Table 2) is similar to the one estimated for the same site on the monometallic Ausg cluster (-
0.86 eV, Table 1); this seems to indicate that the presence of isolated Pd has a limited
influence on the electronic properties of gold neighbors.

The adsorption of CO on Pd dimers was studied using the AussPd, cluster. The Pd
dimer was located at the edge-edge site and at the edge-facet site (Table 3). As in the case of
the Pd monomer (Aus;Pd; cluster), CO prefers to interact with Pd atoms rather than with Au
atoms. In the presence of Pd dimer, the bridge BDG-edpg-edpq site is predicted to be the most
favorable site for CO adsorption with an energy of -1.55 eV. This value is 0.44 eV lower than
the adsorption energy value of CO over the equivalent site in pure Pd cluster and 0.75 eV
higher than on pure gold. However, the preferred adsorption of CO on bridging Pd dimer sites
seems to depend on the coordination number of the palladium atoms. Indeed, whereas BDG-
edpg-fcpqg site (-1.23 eV) is more favorable for CO adsorption than TOP-fcpg Site (-1.03 eV) in

the AusgPd, cluster, it is less stable than the TOP-edpq site (-1.42 eV). Hence, although CO
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tends to interact with a maximum of Pd atoms and form bridged CO in pure Pd clusters, it
prefers to adsorb on the top of under-coordinated isolated or contiguous Pd sites in AuPd
alloy clusters.

The computed vibration frequencies of CO adsorbed on BDG-edpy-edpy, BDG-edpg-eday and
BDG-edpg-fepg sites were found at 1946, 1960 and 1943 cm™, respectively. They could
correspond to the observed IR components at 1950 and 1927 cm™ in the DRIFT spectrum of
Au-Pd(20)/Al,03 (Figure 2). Let us add that the calculated adsorption of CO on 3-fold and 4-
fold Pd sites is not favorable and could only exist over larger surface Pd ensembles. As no IR
band is observed in the region assigned to these latter adsorption sites (= 1800 cm™), the

presence of large Pd ensembles on the surface of our nanoparticles could be ruled out.

From these DFT calculation results, we can tentatively assigned the various bands observed in
the DRIFTS spectra of the AuPd/Al,Os catalyst to linear CO on eday (2110 cm™ (DRIFTS) /
2122 cm™ (DFT)), linear CO on edpq (2076 cm™ / 2094 cm™), linear CO on fcpg (2062 cm™ /
2083 cm™), bridge CO on edpg-eda, (1950 cm™ / 1969 cm™) and bridge CO on edpg-edpq OF
edpg-fepg (1927 cm™ / 1946 or 1943 cm™). The assignment of the minor component of the
linear CO on Pd in the DRIFT spectra at 2043 cm™ was however not clear. Let us note that
according to the work of Garcia-Mota et al. [57] on the multiple CO adsorption on Au-Pd
alloy system, the vibrational frequencies are shown to resemble those of isolated molecule

split by about 30 cm™ due to the dipole-dipole interactions.

Electronic and energetic analysis of Pd distribution on the AuPd nanoparticle surface in the
presence of CO

In order to gain insight into the electronic structure of AuPd nanoalloy and to analyze
the effect of CO interaction on the energetic stability of specific Pd ensembles on the surface

of the nanoparticles, we investigated the change of charge distribution before and after CO



adsorption. Figure 5 reports the Bader charge distributions of Pd dimers (edpg-edpg, €dpg-fCpg)
in AusgPd; clusters. Under vacuum, palladium at edge sites (edpg) are weakly positively
charged (= +0.04 ¢) in contrast to Pd in facet sites (fcpg) Whose charge is of +0.11 e. This
could partially explain the energetic stability of Pd in high coordinated sites under vacuum. A
more important point is that the positive charge of Pd significantly increases when CO is
adsorbed on it (up to +0.22 e for bridge CO adsorption and +0.19 e for top CO adsorption).
These results provide evidence of back-donation from Pd to CO. Indeed, the nature of the
adsorption bond between CO and d-metal surfaces is conventionally understood in terms of
the 56 CO donation to the metal associated with a back-donation to the empty 2n* CO orbital
[58, 59]. Here, the strong increase of the positive charge of Pd when interacting with CO,
particularly of the Pd edge sites, indicates preponderant m-back-donation from under-
coordinated Pd to CO. This fact explains the strong CO adsorption energies calculated on

such sites and therefore the high energetic stability of Pd on edges in the presence of CO gas.

BDG-2d, 2d,, adsorbad CO

TOPR-2d,, adsorbad CO

2d;- Tz, sit2 BDG-2d; ~fc; adsorbad CO

Figure 5: Bader charge distribution on Pd,Auss alloy system before and after CO adsorption.
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Figure 6: Evolution of energetic stability of different configurations of Pd before and after
CO adsorption. The bold values represent energy difference (eV/atom) with respect to the
most stable structure (0.00 eV/atom) of each calculated case: (A) Ausz;Pd;, CO- Ausz;Pdy; (B)

AU35Pd2, CO- AU36Pd2, 2CO- AU3ePd2 .



In addition, to rationalize the changes induced by CO adsorption on Pd surface
distribution, we compared (see Figure 6) the energetic stability of different Au-Pd systems
interacting or not with adsorbed CO. Figure 6A represents the energy diagram (calculated
with respect to the lowest total energy structure) of different configurations of Aus;Pd; alloy.
Under vacuum, the energetic stability of the configuration in which Pd is located in the bulk
cluster is larger than that of Pd on edge or facet by 0.45 eV and 0.31 eV, respectively. Again,
Pd is found to be more stable in the core than on the cluster surface and the computed
segregation energies {E(system with Pd in the bulk)-E(system with Pd on the surface)} are
comparable to the values obtained on (100) and (111) surfaces (Eseg= +0.42 eV and +0.39 eV,
respectively). After CO adsorption, the configuration in which Pd occupies edge site becomes
the most stable one. This predicts that under CO pressure, Pd tends to substitute under-
coordinated Au atoms located at the edges of the nanoparticles. Freund and coworkers [43]
performed DFT studies on the segregation of Pd monomer on Au(221) surface and reported
that upon adsorption of CO, the preferred position of Pd switches from the bottom of the edge

site (over-coordinated) to the top edge (under-coordinated) site.

For clusters containing two Pd atoms (Figure 6B), we considered one Pd at the edge position
and we compared several configurations for the second Pd atom on the surface. Although not
exhaustive, this analysis gives interesting trends. First of all and as expected, under vacuum
the second Pd atom prefers to occupy high coordinated sites (facet) rather than edge sites. In
addition, the comparison of the energetic stability of different Pd locations (ed-fc or ed-ed)
seems to suggest that the configurations with contiguous Pd atoms are highly unfavorable,
especially on edge sites (+0.24 eV). Using DFT calculations on AuPd(111) and (100)
surfaces, Russo et al. have already reported that Pd atoms tend to be surrounded by Au atoms
as first neighbors and that Pd second neighbors may exist [60]. In the presence of one

adsorbed CO molecule, this tendency seems to remain true in spite of the decrease of the
23



ordering stability. Indeed, the configuration in which CO linearly interacts with the edge Pd
site while the other fc.pq site is free from CO, is now only 0.1 eV more favorable than CO
bridging contiguous edge Pd atoms. However, even though DFT total energy calculations
predicted the configuration of edpq-edpy dimer as slightly instable, this configuration could
exist since the IR spectrum of AuPd/Al,Os reveals the signature of CO bridging such Pd
ensemble (IR band appearing at 1950 cm™) during the first stage of CO exposure (Figure 1).
With increasing CO coverage (1 CO for each Pd), the most stable configurations become
those where the two Pd atoms occupy the edge sites with a slight preference for the

configuration where Pd are second neighbors.

The overall trends obtained in these DFT calculations indicate that Pd segregating on surface
of AuPd bimetallic particles preferentially migrates towards edge positions upon CO
exposure. This appears in agreement with the experimental DRIFT data, which show that the
band assigned to linear CO on edpy (2076 cm™) is the one which increases the most with time
under CO/He. Moreover, the continuous intensity increase of this band seems to occur at the
expense of the one of CO adsorbed on eda, (2110 cm™), underlining the progressive

replacement of Au by Pd at the edge sites of the particles.

The substitution of Au atoms by Pd at the edges of the bimetallic particles may induce deep
modifications of the reactivity of bimetallic Au-Pd catalysts, especially regarding the CO
oxidation reaction. Indeed, the low coordination sites (edges and corners) of supported Au
nanoparticles are usually considered as the active sites in CO oxidation, at least as the
adsorption sites of CO [39]. In a very recent study by Environmental Transmission Electron
microscopy (ETEM) and DRIFTS, we showed that the AuPd bimetallic particles in Au-
Pd/TiO, catalyst rapidly restructured under CO/O, reaction conditions, leading to a fast
decrease of the catalytic conversion of CO to CO, [12]. The loss of activity was attributed, but

not demonstrated, to the replacement of Au atoms by Pd at the edge sites of the particles



which is in accordance with the results discussed in the present work. Although some studies
indicated that the catalytic activity in CO oxidation was enhanced by the segregation of Pd at
the surface of the AuPd alloy, this beneficial effect was only observed for model AuPd(100)
surfaces (Au:Pd =1:1) [14, 47] and Pd-Au particles grown on TiO,/Mo(110) [6]. Owing to the
absence of low coordination sites on the Au(100) surface, the latter did not present any
activity in CO oxidation and the increase of the CO conversion rate on AuPd(100) was related
to the presence of contiguous Pd ensembles involved in the dissociation of O, [14, 47]. In the
case of supported AuPd nanoparticles in real catalysts, usually containing low Au/Pd atomic
ratio, no synergetic effect was demonstrated between Au and Pd in CO oxidation [61-62]. The
formation of AuPd alloy in bimetallic catalysts with high Pd content (low Au/Pd ratio) was
even proposed to be unfavourable to achieve high activity in CO oxidation [63]. These
observations could be interpreted on the basis of our DFT and experimental results revealing
the preferential segregation of Pd at the edge positions in bimetallic AuPd nanoparticles on
which CO will be too strongly adsorbed to react with oxygen at RT; this could explain the

lower activity of AuPd catalyst compared to Au catalysts in CO oxidation.

This work underlines the determining contribution that theoretical calculations could bring to
the understanding of the observations made by in situ or operando techniques. As presented
in a recent review [64], the combination of experimental and theoretical data allows extending
the comprehension of the surface state of metallic nanoparticles under reaction conditions.
This is of particular importance in the case of multi-metallic catalysts for which reactant-

driven changes of the surface composition may occur.

25



IV. Conclusion

Combined first-principles total energy calculations and DRIFTS studies were carried out to
investigate the location of the Pd atoms in Au-Pd nano-particles where Au/Pd >> 1 when CO
was adsorbed. Evidences for Pd surface enrichment due to the strong adsorption with CO are
reported. Based on the calculation of the CO frequencies and IR experimental assignments
only isolated palladium and dimer of palladium atoms were found to exist on the surface. This
means that no Pd aggregation could happen and no Pd islands within the surface layer could
be formed. In addition, the calculations allowed attributing the observed multi component IR
band related to CO on top Pd atoms to CO adsorbed on top of both low and high coordinated
palladium sites. Similarly, two new types of bridge CO sites, Au-Pd and Pd-Pd, were
identified in the broad band of bridge CO. Finally, from energetic and electronic analysis, one
could predict that, when reactive gas containing CO is exposed to the surface under
conditions where migration and restructuring can occur, Pd will migrate toward the edge
positions on small AuPd nanoparticles. This information of the structural and atomic
arrangement of Au-Pd nanalloys under reacting gas is crucial to explain that Pd in AuPd

catalysts inhibits the reaction of CO oxidation at RT.
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