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Chapter 1 

 

Introduction 

 
Metal/oxide interfaces and oxide-supported metal clusters play an important role in 

many fields of modern technology. These materials are interesting for diverse 

reasons, ranging from the beauty of medieval art to industrial applications in 

heterogeneous catalysis, microelectronics and other technologies [1,2]. In the 

Middle Ages, beautiful stained glass for the large and colorful windows of Gothic 

cathedrals has been manufactured based on cluster technology. Their color is caused 

by finely dispersed silver, copper and gold particles embedded by special 

fabrication procedures into the glass. Nowadays, oxide-supported metal clusters are 

widely used in heterogeneous catalysis which is a key phenomenon in many 

technological fields. Some of the best known examples of applications of metal 

clusters are in environmental chemistry, energy storage and catalytic conversion of 

hydrocarbons [3–5]. The catalytic activity and selectivity of oxide-supported metal 

clusters often depend sensitively on structure parameters, such as particles size and 

shape, or on chemical parameters, such as the properties of the support or promoter 

materials. For example, hydrogenation of unsaturated hydrocarbons occurs 

efficiently on nanoparticles rather than on single-crystals of noble-metal platinum, 

rhodium and palladium catalysts [6]. A further example is pollution control in the 

exhaust system of cars, the catalyst of which consists of small metal particles, often 

platinum or rhodium, deposited on a washcoat made of mainly alumina, ceria and 
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zirconia [4]. To be active, the metal particles have to be a few nanometers large and 

also the support has to be prepared properly. Nowadays, one of the important aims 

of research on oxide surfaces is to develop model catalysts of the next generation 

including the modified [7] or mixed oxide systems [8] multiple component particles 

[9,10], poisons [11] and promoters.  

 Also sensors come to mind as applications of supported metal systems [12–

14]; their ability and sensibility to detect chemical species in the gas phase depend 

largely on the shape and size of the metal particles, the exposure of facets, as well 

as on the presence of co-adsorbates and contaminates on the oxide support. 

Magnetic materials used for storing information [15] is another interesting example 

of technological applications which are based on the fact that in the ferromagnetic 

state with a given orientation of the magnetic moment the material shows a 

permanent magnetization if the material exists as nanometer-sized particles. To 

model new magnetic materials for permanent magnets or high-density recording, 

one needs to understand the magnetic behavior of nanoparticles. For all these 

examples, it is clear that, for optimum design of material and processes, one has to 

understand the microscopic structure of the material and the processes occurring at 

the surface or the interface between metal particles and their substrate. 

 From an experimental point of view, the low electrical and thermal 

conductivity of bulk oxides represent severe problems [16–18]. The insulating 

character of oxides can restrict or even prevent studies by electron or ion 

spectroscopy as well as by low-energy electron diffraction (LEED) and scanning 

tunneling microscopy (STM). However, these difficulties have been overcome by 

using well ordered ultra-thin oxide films grown on a metallic or semiconducting 

substrate such as MgO/Mo(100), Al2O3/NiAl(110), FeO/Pt(111) and SiO2/Si(100). 

These films are thin enough to prevent charging, yet thick enough to exhibit 

electronic and chemical properties representative for the corresponding bulk oxide. 

Many recipes have been developed for synthesizing and characterizing ordered 

oxide films, e.g. MgO, Al2O3, SiO2, NiO, Cr2O3, FeO, Fe3O4 [18–23]. Most ways of 

preparation deal with direct oxidation of a metal (or semiconductor) single crystal, 
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the oxidation of an alloy single crystal or the deposition and oxidation of a metal on 

an inert substrate single crystal.  

 Theoretical studies using first principles cluster and periodic slab models 

allow one to explore the factors that are difficult to control separately under 

experimental conditions. Such studies provide a complementary means for 

extending the understanding of metal species supported on oxides [24,25]. 

Especially small metal clusters on oxides, as elementary building blocks of more 

extended supported metal systems, are of key importance for unraveling the initial 

stage of interface formation. Recently, many interesting works have been devoted to 

the adsorption of single d-metal atoms [26–38] and small d-metal aggregates Mn (n 

= 2–4) [27,32,36,39–46]. For instance, theoretical studies of the adsorption of single 

d-metal atoms and their dimers on various defect sites of MgO [29–37] are 

motivated by experimental evidence for different oxide systems [47–50] that point 

defects may act as stronger nucleation sites for metal particles. Characterizing the 

bonding between metal atoms and oxide supports as well as the structure of such 

surface complexes is a prerequisite for describing larger supported moieties which 

result form metal nucleation and cluster growth. Particularly important issues are 

the nature of this interaction and its dependence on the size of the metal particles. 

 Recently, an advanced computational tool was developed for representing 

oxide surfaces, e.g. MgO, SiO2 and Al2O3, relying on cluster embedding in an 

elastic polarizable environment (EPE) [34] or in a covalent elastic polarizable 

environment (covEPE) [51]. In these sophisticated approaches, the relaxation effect 

is thoroughly taken into account to afford an accurate description of the adsorption 

on metal-oxide surfaces. A specially designed quantum mechanical/molecular 

mechanical (QM/MM) interface ensures a consistent description of the mutual 

influence of electronic and geometric changes of the QM cluster region and its 

environment relative to the regular unperturbed surface. 

 Using this first principles technology, one can successfully elucidate 

structural and energetic parameters of the interaction of metal moieties on oxide 

surfaces. To investigate the initial stage of metal clusters supported on oxide 

surfaces, we studied the adsorption of d-metal atoms on terraces of MgO(001). We 
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also addressed larger clusters (dimers, trimers and tetramers) of Cu, Ag and Au to 

explore their physical and chemical properties, such as shape, binding energies, 

dimerization and diffusion properties. We also considered the nature of the metal-

support bonding and metal-metal bonding. This is necessary to obtain basic 

knowledge of how metal particles grow on oxide surfaces. Neutral and singly 

charged oxygen vacancies (Fs and Fs
+) were modeled to represent defects which 

have been proposed as preferred adsorption sites on the MgO(001) surface in 

experimental studies [47–50]. Fs and Fs
+ sites are left on the terraces of the MgO 

support after removal of an O atom and an O– anion, respectively.  

 Oxide-supported metal aggregates in the nanometer range often exhibit high 

catalytic activity [52,53]. Catalytic reactions such as methanol decomposition on Pd 

nanoparticles [18,19,54,55] or methanol steam reforming on bimetallic PdZn 

nanoparticles [56–60] can be mentioned. To elucidate the role of such particles, one 

needs to employ adequate models. Catalysts of nanometer size have been suggested 

to be modeled by metal clusters consisting of 55 to 140 metal atoms [55,61,62]. 

These models have been designed in the form of three-dimensional particles, 

terminated by low-index surfaces of the bulk metals, and they have been employed 

to investigate surface properties of transition metal single-crystal and 

polycrystalline materials. Another important extension of the computational strategy 

based on nanocluster models has been used in our work for the first time [55], 

namely reduction of the octahedral symmetry of the model cluster to that of the 

point group D4h. The demonstrated feasibility of such reduced-symmetry 

calculations of adsorption complexes on nanosize clusters opens the opportunity to 

investigate less symmetric adsorbates, more general adsorption sites, and a 

decreased surface coverage. The capability to treat nanoclusters under reduced 

symmetry is a crucial prerequisite for modeling chemical reactions on metal 

catalysts with the present cluster strategy, where in general adsorption complexes 

have to be modeled without any local symmetry constraint. 

 The present thesis is organized as follows. Chapter 2 gives a brief overview 

of the fundamental properties, e.g. structure and morphology, of metal oxide 

surfaces that have been widely used as supports when preparing metal particles. 
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 Chapter 3 is devoted to the theoretical description of interactions of d-metal 

atoms and small clusters with the MgO(001) surface. This chapter is divided into 

four sections. Sections 1 and 2 show how 17 metal atoms from groups 6 to 11 of the 

periodic table (Cr, Mo, W; Mn, Re; Fe, Ru, Os; Co, Rh, Ir; Ni, Pd, Pt; Cu, Ag, Au) 

interact with regular O2- and oxygen vacancy Fs and Fs
+ sites of MgO(001) terraces. 

We also characterize core-level energies of adsorbed metal atoms, which can be of 

help for detecting experimentally M/O2-, M/Fs, and M/Fs
+ structures on MgO(001). 

Section 3 identifies preferred adsorption sites and adsorption geometries for dimers 

and trimers of coinage metals Cu, Ag and Au on the defect-free surface MgO(001) 

and elucidates the role played by the surface defects Fs and Fs
+. Also, the nature of 

the metal-support bonding is investigated. The results calculated for tetramer 

species of Cu, Ag and Au, free and supported on regular and defect sites of 

MgO(001) are reported in Section 4. 

 Chapter 4 describes adsorption properties of Pd and PdZn nanoparticles and 

consists of three sections. In Section 1, the results of a theoretical study of C atoms 

adsorbed on Pdn (n = 55–146) nanoparticles are discussed. The adsorption energies 

of C atoms on these cluster models, converged with respect to cluster size, are 

presented and it is examined which surface sites of these clusters are preferentially 

occupied by adsorbed C. Afterwards, co-adsorption of CO molecules and C atoms 

on Pd nanoparticles will be considered. This study is important for understanding 

the methanol decomposition reaction occurring on well-ordered Pd nanoparticles. 

Preferred sites of CO molecules in the presence of deposited C atoms are identified. 

Also, the effect of pre-adsorbed C atoms on geometric and energetic properties of 

CO molecules is inspected. Section 2 deals with bimetallic cuboctahedral PdZn 

nanoparticles. Energetic and structural properties of these clusters, such as the 

cohesive energy and the preferential positions of Zn atoms in PdZn particles, are 

evaluated. PdZn is an active component of one of the novel efficient catalysts for 

the steam reforming of methanol and interaction with CO can provide pertinent 

information on the reactivity of catalyst particles. 

 Finally, a summary and prospects for future work are presented in Chapter 5. 
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Chapter 2 

 

Metal Oxide Surfaces as Substrates to Support 

Metals 

 
Metal particles grown on clean and well-ordered oxide surfaces are widely used as 

model catalysts. To understand the properties of these catalysts, fundamental 

knowledge on oxide surfaces and oxide-supported metal particles is required. 

Therefore, this chapter provides a brief overview of the preparation approaches and 

characterization techniques applied to metal-oxide substrates and metal particles 

supported on them. In the following we will focus on oxide substrates in their most 

relevant forms for the present study, namely single-crystal surfaces and thin films. 

For studying metal particles deposited on such surfaces, formation of defect sites 

will be briefly dealt with, as they are commonly considered to play an important 

role for metal-oxide interactions, especially when the supported metal particles are 

small, as is the case in the present work. Finally, preparation of deposited metal 

species and their properties will be discussed. 

2.1 Single crystals 
This section deals with the preparation and the properties of single-crystal oxide 

surfaces used as catalyst supports. These substrates have been introduced in the late 

1960s with the development of ultrahigh vacuum (UHV) technology. The best 
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CeO2(111) Polished RHEED, AES Rh 

ZrO2(100) Polished AES Rh 

a   Data from Ref. 18 and references therein. 

Table 2.1. Single crystal oxide surfaces used as catalyst supports.  a

Crystal Preparation Method Supported-metal  

MgO    

MgO(001) UHV cleaved LEED Ag, Au, Al 

MgO(001) UHV cleaved RHEED Cu, Ag, Au, Ni 

MgO(001) UHV cleaved HAS Au, Pd 

MgO(001), MgO(111) In situ TEM, Cleavage TED Cu, Ag, Au, Pd 

MgO(001) Air cleaved LEED Cu 

MgO(001) Air cleaved LEED Fe 

MgO(001) Air cleaved XPS, AES Ag 

MgO(001) Polished  Pt 

ZnO    

ZnO(0001) UHV cleaved  Au 

ZnO(0001) Air cleaved LEED Cu, Pd 

ZnO(10 ) Air cleaved LEED Cu 

ZnO(0001) Polished LEED Ni, Pd, Pt 

Al2O3    

Al2O3(0001) Polished LEED Cu 

Al2O3(0001) Polished AES Pt, Rh 

Al2O3(0001) Polished RHEED, XFD Rh 

TiO2    

TiO2(110) Polished LEED Cu, Pd, Fe 

TiO2(110) Polished AFM Ag 

TiO2(110) Polished STM Rh 

01
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strategy to prepare clean and well-ordered single crystal surfaces is via in situ 

cleavage [18,63,64] under UHV conditions. Alternatively, cleavage can be 

performed in air with subsequent cleaning in UHV. However, lower defect densities 

are achieved if the cleavage is carried out directly under UHV conditions [53].  

 Generally, the cleavage devices are constituted of a moving chisel in a hard 

material which is inserted at the corner of a single crystal [65]. This strategy, 

however, is applicable only to a few oxides, such as MgO, NiO, ZnO and SrTiO3 

[66]. Other interesting materials, such as Al2O3, SiO2, TiO2, etc. are hard to cut 

properly, as rough surfaces are formed upon cleavage [63]. The preparation and 

characterization techniques of selected surfaces of conventional metal-oxide 

substrates are summarized in Table 2.1. There, one can see how the metal oxide 

surfaces are prepared as well as which methods are used for characterizing such 

surfaces. Furthermore, some metal species that have been supported on these oxide 

surfaces are also listed. 

 One of the most common cleaved surfaces is MgO(001). When it is prepared 

by the UHV cleavage, low energy electron diffraction (LEED) patterns are very 

good, with sharp spots [67] but featuring an undesired high reflectivity of 35–40% 

[68]. In contrast, the same MgO(100) surface cleaved in air shows a reflectivity of 

only 10–15% after in situ cleaning. Oxide surfaces can be cleaned by outgassing in 

UHV at 1000 K [68] or under oxygen pressure (P = 10-5 Torr) at 1200 K [69]. 

However, they exhibit surface defects after cleaning, probably vacancies which 

have been created by reactions with water vapor [70]. Point defects due to the 

exposure to air, which may act as nucleation centers, could be a serious problem to 

control the density of supported metal clusters in a model catalyst.  

 MgO(111) surfaces are prepared with a mechanical cleaver [71]. These 

surfaces are polar and considerably less stable than MgO(001). Such polar surfaces 

can be stabilized by reconstruction or hydroxylation [72,73]. At variance, polar ZnO 

surfaces are apparently stable and not subject to a reconstruction [74,75]. ZnO has 

been cleaved in UHV or in air along the basal plane (0001) [76,77]. In the case of 

more covalent oxides where some charge redistribution may take place at the 
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surfaces [64], that latter can be stabilized differently from the mode observed for 

more ionic oxides. 

 Other currently used catalyst supports are alumina, silica and titania. Various 

oriented surfaces of alumina have been obtained by cutting single crystals of α-

Al2O3 along different directions, e.g. (0001) [78,79], ( 0121 ) [80] or ( 0211 ) [81]. The 

cleaved surfaces are chemically polished, i.e. exposed to chemical substances which 

are able to “repair” damages, and cleaned by annealing in UHV or under oxygen 

pressure after ion bombardment. Upon annealing at high temperature, alumina 

surfaces are generally reconstructed, resulting in a very complex surface unit cell. 

For example, the (0001) surface successively produces ( 33 × )R30° and 

( 333 ×3 )R30° structures [82]. Titania surfaces can be obtained by cutting a rutile 

single crystal along the (110) [83] or (100) [84,85] directions. Similarly to alumina, 

rutile surfaces are cleaned in UHV by annealing at high temperatures, but they have 

a tendency to lose oxygen, which leads to reduced surfaces. For instance, the 

stoichiometric (110) surface, which exhibits a (1×1) structure, in the course of 

annealing at 1000 K under UHV transforms to the (1×2) structure, which 

corresponds to the removal of one row of surface oxygen atoms per surface unit cell 

[86]. However, heating the surface under oxygen pressure restores the 

stoichiometric surface [85,87]. 

Table 2.2. Band gaps of bulk single crystal oxide supports. 

Crystal Band gap (eV) Reference 

MgO 7.7 88 

Al2O3 8.7 89 

SiO2 8.9 89 

CaO 6.9 88 

SrO 5.3 88 

BaO 4.4 88 

ZnO 3.4 88 

SnO2 3.6 90 
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 Although cleaved surfaces are widely used, chemical and physical polishing 

techniques are also employed to prepare single-crystal surfaces of metal oxides, e.g. 

of MgO and ZnO. To smoothen these surfaces, ion sputtering followed by annealing 

in UHV or under oxygen pressure at high temperature is applied. However, 

annealing of MgO surfaces at more than 1200 K causes surface segregation of 

calcium, which is one of the main impurities in MgO single crystals [91]. From 

atomic force microscopy (AFM) measurements, a very rough surface with 

roughness of about 1 nm was reported for the polished and cleaved MgO surfaces 

after annealing at 1200 K [92]. Also, a better ordered MgO(100) surface with a 

mean roughness of 0.26 nm was obtained in another AFM experiment performed in 

UHV at 1273 K [93]. For investigation of ZnO surfaces, scanning tunneling 

microscopy (STM) is applicable as the band gap of ZnO crystal (3.4 eV) is much 

smaller than that of MgO crystal (7.7 eV) (see Table 2.2). Polished ZnO(0001) 

surfaces annealed at 900 K under UHV feature terraces of mean width of 10 nm, 

separated by steps of atomic height (0.52 nm) [94]. 

2.2 Thin films 
An alternative way to prepare clean well-ordered oxide surfaces is to grow in situ 

thin epitaxial oxide films in UHV. Such ultra-thin films grown on a metal substrate 

feature enhanced electron and heat conductivity, and thus have the important 

advantage that they can be characterized with the standard arsenal of surface 

science techniques. For instance, thin-film samples allow small heating gradients in 

the temperature-programmed desorption (TPD) experiments, they can be studied 

using scanning tunneling microscopy (STM) and simultaneously reflection 

absorption infrared spectroscopy (RAIRS). Examples of oxides that can be grown 

epitaxially are presented in Table 2.3. 

 Thin epitaxial oxide films can be prepared by vacuum evaporation of bulk 

oxide on clean well-ordered single crystals [95,96]. Evaporation at high temperature 

with a low deposition rate yields good crystalline and stoichiometric films, such as 

MgO(111) or ZnO(0001) on cleaved mica [97,98]. However, the films prepared at 
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ZnO(0001)/mica(0001) Vacuum evap. 633 10–60 Pd 

ZnO/Au Sputtering 300 1000 Cu 

Al2O3     

Al2O3/Al(111) Oxidation 700 0.3–1.2 Ni 

Al2O3/Al/Pt(111) Oxidation 300–480 1 Rh 

Al2O3/Al/Ru(0001) Oxidation 1000 2 Cu 

Al2O3/Al/Si(111) Oxidation 300 3 Pt 

Al2O3/NiAl(110) Oxidation 550/1200 0.5 Pd, Pt, Rh 

Al2O3/Mo(110) Al + O2 90–1200 0.8–5 Cu, Ni, Fe 

TiO2     

TiO2/Ti/Pt(111) Oxidation 873 0.5–1  

TiO2/Ti(0001) Oxidation 400/755 30 Pt, Rh 

TiO2/Mo(100) Ti + O2  0.5 Au 

SiO2     

SiO2/Si(111) Oxidation 1273 50–100 Pt, Ir, Rh 

SiO2/Mo(110) Si + O2 373 5–10 Cu, Pd, Ni 

NiO     

NiO(100)/Mo(100) Ni + O2 300 4  

NiO(111)/Ni(111) Oxidation 570–650 1–2  

CeO2/Al2O3(0001) Pyrolysis 650 10000 Pd, Pt, Rh 

a   Data from Ref. 18 and references therein. 

Table 2.3. Ordered thin films grown on metal substrates.  a

System Preparation T (K) Thickness 

(nm) 

Supported-metal 

MgO     

MgO(001)/LiF/NaCl(100) Vacuum evap. 573–673 80 Pd 

MgO(001)/Fe(100) Vacuum evap.  0.5–30  

MgO(001)/Mo(100) Mg + O2 200–600 0.5–20 Pd, Ni 

MgO(111)/Mo(110) Mg + O2 300/800 5 Re 

MgO(111)/mica(0001) Vacuum evap. 300–623 0.2–10 Pd 

MgO(111)Mg(0001) Oxidation 300/470 2  

ZnO     
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low temperature are highly non-stoichiometric and unstable upon annealing [99]. 

The oxide films can be removed from the substrates by interfacial dissolution in 

water or in acidic solution. These oxide thin films are well ordered, but they exhibit 

a large number of point defects, as revealed, for instance, by nucleation of noble 

metals [100]. 

Figure 2.1. Regular sites and various defects on an oxide surface: kink, edge, step,

vacancy and ad-atoms. 

 Another possibility for preparing epitaxial oxide films is to evaporate the 

metals at a residual pressure of oxygen (10–7–10–6 Torr) between 200 and 600 K, 

followed by annealing at high temperature, 600–1300 K. This method has been 

applied to various oxides, e.g. MgO(001) [101] and NiO(001) [102]. These films 

show very good crystallinity and their stoichiometry is nearly perfect, but they often 

contain a large number of defects. STM investigations of such MgO films grown on 

Mo(100) have shown a large surface roughness of 6 nm and small (2–6 nm) single-

crystal grains [103]. Al2O3, TiO2 and SiO2 films prepared by this method are less 

ordered than those of other oxides, such as MgO and NiO. 

 The third method to produce epitaxial thin films is to oxidize a metal single 

crystal or alloy. Oxidation of Al(111), NiAl(110), Mg(0001), Ti(0001) and Zn(0001 

is performed between 500–700 K under a base pressure of oxygen (10–7-10–6 Torr) 

or by adsorption of oxygen and subsequent annealing under UHV at 600–1200 K. 

This method has been successfully used for Al2O3/Al(111) [104], Al2O3/NiAl(110) 

[105], MgO/Mg(0001) [106], etc. The ultra-thin films of oxides prepared in such a 

way (up to 10 layers) are well ordered, but not very stable with respect to heating 
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because of metal diffusion inside the oxide [107]. However, this limitation can be 

counteracted by increasing the thickness of the oxide films.  

2.3 Defects on metal-oxide surfaces 
Essentially any real crystal surface contains a large number of defects, no matter 

how perfect the bulk crystal is, how well it is cleaved or how carefully it is prepared 

[63]. Several types of the most common surface defects are sketched in Figure 2.1: 

steps, edges, kinks, ad-atoms and vacancies. For many processes on oxide surfaces, 

such as chemisorption, catalysis and corrosion, point defects (cation and anion 

vacancies, ad-atoms) are of particular importance. Among them, oxygen vacancies, 

which are supposed to be prevalent in many oxides [108], constitute one of the most 

interesting type of defects. Depending on the material, the structures and properties 

of oxygen vacancies can differ substantially, so that one even could say that oxygen 

vacancies may serve as fingerprint of the oxide. For example, on MgO surfaces, 

which are in the focus of the present work, lack of a neutral O atom results in two 

trapped electrons, localized in the cavity left behind this O species; it is called an Fs 

center. In turn, removal of O– or O2– anions from the surface would result in the 

formation of Fs
+ or Fs

2+ centers, respectively. These Fs
n+ defects in MgO induce 

low-lying electronic states which give rise to typical excitations in the visible region 

of the spectrum. This makes MgO samples with such defects colored and is the 

reason why these centers are labeled by the letter F, from the German word “Farbe” 

– color.  

 On polycrystalline MgO surfaces, the formation of oxygen vacancies was 

proposed to take place by the removal of water molecule at the last stages of 

dehydroxylation at high temperature [109]. Theoretical studies were performed to 

investigate the formation energy of oxygen vacancies on MgO surface [110,111]. 

Removal of a neutral oxygen atom from the surface was calculated to require 7.2–

7.7 eV depending on the cluster model used. These energies are of the same order as 

those obtained for NiO(100) surface, 6.5 eV, by means of complete active space 

SCF, CASSCF, calculation [112]. The formation energy of Fs
+ centers on 
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MgO(001) terraces was theoretically estimated at 11–12 eV and that of Fs
2+ ones at 

~23 eV [110]. The defect formation at the edges of MgO was reported to be 1–2 eV 

lower than at the (001) terraces [110] as low-coordinated O anions are more weakly 

bound to the crystal than those on the terraces. 

 Oxygen vacancies are supposed to be the sites crucial for the nucleation of 

supported metals [18,36,108,113,114] and thus expected to play an important role in 

tuning the activity of deposited metal particles, especially the smallest among them. 

2.4 Nucleation and growth of metal particles  
Once the oxide support has been characterized, the next step in the development of 

a model catalyst is the preparation of active metal particles. In most cases, the latter 

are metal aggregates in the (sub)nanometer size range. Thus, this section deals with 

the preparation, structure and morphology of metal particles on thin oxide films. 

2.4.1 Deposition of metal particles on metal oxide surfaces 

The experimental procedure should provide a maximum control of the preparation 

conditions and should be applicable to a broad range of materials. However, there is 

no universal preparation method. The method is chosen by the specific structure 

feature to be investigated. The most common approach is based on metal vapor 

deposition. Among the advantages of the physical vapor deposition (PVD) 

technique [1,18,23], which is a coating process that involves evaporation and 

deposition of a material, are its applicability to most of materials, the cleanliness of 

the samples, and the broad range of particle sizes that can be formed. However, the 

samples prepared in such a way are characterized by a rather broad distribution of 

particle sizes, instead of a mono-dispersed system which is usually desired [53]. 

Moreover, the positions of particles on the surface and distances between them can 

not be controlled externally because they depend on the distribution of surface 

defects on the support. 

 To circumvent these problems, chemical vapor deposition (CVD) has been 

suggested [115,116]. This approach includes the preparation of metal complexes 
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(and cluster compounds) with well-defined stoichiometry and sufficiently high 

vapor pressure, which can be deposited on the surface from the gas phase. One of 

the disadvantages of CVD is its applicability only to rather limited kinds of 

materials. Furthermore, the insufficient (and hard to control) stability of the metal 

framework after stripping of the ligands may cause a problem as well as the lack of 

control over the distribution of metal particles on the surfaces. Finally, incomplete 

removal of the ligand shells can result in contaminations. 

 

Figure 2.2. Schematic representation of different possible EBL-nanofabricated 
structures. The active particles can be deposited on: (a) an inactive support; (b) an active 
support; (c) disks of active support; (d) in wells (to simulate pore diffusion). Adapted 
from Ref. [121]. 

 To avoid contaminations of this nature a method to deposit free metal 

clusters from the gas phase has been proposed [117,118]. The metal aggregates are 

mass-selected (of definite size) and subsequently soft-landed on the surface. This 

allows to control the size of the supported particles in atom-by-atom fashion. The 

remaining drawback is that the distribution of the particles is probably still 

governed by the nucleation at defect sites which is difficult to control directly or to 

tune efficiently. As a result, the distribution of distances between the supported 

metal particles is usually not well-defined. 

 Recently, a promising approach aiming at the simultaneous control of the 

particle sizes and distances between them has been reported [119–121]. Even the 

individual position of each particle can be controlled by using lithographic 

preparation methods such as colloidal lithography [119] or electron beam 
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lithography (EBL) [120,121]. However, the latter method has the tendency to result 

in contaminated samples which are not prepared under UHV; furthermore, the 

method is not applicable to very small particles. Possible structures of model 

catalysts prepared by EBL are shown in Figure 2.2. 

2.4.2 Nucleation and growth of metals on oxide surfaces 

To study the nucleation and growth of metal particles on metal oxide surfaces, 

knowledge of processes taking place on the surface is necessary. When the metal 

atoms from the vapor phase are deposited on the oxide surfaces, they can stick to it, 

diffuse on the surface or re-evaporate, – depending on the strength of the interaction 

with the surfaces, of the kinetic energy of the incoming species and of the amount 

of thermal energy in the system.  

 In the first stage of adsorption, not all metal atoms stick to the surface. They 

will be trapped on the surface if they get thermally accommodated to it. A sticking 

coefficient smaller than one means that desorption takes place and thus the surface 

is incompletely covered. This situation is more relevant for elevated surface 

temperatures. At room temperature, however, the sticking coefficient is already 

close to one for many transition metal atoms and small aggregates on oxide supports 

[122].  

 Once adsorption has taken place, diffusion of metal atoms across the surface 

has to be considered. The rate of this step depends on the diffusion coefficient 

[122]: 

  ( ) ),/exp(
4
1 2

0 kTaD Diffεν −=              (2.1) 

where Diffε is the activation energy for diffusion, 0ν  is the pre-factor, a is the 

distance between two adjacent adsorption sites, T is the temperature and k is the 

Boltzmann constant. If defects sites are present on the surface, ad-atoms may be 

trapped at these sites. Subsequently, growth processes, such as homogenous 

nucleation (metal nucleation on a regular site) or heterogeneous nucleation 

(nucleation at a defect), can occur by adding further ad-atoms [16]. In the case of 
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homogenous nucleation, the saturation density of nuclei N depends on the diffusion 

coefficient D and the vapor flux which describes the deposition rate, F [123]: 

  .              (2.2) )2/()/(~ +iiDFN

Here i is the critical cluster size [124] which indicates the maximum number of ad-

atoms formed on the surface before the island growing. For heterogeneous 

nucleation, the saturation density is independent of flux, diffusion coefficient and 

temperature. Saturation in the density, N, of the nuclei is reached when the 

probability for creating new nuclei becomes negligible compared to that for adding 

to existing nuclei. This occurs when an ad-atom can diffuse to an existing cluster 

faster than it can find an ad-atom with which to nucleate. This kind of nucleation 

takes place when the attraction between ad-atoms and defect sites is strong and the 

density of defects is high, i.e. the distance between defects is less than the distance 

L between islands expected for homogeneous nucleation, [18,125]. 2/1)/1( NL =

 After the saturation density of supported particles has been reached, no 

further nuclei are formed and all diffusing ad-atoms are captured by existing 

islands. Thus, only growth processes can take place by forming either two- or three-

dimensional shapes. From the point of view of thermodynamics, the equilibrium 

shape of metal particles can be described with the help of surface free energies of 

the metal, Metalγ , the oxide, Oxideγ , and the free energy of the metal-oxide interface, 

Interfaceγ , [124,126,127]. When 

  OxideMetalInterface γγγ ≤+ ,             (2.3) 

the metal wets the oxide at equilibrium, corresponding to a two-dimensional layer-

by-layer growth mode, i.e. to Frank-van-der-Merwe growth. Alternatively, when 

the sum of Interfaceγ  and Metalγ  is larger than Oxideγ , wetting on oxide is 

thermodynamically forbidden. Three-dimensional islands of metal are supposed to 

be obtained, i.e. the growth mode is according to either Stranski-Krastanov (S-K) or 

Volmer-Weber (V-W). 

 Stranski-Krastanov growth takes place when several monolayers are grown 

in layer-by-layer fashion before a three-dimensional island is grown. In Volmer-
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Weber mode, three-dimensional growth occurs immediately without first forming a 

monolayer. The surface energies of metals (especially of transition metals) are 

usually larger than those of oxides [123,128]. Thus, the growth of three-dimensional 

particles is most likely, which has indeed been reported in the many studies of 

metals on oxides [18,123,129–131]. In the case of a Volmer-Weber growth mode, 

the equilibrium shape of the aggregates can also be predicted. As shown in Figure 

2.3, it is a Wulff polyhedron truncated at the interface in accordance with the 

following equations [18,132]: 

  
iMetaladhi Ehh γ// =∆ ,              (2.4) 

and 

     E InterfaceOxideMetaladh i
γγγ −+= ,            (2.5) 

where 
iMetalγ is the surface free energy of the corresponding crystal surface i and Eadh 

is the adhesion energy. 

From equation (2.4), the particles become flatter when the adhesion energy 

increases. As one can see from equation (2.5), the adhesion energy depends on the 

metal-oxide interaction. If this interaction increases, for example by partial 

oxidation, Interfaceγ  will decrease and Eadh will increase. Table 2.4 illustrates 

experimental and theoretical studies of the interaction of metals on single crystal 

surfaces of metal oxides. 

Figure 2.3. Schematic 
Ref. 18. 
 

representation of the Wulff-Kaichew construction, adapted from
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 For a particle of nanometer size, the presence of edges and corners can not be 

neglected. They represent lower atomic coordination modes (i.e. higher local 

surface energy) and can notably affect the equilibrium shape of the particle. From 

the temperature evolution of the surface energy anisotropy, therefore, less round 

shapes of particles are expected. When metal clusters are prepared at high 

temperature, only regular polyhedra are obtained [133,134].For example, the 

favored face-centered cubic (fcc) structures, grown at high temperature on oxide or 

graphite substrate, have polyhedral shapes exposing (111), (100) and (110) facets 

[135]. Figure 2.4 shows the main shapes of supported metal particles observed on 

model catalysts. 

 

Figure 2.4. Schematic representation of various shapes of fcc metal particles obtained
by epitaxial growth: (a) in the (100) orientation at medium temperature; (b) in the
(100) orientation at high temperature; (c) in the (111) orientation at medium
temperature. Adapted from Ref. [18]. 
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Table 2.4. Metals on single crystal oxide surfaces.  a

Oxide Oxide face Metal Sureface Preparation Growth mode 

MgO 001 

001 

Ni Air cleaved and annealed

Polished and annealed 

S-K, epitaxial 

Epitaxial (100) 

 001 

001 

Pd UHV and air cleaved 

Air cleaved and annealed 

V-W, epitaxial Pd (100) 

S-K, epitaxial 

 001 Pt Air cleaved and annealed S-K, epitaxial 

 001 

001 

111 

Cu UHV cleaved  

Polished and annealed 

Polished and annealed 

Epitaxial Cu(100) 

Epitaxial Cu(100), S-K 

Epitaxial Cu(111), S-K 

 001 Ag UHV cleaved  

Air cleaved 

Air cleaved and annealed 

Epitaxial Ag(100) 

V-W, random orientation 

S-K, epitaxial 

 001 Au UHV cleaved 

 

Air cleaved 

Air cleaved and annealed 

Epitaxial Au(100), 

polycrystalline 

Random crystalline oriented

S-K, epitaxial 

Al2O3 0001 Rh Polished and annealed V-W, weak interaction 

 0001 

Cluster 

Ni Polished and annealed 

Theory 

Weak interaction at RT 

Ionic bond, Covalent Ni 3d-

nonbonding O 2p bond 

  Pd Polished and annealed, 

high temperature 

Diffusion into subsurface, 

then epitaxial (110) or (111)

 0001 Pt Polished and annealed V-W, weak interaction 

 0001 Cu Polished and annealed S-K, V-W 

 Cluster Ag Theory Covalent Ag 4d-

nonbonding O 2p bond 

ZnO  Al Polished and annealed Strong interaction, forms Al 

oxide 

 0001,  Ni Polished and annealed Layer, stronger on  

 0001,  Pd Polished and annealed Layer, preferential Pd (111) 

a   Data from Ref. 64 and references therein.
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Chapter 3 

 

Cluster Model Studies of d-Metal Particles 

Supported on the MgO(001) Surface 

 

3.1 Adsorption of d-metal atoms on the regular 

MgO(001) surface 

 
3.1.1 Introduction 

Transition and noble metal particles deposited on oxide ceramics are materials of 

growing interest due to their technological importance. Among the most obvious 

present and potential applications of these materials are sensors, photovoltaic cells, 

magnetic recording and catalysis [1,16,18,136–138]. A detailed understanding of 

the metal/ceramic interactions at the microscopic level is crucial for elucidating the 

chemical reactivity of supported metal systems. However, it is usually difficult to 

obtain comprehensive information on metal/oxide interfaces from experiments 

alone because their properties are affected by many factors that are difficult to 

control under experimental conditions. On the other hand, first-principles periodic 

slab and embedded cluster calculations enable one to separate these factors and 
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furnish a complementary means for expanding our understanding of metal species 

supported on oxides [24,25]. 

 Complexes of single metal atoms and subnanoscale clusters with oxide 

supports are of key importance for unraveling the initial stage of interface 

formation. Isolated metal adatoms represent elementary building blocks of 

supported metal systems. Thus, exploring the bonding between metal atoms and 

oxide supports as well as the structure of such surface complexes is a prerequisite 

for characterizing larger supported moieties. There is enough experimental evidence 

that metal nucleation preferentially occurs at defects, rather than at regular sites of 

well-ordered terraces of oxide surfaces. Nevertheless, structural and energetic 

details of the interaction of single metal atoms with regular surface sites of oxides 

are also essential for clarifying the issues of nucleation and growth of supported 

metal species. Interaction with defects is considered in the subsequent section. 

 Several years ago in our group a systematic density functional (DF) cluster 

model investigation of the bonding of single transition metal atoms with the 

energetically favored O2– site of the touchstone ideal MgO(001) surface it was 

performed [26]. Using a generalized gradient approximation (GGA) in the form of 

BLYP exchange-correlation (xc) functional [139-141], surface complexes of nine 

atoms of three subgroups of the periodic system (Cu, Ag, Au; Ni, Pd, Pt; Cr, Mo 

and W) were studied. Based on the strength of the bonding with the MgO(001) 

substrate, the considered metal atom adsorbates were divided into two groups. Cu, 

Ag, Au, Cr and Mo atoms revealed weak or very weak adsorption bonds; their 

interaction is mainly due to polarization in the surface electrostatic field with only 

little mixing with the substrate orbitals. At variance, Ni, Pd, Pt and W atoms were 

found to form notably stronger bonds with the oxygen anions of MgO(001); these 

bonds are of covalent polar origin with only limited, if any, charge transfer between 

metal and oxide, reflecting the low reactivity of the most stable (001) surface of the 

wide-gap insulating MgO crystal. Subsequently, the interaction of selected single d-

metal atoms with regular oxygen sites of MgO(001) was computationally addressed 

by our (e.g., [30,34]) and other groups using cluster models (e.g., [142-146]) as well 

as periodic slab models [146,147,148].  
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 Recently, an advanced tool for cluster embedding in an elastic polarizable 

environment (EPE) was implemented [34], which allows one to accurately describe 

the adsorption on metal-oxide surfaces taking relaxation effects into account. The 

EPE embedding scheme was used to rationalize the adsorption of isolated Pd atoms 

on regular and defect sites of MgO [34] and revealed the adsorption-induced 

relaxation to be noticeable, ~10 % of the adsorption energy, even for regular O2– 

sites on the rigid MgO(001) surface. Furthermore, compared to the still very 

frequently cited results of the early study [26], a systematic compilation of 

observables calculated for M1/MgO systems should be based on a model that 

reflects the contemporary level of sophistication. Hence, it seemed desirable to 

correct deficiencies of cluster embedding merely in point charge array without 

involving cationic pseudopotentials at the cluster boundary [149]. Finally, in the 

earlier study [26] the BLYP xc functional was employed, one of the GGA family; 

nowadays, more modern GGA xc functionals are considered to be more precise. 

Thus, we decided to carry out a new systematic computational study of single 

transition metal atom adsorption on the regular O2– site of MgO(001) that (i) relies 

on one of the most accurate DF model cluster approaches available and (ii) is 

extended to three further transition metal subgroups, Co, Fe and Mn, compared to 

the previous work [26]. The current study includes in total 17 different d-metal 

adsorbates [38]; this work constitutes the first part of our broader comparative 

investigation on metal atoms adsorbed on the oxygen and vacancy sites of 

MgO(001) [37]. 

3.1.2 Computational details 

Spin-polarized calculations were performed using the linear combination of 

Gaussian-type orbitals fitting-functions density functional method (LCGTO-FF-DF) 

method [150] implemented in the parallel computer code PARAGAUSS [151,152]. 

The GGA functionals BP86 [139,153] and PBEN [154] were used self-consistently. 

For surface complexes of the second- and third-row metal atoms scalar-relativistic 

effects were taken into account employing a second-order Douglas-Kroll 

transformation to decouple electronic and positronic degrees of freedom of the 
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Dirac-Kohn-Sham equation [155,156]. Flexible orbital basis sets were adopted from 

our earlier calculations [26] or constructed following the strategy developed there. 

However, for 5d-atoms we presently use a more flexible scheme with m+3 

contractions for each angular momentum where m is the number of occupied shells 

of a given atom. The final orbital basis sets were as follows: 

(15s11p6d) → [6s5p3d] for 3d-atoms, (18s13p9d) → [7s6p4d] for 4d-atoms, 

(21s17p12d7f) → [9s8p6d4f] for 5d-atoms (for Au (21s17p11d7f) → [9s8p6d4f]), 

(15s10p1d) → [6s5p1d] for Mg cations and (13s8p1d) → [6s5p1d] for O anions. 

All contractions (scalar-relativistic for 4d- and 5d-atoms) were of the generalized, 

atomic form. The auxiliary basis set utilized in the LCGTO-FF-DF method was 

employed to represent the electron charge density for treating the classical Coulomb 

electron-electron interactions [150]. For every atom, the auxiliary basis was 

constructed as follows: the exponents of s and r2 fitting functions were generated 

from all or selected s and p orbital exponents, respectively, using a standard scaling 

procedure [150]; five p and five d “polarization” exponents have been added on 

each atomic center as geometric series with a factor 2.5, starting with 0.1 for p and 

0.2 for d exponents. The binding energies are computed with respect to the sum of 

the corresponding spin-polarized ground state energy of the free metal atom and the 

energy of the relaxed MgO(001) model cluster; the energies are counterpoise 

corrected for the basis set superposition error. 

 The EPE cluster embedding follows the procedure described in detail 

elsewhere [34]. To model the regular O2– adsorption sites of the (001) surface of 

MgO, we employed as a quantum mechanical (QM) part of the system the 

stoichiometric cluster O9Mg9, with the coordination sphere of each O anion at the 

cluster boundary saturated by 16 pseudopotential Mg2+ centers [157], Mgpp*, 

entirely without electrons. To generate the crystal environment of the resulting QM 

cluster O9Mg9(Mgpp*)16 we optimized the structure of a six-layer slab model of the 

MgO(001) surface with an atomistic simulation at the classical molecular 

mechanical (MM) level [158]. The environment affects the QM cluster both 

electrostatically, via the Madelung field, and mechanically, via short-range forces of 

the classical ions at the cluster boundary. A specially designed QM/MM interface 
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Table 3.1. Parameters of adsorption complexes of single metal atoms M at the oxygen sites of 
the regular MgO(001) surface calculated with EPE embedded cluster models 
M/O9Mg9(Mgpp*)16. a 

M Stateb z(M-O)c 
pm 

z(M-Mg4)
pm 

∆z(O)
pm 

∆r(Mg4)
pm 

∆z(Mg4)
pm 

∆Eb(BP86) 
kJ mol–1 

Eb(BP86) 
kJ mol-1 

Eb(PBEN)
kJ mol-1 

Cu 2A1 201 (206) 211 8 5 4 14 93 72 
Ag 2A1 229 (229) 238 5 4 3 9 46 25 
Au 2A1 224 (223) 230 5 5 5 14 96 71 

Ni 1A1 179 (180) 187 9 6 7 19 151 124 
Pd 1A1 208 (208) 212 4 4 6 11 137 105 
Pt 1A1 196 (197) 199 4 7 8 26 231 202 

Co 4B2 215 (188) 225 8 4 5 32 74 58 
 2B2 184 (185) 196 13 7 15 20 118 87 
Rh 4B2 229 (231) 238 9 4 6 7 90 69 
 2B2 204 (208) 211 9 6 9 14 125 93 
Ir 4A2 200 (205) 209 11 9 8 37 134 106 
 2B2 200 (200) 206 9 7 10 19 136 112 

Fe 5B1 191 (201) 207 16 8 7 24 136 112 
 3E 194 (197) 210 18 6 8 19 41 16 
Ru 5B1 218 (226) 230 14 7 8 20 86 60 
 3B1 214 (215) 219 8 5 8 27 81 59 
Os 5B1 204 (211) 215 14 9 10 30 162 152 
 3E 196 (198) 203 12 9 12 31 147 120 

Mn 6A1 206 (216) 227 21 7 6 28 96 72 
 4B1 184 (188) 197 16 9 10 32 22 -6 
Re 6A1 217 (226) 234 18 7 7 24 146 125 
 4B1 193 (197) 202 14 11 12 20 111 82 

Cr 7A1 221 (201) 238 16 5 6 13 61 51 
 5A1 192 (200) 214 25 8 9 8 55 32 
Mo 7A1 238 (246) 254 12 5 3 11 52 34 
 5A1 203 (209) 224 22 8 7 8 56 30 
W 7A1 226 (234) 241 13 6 3 15 71 43 
 5A1 203 (208) 221 20 9 8 36 151 121 
a 

z(M-O) – M-O bond length, z(M-Mg4) – height of M above the plane of the four nearest-
neighbor Mg atoms, ∆r and ∆z – adsorption induced displacements of the O and Mg4

atoms in the directions radial and normal to the surface (a positive sign indicates an 
outward or upward shift, respectively), Eb – M-MgO binding (adsorption) energy, ∆Eb –
energy gain due to the substrate relaxation caused by the presence of the adsorbate. 

b Assigned state based on the occupation numbers of (high spin) electron configuration 
from a spin-polarized calculation; assignments are unique in all cases considered. 

c In parentheses, the M-O bond length computed for the substrate kept frozen at the 
structure optimized without an adsorbate present. 
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ensures that also the environment responds to the (electronic and geometric) 

changes of the cluster region, relative to a cluster which represents the regular 

unperturbed surface [34]. Both the QM cluster and the MM environment are 

allowed to relax due to changes caused by an adsorbate so that the structure of the 

whole system is determined variationally by total energy minimization [34]; thus, 

except for the imposed C4v point group symmetry, adsorption-induced relaxation 

was studied free of constraints. 

 Binding energies were computed with respect to the sum of the spin-

polarized ground state energy of a free metal atom and the energy of the relaxed 

MgO(001) model cluster [38]. Also, these energies were counterpoise corrected 

[159] for the basis set superposition error in single-point fashion at the equilibrium 

geometry of the surface complexes.  

3.1.3 Results 

Calculated observables for the adsorption complexes M/O9Mg9(Mgpp*)16 of all 

studied atoms M are displayed in Table 3.1. The PBEN adsorption energies are 

approximated by values computed for geometries optimized with the BP86 GGA. 

For several complexes exhibiting close lying states, we show results obtained for 

more than one electron configuration. 

 Cu subgroup. In line with our earlier findings [26], these adsorbates forms 

rather weak M–O2– bonds with BP86 energies not exceeding 96 kJ mol-1 ( ≤ 72 

kJ mol-1 at the PBEN level). The ground state doublet d10s1 electron configuration of 

the free adatoms is sufficiently stable to determine the 2A1 state of the adsorption 

complexes unequivocally. Ag/MgO is the most weakly bound system. Relativistic 

effects notably facilitate d-s mixing for the Au atom in Au/MgO and render this 

complex stronger bound than Cu/MgO. The contribution of the adsorption-induced 

relaxation to the adsorbate-substrate interaction is rather small, ~10 kJ mol-1; still, it 

comprises 15–20% of the overall binding. Structurally, this relaxation is manifested 

by minor alterations of the M-O bond lengths, ≤5 pm. The oxygen anion involved in 

the adsorption interaction exhibits an upward displacement and its four nearest Mg 

neighbors in the surface plane are moved upwards/outwards. All these 
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displacements are well below 10 pm and the substrate distortions die off so rapidly 

that all other atoms undergo are displaced at most by 1 pm. This last statement 

holds also for the other complexes of the present study. 

 Ni subgroup. Experimentally, a free Ni atom is characterized by almost 

degenerate ground state terms corresponding to the triplet configurations d8s2 and 

d9s1 [160]. At both the BP86 and PBEN levels, the latter configuration is calculated 

151 kJ mol-1 lower and hence taken as reference in this study (see also next section). 

For Pd and Pt atoms, the lowest energy terms of the electron configurations d10 and 

d9s1, respectively, are more clearly favored over the lowest energy states of other 

electron configurations. Despite the open-shell nature of free Ni and Pt atoms, the 

ground states of the adsorption complexes of all three atoms of this subgroup on 

MgO are singlets. These surface moieties show significantly stronger binding, 135–

232 kJ mol-1 at the BP86 level (106–203 kJ mol-1 with PBEN GGA), than 

complexes of coinage metals. The 5d-metal congener Pt is bound most strongly of 

all atoms considered. This is also reflected in adsorption heights z(Pt-O) (essentially 

unaffected by relaxation) and z(Pt-Mg4) that are shorter than the corresponding 

characteristics of the Pd complex. The relaxation energies, although notably 

increased in absolute value compared to the Cu subgroup complexes, are relatively 

small, ~10 % of the overall binding only. For this subgroup, displacement size and 

pattern of the substrate atoms close to the O2– adsorption site are qualitatively the 

same as for the analogous coinage metals.  

 Co subgroup. Starting from this subgroup of the metal adatoms we show 

results for the lowest states belonging to two multiplicities of each adsorption 

complex (Table 3.1), because most of these high-spin metal atoms (and thus their 

surface complexes) feature closely-lying electron configurations. Our atomic 

references for Co is the DF ground state quartet d8s1, which is at the BP86 level 61 

kJ mol-1 (Co) lower than the experimental quartet ground state d7s2. In the adsorbed 

Co, Rh and Ir moieties on MgO, partial spin quenching to doublet states is favored 

up to 39 kJ mol-1 over the corresponding complexes with retained quartet states. 

The resulting adsorption energies in the most stable doublet complexes are rather 

high and only slightly smaller than in the corresponding complexes of the Ni 
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subgroup. Structural parameters and relaxation patterns of Co subgroup complexes 

are very much reminiscent of their Ni subgroup congeners. 

 Fe subgroup. These atoms remain in their highest spin quintet states in the 

most stable adsorption complexes. However, in line with the larger propensity of 

3d-atoms to form high-spin complexes, only Fe/MgO system exhibits a clear 

preference for the quintet state. The binding energies of the species Ru/MgO and 

Os/MgO as triplets and as quintets are close. Given these small energy differences 

and the various approximations (in particular, of the DF approach used), one is not 

able to definitely exclude a triplet ground state of the complexes Ru/MgO and 

Os/MgO. The surface species of Fe and Os fall into the range of rather strongly 

bound species, Eb > 96 kJ mol-1, whereas the Ru complex is markedly weaker 

bound. Relaxation energies and structural features of the quintet adsorption 

complexes of the atoms of the Fe subgroup are in fair agreement with the 

corresponding parameters of the systems formed by atoms of the Ni and Co 

subgroups. Only the moiety Ru/MgO features a somewhat longer adsorption bond. 

 Mn subgroup. Both adsorption complexes studied clearly exhibit highest-

spin sextet ground states. Binding energies are intermediate between strongly and 

weakly bound metal adatoms on the regular MgO(001) sites, 96 and 145 kJ mol-1 at 

the BP86 level or 77 and 125 kJ mol-1 a the PBEN level. The M-O bond lengths of 

both Mn and Re derivatives shrink notably, by 10 pm, due to relaxation. Also, these 

adsorbates “pull” the nearby oxygen anion vertically out of the substrate by as much 

as ~20 pm. 

 Cr subgroup. This set of surface moieties in very high spin states reveals 

probably the most complicated picture of the structure and bonding, in line with our 

earlier findings [26]. Indeed, the calculated energetics is clear enough only for the 

W/MgO system where a quintet ground state is predicted for the adsorption 

complex. No obvious energy preference could be found for either the septet or the 

quintet states of the Cr/MgO and Mo/MgO moieties. But no matter in which state 

these surface complexes of Cr and Mo are formed, their binding energies are 

expected to feature the weakest values among all 17 metal adsorption systems under 

study. Interestingly, the states 7A1 of the adsorbed Cr, Mo and W moieties are 
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characterized by notably steeper M-O potential energy curves (not shown); the 

energy minima are ~30 pm closer to the surface than their lower-spin 5A1 analogs. 

A W adatom in the state 5A1 binds as strongly to the surface as the other strongly 

bound 5d-atoms under consideration, except Pt. 

3.1.4 Discussion 

The calculated binding energies of the M/MgO complexes presented in Table 3.1 

show a similar trend as those obtained in the computational study of nine transition 

metal atoms adsorbed on the regular O2– site of MgO(001) [26]. However, closer 

inspection reveals notably larger adsorption energies in the present work where we 

aim at quantitative estimates of the binding in the surface complexes under 

consideration. Three factors contribute to these differences.  

 First, the former investigation [26] neglected the surface relaxation of MgO 

and relied on substrate cluster model with ion positions fixed as determined by the 

bulk-terminated geometry of the MgO substrate. For ground state configurations of 

the complexes M/MgO (Table 3.1) the adsorption-induced substrate relaxation 

increases the BP86 adsorption energy by 10–29 kJ mol-1, with the largest 

contributions of 39 kJ mol-1 for Ir and W systems. Structurally, the relaxation is 

manifested by modest alterations of the adsorption bond lengths, ∆z(M-O) ≤ 10 pm. 

 The next issue is employment of the notably improved cluster embedding 

scheme in this work. In particularly, the deficiency of the embedding technique 

adopted earlier [26], namely an environment model that consists only of a finite 

array point charges without pseudopotentials has been repaired here by introducing 

bare pseudopotential centers Mgpp* instead of positive point charges in the vicinity 

of the outer oxygen anions (see Section 3.1.2). In this way, the artificial distortion 

of the electron density of diffuse O2– anions at the cluster boundary is avoided 

[149]. As estimated for the adsorption of Cu, Ni and Pd atoms on MgO(001) [30], 

this improved embedding increases the calculated binding energies by ~19 kJ mol-1; 

concomitantly, the bond distances z(M-O) shrink. 
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 Finally, the GGA xc functionals BP86 and PBEN used in the present study 

furnish calculated observables somewhat different from the values obtained in Ref. 

26 with the BLYP GGA. This observation is closely related to the central problem 

of DF applications: the necessity to work with an approximate xc functional as the 

exact functional is not known [161]. A case study of adsorbed atomic Cu on 

MgO(001) thoroughly discussed how calculated observables of supported metal 

atoms on MgO depend on the xc potential [143]. Very recently, difficulties 

connected with the definition of the proper reference atomic energy in DF 

applications were analyzed in detailed for the representative system Ni/MgO(001) 

[146]. It is shown that for some metal atom references such as Ni the energy 

variation may cause deviations in calculated adsorption energies exceeding 96 

kJ mol-1. Fortunately, this question seems to be important only for a very limited 

number of (primarily 3d-) transition metal atoms; this issue is outside the scope of 

the present work. More relevant is the evaluation of the effect of various GGA xc 

functionals on the calculated parameters of the adsorption complexes M/MgO. This 

effect can be exemplified by the system Pd/MgO [26,30,34] where the adsorption 

energy obtained with the BP86 xc functional is about 29 kJ mol-1 larger than the 

value of a similar BLYP calculation.  

 To establish, which of the contemporary xc functionals provides most 

accurate adsorption energetics for elementary M1/MgO complexes, unambiguous 

theoretical or experimental reference data are required. Unfortunately, precise 

benchmark calculations that treat electron correlation effects with sufficient 

accuracy in a realistic model do not seem practicable yet. Also, pertinent 

experimental results are essentially absent. One of the very few examples of 

experimental estimates of an atomic metal adsorption energy on non-defective sites 

of MgO(001) has been obtained for the system Pd1/MgO, 116±19 kJ mol-1, as 

derived from atomic force microscopy data [47]. Adsorption energies calculated for 

this system with two different xc functionals (Table 3.1), 137 kJ mol-1 (BP86) and 

105 kJ mol-1 (PBEN), both fit the relatively large range of the "experimental" 

values. Also, note that the hybrid B3LYP functional yields a binding energy for this 

surface complex, 93 kJ mol-1, that is slightly smaller than the PBEN value [144]. 
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Based on experience with calculated adsorption energies on metal surfaces 

[62,154], the PBEN functional furnishes adsorption energetics in close agreement 

with experiment, whereas the corresponding BP86 binding energies are somewhat 

larger in a systematic fashion. The GGA xc functional PW91 [162] overestimates 

binding energies slightly more than the BP86 functional. It remains to be seen 

whether these findings can be generalized for the energetics of supported metal 

particles on oxides. 

 It is also interesting to compare our model cluster results to results obtain 

with periodic slab models. A comparison for atomic Pd and Pt species on α-

Al2O3(0001) showed good agreement for both structural parameters and adsorption 

energies [163].Two periodic slab model computational studies of M1/MgO(001) 

complexes are worth noting in this context. Pseudopotential GGA PW91 calculation 

of Cu atoms on O2– sites of defect-free MgO(001) surface resulted in a Cu-O 

distance of 204 pm and a binding energy of 96 kJ mol-1 [147]. Indeed, agreement 

with our values of 201 pm and 93 kJ mol-1 (Table 3.1), respectively, is almost 

quantitative if one bears in mind the significant differences in the computational 

methods and the above mentioned enhanced bond energies at the GGA PW91 level. 

A recent slab model study with the VASP code using the PW91 xc functional [148] 

considered single-atom adsorption on MgO(001) for seven metals of the present 

series. There, fully relaxed plane wave slab model calculations were performed, 

however without taking spin-polarization effects into account in both the adsorption 

complexes and the metal atom references. As the latter (atomic) spin-polarization 

energy contribution usually prevails for the systems under consideration, such a 

spin-restricted approximation should result in somewhat increased adsorption 

energy values. For the complex Pd/MgO formed by closed-shell fragments, the slab 

model results [148] Eb(PW91) = 129 kJ mol-1 and z(Pd-O) = 206 pm essentially 

agree with our data Eb(BP86) = 137 kJ mol-1 and z(M-O) = 208 pm (Table 3.1). For 

the doublet species Ag/MgO and Au/MgO with the atomic references being 

doublets as well, spin polarization effects are expected to be largely compensated; 

again, the slab model adsorption energy values, 51 kJ mol-1 (Ag/MgO) and 87 

kJ mol-1 (Au/MgO), are quite close to our BP86 results, 46 and 96 kJ mol-1, 
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covalent type of adsorption interaction which definitely is not in line with the 

alternative conceivable binding mechanism relying on metal oxidation on 

MgO(001). In this sense, the interaction of single d-metal atoms with another 

widely used (inert) oxide support, α-Al2O3(0001), is not very different. As 

exemplified by the EPE embedded BP86 adsorption studies of monatomic Pd and Pt 

species on α-alumina (furnishing adsorption energies at 110 and 165 kJ mol-1, 

respectively), the authors were unable to diagnose any propensity of adsorbates to 

become oxidized [163].  

 Finally, it is worth commenting on the dependence of the calculated 

adsorption energies on the metal adatom positions in the periodic table (Figure 3.1). 

These data exhibit a notably more complicated trend than simply a monotonic 

increase of the adsorption energy from the noble metals to the left till the middle of 

the periodic table predicted in Ref. 148, based on results for five 4d- and three 5d-

metal adsorbates (see above). For 4d- and 5d-metal adsorption complexes, we 

observe that adsorption energies increase from Au and Ag moieties to Pt and Pd 

ones, respectively, with a subsequent (almost) monotonous energy reduction in each 

of the two series till W and Mo congeners. The 3d-adatoms show more pronounced 

oscillation of the adsorption energy and the trend is less systematic. In line with 

earlier data [26], the atoms Cu, Ag, Au, Cr and Mo as well as the atoms Mn and Ru 

not calculated before, manifest a rather weak adsorption bond, ≤ 1 eV at BP86 level, 

whereas the other adatoms under study are characterized by a relatively strong 

interaction with the oxide support. Another interesting conclusion can be drawn 

from Figure 3.1: for any one group of the periodic table, 5d-metal complexes show 

the strongest binding while the 4d-metal analogs form the weakest bonds in all 

cases but one, Co vs. Rh [165]. Interplay of three main contributions – polarization 

of the adsorbates at the surface in the electrostatic field, Ms/d-O2p orbital overlap 

and Pauli repulsion of the filled electronic shells – determines the strength of the 

adsorption bonds.  
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3.1.5 Summary 

An accurate (scalar-relativistic) all-electron DF method with a consistent cluster 

embedding in an elastic polarizable environment was used to perform a systematic 

investigation of metal adsorption atom on regular O2– sites of the relaxed surface 

MgO(001). 17 single d-metal adatoms of the third, fourth and fifth rows of the 

periodic table were included in the study. The embedding method used treats both 

the central quantum mechanical region of the oxide clusters under study and their 

classical environment variationally, without artificial constraints for geometry 

optimization. In general, relaxation effects of the rigid MgO substrate were shown 

to contribute 10–20% (or even slightly more) to the adsorption energy of the metal 

atoms in the ground states of the surface complexes. The present, more precise 

adsorption energies based on the BP86 and PBEN exchange-correlation functionals 

reflect the same nature of the adsorption bonds as described in the earlier study of 

this group where a less sophisticated cluster embedding and a different exchange-

correlation functional was applied. Namely the adsorption bonds can be described 

as metal polarization accompanied by (some) orbital mixing, but without noticeable 

adsorbate-substrate charge transfer. Note that the failure of DF methods to correctly 

reproduce the ground state of certain metal atom references (e.g., of Ni, Co and Fe) 

may affect calculated values of the adsorption energy of such atoms. 
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3.2 Single d-metal atoms on Fs and Fs
+ defects of 

MgO(001) 

 
3.2.1 Introduction 

Metal atoms on oxides, as elementary building blocks of more extended supported 

metal systems, are of key importance for unraveling the initial stage of interface 

formation. Therefore, characterizing the bonding between metal atoms and oxide 

supports as well as the structure of such surface complexes is a prerequisite for 

describing larger supported moieties which result from metal nucleation and cluster 

growth. There is experimental evidence that metal nucleation often preferentially 

occurs at defects rather than at regular sites of well-ordered terraces of oxide 

surfaces [47–49] among these sites, oxygen vacancies or color centers are 

considered to play a special role [108]. Nevertheless, structural and energetic 

parameters of the interaction of single d-metal atoms even with well-known surface 

point defects, such as neutral and charged oxygen vacancies (Fs left after removal of 

an O atom and Fs
+ formed when an O– anion is missing) on the terraces of the 

ubiquitous oxide support MgO, have been theoretically quantified only for selected 

systems [29–31,33–35,41–43,144,145,148,166–168]. Furthermore, most of these 

data calculated by DF methods are not entirely consistent with each other or with 

results for regular MgO(001) surface sites for various methodological reasons. 

Some were obtained with cluster models, others with slab models; also, different xc 

functionals have been employed, hampering a quantitative comparison. Thus far, 

DF results for the adsorption of the following d-metal atoms on Fs sites of 

MgO(001) have been communicated: Cu [29,30,43], Ag [29–31,148,168], Au 

[35,148], Ni [30,145], Pd [30,31,34,41,42,144,148, 166,167,168], Pt [33,148], Rh 

[148,168], Ir [148], Ru [148] and Nb [148]. Up to now, adsorption on charged Fs
+ 

centers has been challenging for periodic slab-model approaches. Thus, for the 

adsorption on this defect site only cluster-model data are available and the list of 

atoms is even shorter: Cu [30,43], Ag [30,31,168], Ni [30,145], Pd 

[30,31,34,42,144,168], Rh [168]. For some of the latter atoms, DF calculations were 
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also performed on the doubly-charged Fs
2+ site (missing O2– anion) of MgO(001) 

[31,34,145].  

 Recently developed tools for embedding of cluster models in a so-called 

elastic polarizable environment (EPE) [34,51] allow one to accurately describe the 

adsorption on oxide surfaces taking relaxation effects into account. Using this 

advanced computational technology, we studied the adsorption of single d-metal 

atoms on regular O2– sites of MgO(001) [38] (see Section 3.1) extending earlier 

work [26] by three metal subgroups (Co, Fe, and Mn). The current study, carried 

out with exactly the same high-level computational approach as described in the 

previous section, deals with interactions of 17 different single d-metal atoms with 

surface defects Fs and Fs
+ on MgO(001). 

 Thus, the present work reports a theoretical quantification of a major part of 

conceivable complexes, which d-metal atoms form on MgO(001) terraces. Together 

with the results on the M/O2– systems [38] this study provides a comprehensive data 

base calculated at one and the same level, namely with one of the most accurate 

cluster model approaches currently available. This data base presents a unique 

opportunity to analyze and rationalize adsorption parameters of transition metal 

atoms on MgO(001) across the periodic table, which is one of the main goals of this 

study. In particular, we demonstrate that (i) at variance with general belief, some d-

metal atoms do form stronger bound adsorption complexes at regular sites than at F-

type surface defects; (ii) metal atoms in M/Fs complexes accumulate considerable 

amount of electron density provided by the vacancy and the trend of the adsorption 

energies is governed by this negative charge; and (iii) core level energies of 

adsorbed metal atoms are characteristic and can be of help for detecting 

experimentally M/O2–, M/Fs and M/Fs
+ structures on MgO(001). 

 In Subsection 3.2.2 we describe the cluster models employed to represent Fs 

and Fs
+ defects on MgO(001) terraces and we provide computational details. In 

Subsection 3.2.3, we present the calculated structural and energetic parameters of 

adsorption complexes on the Fs and Fs
+ sites and we characterize their electron 

distribution. In Subsection 3.2.4 we discuss peculiarities of and trends in the 

bonding of metal atoms on the oxygen vacancies compared to the regular sites. We 
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also consider how the structure of adsorption complexes of transition metal atoms at 

oxides can be characterized with the help of calculated core-level energies. 

Conclusions are summarized in Subsection 3.2.5.  

3.2.2 Computational details and models 

Spin-polarized calculations were performed using the LCGTO-FF-DF method [24] 

as implemented in the parallel computer code PARAGAUSS [151,152,]. Two GGA 

xc functionals, BP86 [139,153] and PBEN [154] were used self-consistently. For 

the second- and third-row metal atoms, scalar-relativistic effects were taken into 

account employing a second-order Douglas-Kroll transformation to decouple 

electronic and positronic degrees of freedom of the Dirac-Kohn-Sham equation 

[155,156].  

 We adopted the same flexible orbital basis sets as described in Subsection 

3.1.2: (15s11p6d) → [6s5p3d] for 3d-atoms, (18s13p9d) → [7s6p4d] for 4d-atoms, 

(21s17p12d7f) → [9s8p6d4f] for 5d-atoms {for Au (21s17p11d7f) → [9s8p6d4f]}, 

(15s10p1d) → [6s5p1d] for Mg cations and (13s8p1d) → [6s5p1d] for O anions. 

The latter basis set was also used to describe electrons trapped by the oxygen 

vacancies. All contractions specified in brackets (scalar-relativistic for 4d- and 5d-

atoms) were of generalized, atomic form. Note, that for 5d-atoms we used a more 

flexible scheme than in earlier calculations [26,30] with m+3 contractions for each 

angular momentum where m is the number of occupied shells of a given atom. In 

the LCGTO-FF-DF method, an auxiliary basis set is employed to represent the 

electron charge density when evaluating the classical Coulomb (Hartree) part of the 

electron-electron interaction. For every atom, the auxiliary basis was constructed as 

follows: the exponents of s and r2 fitting functions were generated from all or 

selected s and p orbital exponents, respectively, using a standard scaling procedure 

[150]; five p and five d “polarization” exponents have been added on each atomic 

center as geometric series with a factor 2.5, starting with 0.1 for p and 0.2 for d 

exponents. 
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 The EPE cluster embedding has been described in detail elsewhere [34]. To 

be consistent with our model of the regular O2– adsorption sites of the MgO (001) 

surface [34,38], we employed here the clusters O8Mg9, neutral and positively 

charged, as QM part of the system to mimic the vacancies Fs and Fs
+, respectively. 

The coordination spheres of O anions at the cluster boundary were saturated by 

pseudopotential Mg2+ centers (Mgpp*) [34,169] entirely without electrons; we 

employed 16 such centers in total. We used the same six-layer slab model of the 

MgO(001) surface, optimized previously [34,38] in an atomistic simulation at the 

classical MM level [158] to generate the crystal environment of the resulting QM 

clusters. The environment affects the QM cluster both electrostatically, via the 

Madelung field, and mechanically, via short-range forces of the classical ions at the 

cluster boundary. Both the QM cluster and its MM environment, optimized to 

account for the vacancy formation, were allowed to relax in response to changes 

caused by the adsorbate so that the structure of the whole system was determined 

variationally by total energy minimization [34]. Except for the imposed C4v point 

group symmetry, adsorption-induced relaxation was studied free of constraints with 

the BP86 functional. 

 Binding energies were computed with respect to the sum of the spin-

polarized ground state energy of a free metal atom and the energy of the relaxed 

MgO(001) model cluster [38]. These energies were counterpoise corrected [159] for 

the basis set superposition error in single-point fashion at the equilibrium geometry 

of the surface complexes. Spin contamination was quantified as difference of the 

expectation value <Ŝ 2> of the total spin of the Kohn-Sham (KS) determinant and 

the ideal value, S(S+1), where S = n/2 and n is the number of unpaired electrons. 

Most of the systems studied showed essentially no spin contamination, at most 1% 

with respect to S(S+1); exceptions will be explicitly mentioned in the following. To 

characterize charge redistribution in the adsorption systems, we computed potential-

derived charges (PDC) [170] which reproduce the electrostatic field in the area 

above the MgO (001) surface plane of the cluster models. 
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3.2.3 Results 

Table 3.2 displays the lowest-energy electron configurations of free transition metal 

atoms calculated with the xc functionals BP86 and PBEN. For all atoms but Co and 

Ni, the KS ground-state configuration agrees with that detected experimentally 

[160,171]. The problem to define the proper reference energy of transition metal 

atoms in DF calculations has been thoroughly addressed elsewhere [28,145,146]. 

Therefore, this issue (pertinent here only to Co and Ni) will not be dealt with in the 

present work. The energies of the configurations from Table 3.2 (in the highest 

possible spin state) will be used in the following to determine adsorption energies of 

metal atoms on MgO which will be corrected for the basis set superposition error 

with the help of the counterpoise method. 

 The calculated BP86 observables of the adsorption complexes M/Fs and 

M/Fs
+ studied are displayed in Table 3.3 and Table 3.4, respectively. For those 

complexes which exhibit closely lying states, we show results for more than one 

electron configuration. We will now discuss these observables in more detail, 

starting with group 11 systems and moving to the left in the periodic system, to 

group 6. 

 Group 11: Cu, Ag, Au. The coinage metal atoms exhibit the simplest 

valence electron configuration, d10s1, among all atoms under scrutiny: a filled nd-

shell and a singly occupied (n+1)s orbital. This electron configuration is 

energetically well separated from the first excited configuration d9s2, especially for 

Ag [160,171] and thus very stable. At the Fs site of MgO(001), these atoms form a 

rather strong bond, with BP86 adsorption energies ranging from 180 to 310 kJ mol–1 

(Table 3.3). Calculated large negative charges, -0.8 to -0.9 e on metal atoms, imply 

a considerable accumulation of electron density there, in line with the very low 

electronegativity of the Fs site on MgO(001) [30] which makes the two (almost free) 

electrons, accommodated by the vacancy, easily accessible for binding. Ag/Fs is the 

most weakly bound system. Relativistic effects facilitate d-s mixing notably for the 

Au atom of the Au/Fs complex and render it stronger bound than Cu/Fs. The 

contribution of the adsorbate-induced relaxation to the adsorption interaction is very 

small, both energetically and structurally. This statement holds also for most of the 
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able 3.2. Electron configurations of d-metal atoms M, used as reference  for binding 
nergies of adsorption complexes M/Fs and M/Fs on MgO(001). The configurations 
orrespond to the lowest energies calculated at the all-electron BP86 level. 

 a

+

Cr    d s  5 1 Mn  d s  5 2 Fe  d6s  2 Co  d s  8 1 Ni  d s  9 1 Cu  d s  10 1

Mo  d s  5 1  Ru  d s  7 1 Rh  d s  8 1 Pd  d  10 Ag  d s  10 1

W    d s  5 1 Re  d s  5 2 Os  d s  6 2 Ir    d s  7 2 Pt   d s  9 1 Au  d s  10 1

a All states are of the highest possible spin. The configurations correspond to the lowest 
energies calculated at the all-electron BP86 level. 
dsorption complexes of other atoms under study; the few exceptions will be 

entioned in due course. M-Fs
+ bonds of all three coinage metal atoms are stronger 

han the corresponding M-Fs bonds, uniformly by ~50 kJ mol–1 (cf. Table 3.3 and 

able 3.4). This is due to the coupling of the single valence s electron of the metal 

toms with the single electron of the Fs
+ vacancy, leading to a rather strong covalent 

nteraction. In turn, notably lowered charges on the metal of the M/Fs
+ systems 

mply a reduced contribution of the polar (electrostatic) bonding interaction. 

 

Group 10: Ni, Pd, Pt. Experimentally, free Ni atoms feature almost 

egenerate low-energy triplet states corresponding to the configurations d8s2 and 
9s1. The latter configuration is calculated 147 kJ mol–1 lower and taken as reference 

n this study (see Table 3.2). For Pd and Pt atoms, the lowest energy terms of the 

lectron configurations d10 and d9s1, respectively, are more clearly favored over the 

owest energy states of other electron configurations. Despite the open-shell nature 

f free Ni and Pt atoms, the ground states of the adsorption complexes of all three 

toms of this group on Fs defects of MgO(001) are singlets. This finding is 

eminiscent of the configuration change from d9s1 to d10, which occurs when Ni 

pecies interact with carbonyl ligands [172,173]. The group 10 atoms are 

onsiderably stronger bound to the substrate, 278, 387 and 581 kJ mol–1 for Ni, Pd and Pt, 

espectively (Table 3.3), than the coinage metal atoms. In fact, Pt at the Fs site is 

alculated to be most strongly bound among all atoms under study, both at Fs and 

s
+ MgO defects. This is also reflected by the adsorption height Pt-Mg4 of Pt/Fs 



3.2 Single d-metal atoms on Fs and Fs
+ defects of MgO(001) 43
Table 3.3. Calculated parameters of adsorption complexes formed by single d-metal 
atoms M at surface oxygen vacancies Fs of MgO(001). a 

M State b z(M-Mg4), c 
pm 

∆r(Mg4),
pm 

∆z(Mg4),
pm 

q(M),
e 

∆ε(M ns),
eV 

∆Eb
BP86, 

kJ mol–1 
Eb

BP86,
kJ mol–1

Cu 2A1 173  (178) 3 0 -0.93 0.63   3 189 
Ag 2A1 196  (193) 3 1 -0.81 0.42   3 178 
Au 2A1 182  (184) 2 0 -0.85 0.48   5 311 
Ni 1A1 137  (143) 4 2 -0.54 1.59   8 278 
Pd 1A1 148  (157) 4 2 -0.60 0.58 14 387 
Pt 1A1 146  (176) 4 4 -0.59 1.43 13 581 
Co 2B2 169  (170) 2 1 -0.65 0.98   4 224 
Rh 2B2 155  (160) 4 2 -0.53 1.03   4 342 
Ir 2B2 152  (183) 5 5 -0.74 1.37 14 465 
Fe 5A2 209  (218) 4 3 -0.37 1.01   7 127 
 3E 177  (193) 5 5 -0.39 1.74   8 123 

Ru 5A2 216  (224) 4 2 -0.32 0.42   6 129 
 3B2 172  (178) 6 6 -0.40 2.32 11 280 

Os 5B1 196  (203) 5 3 -0.52 0.74   5 243 
 3B2 163  (166) 5 6 -0.52 2.21 12 356 

Mn 6A1 240  (242) 2 1 -0.30 1.04   3   74 
 4B1 191  (218) 5 4 -0.38 2.42 15   57 

Re 6B1 201  (204) 7 4 -0.30 1.27 10   85 
 4B1 172  (175) 8 6 -0.30 2.24 15 143 

Cr 7A1 224  (232) 3 0 -0.54 0.21   3   92 
 5A1 218  (217) 5 3 -0.35 0.14   5   46 

Mo 7A1 242  (245) 7 5 -0.60 0.59   9 109 
 5A1 210  (210) 6 4 -0.24 1.04 22 114 

W 7A1 217  (223) 6 3 -0.32 0.71 17 178 
 5A1 207  (223) 5 2 -0.74 0.41 14 184 

a 
z(M-Mg4) – height of M above the plane of the four nearest Mg atoms, ∆r and ∆z –
adsorption induced displacements of the Mg4 atoms in radial direction and normal to 
the surface (a positive sign indicates an outward or upward shift, respectively), q(M) 
– potential-derived charge of atom M, ∆ε(M ns) – spin-averaged shift of the core 
M ns level with respect to the corresponding level of the adsorption complex M/O2–

(in the lowest-energy state listed in Table 3.5), Eb
BP86 – M-MgO binding (adsorption) 

energy, ∆Eb
BP86 – energy gain due to the substrate relaxation caused by the presence

of the adsorbate. 
b Assigned state based on the occupation numbers of the (high spin) configuration 

from a spin-polarized calculation; assignments are unique in all cases considered. 
Systems with spin contamination > 10%: Co/Fs, 2B2 – 66%; Fe/Fs, 3E – 30%; Mn/Fs, 
4B1 – 19%; Cr/Fs, 5A1 – 14%. 

c In parentheses, the height computed for the substrate fixed at the structure which was 
optimized without an adsorbate. 
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which is drastically reduced, 30 pm, by relaxation from 176 to 146 pm. All three 

M/Fs species exhibit notably smaller negative metal charges (by absolute value) 

than their coinage metal analogs, but these charges nevertheless indicate a 

Table 3.4. Calculated parameters of adsorption complexes formed by single d-
metal atoms M at the surface oxygen vacancy Fs

+ of MgO(001). All notations as 
in Table 3.3. 

M State z(M-Mg4), 
pm 

∆r(Mg4),
pm 

∆z(Mg4),
pm 

q(M),
e 

∆ε(M ns),
eV 

∆Eb
BP86, 

kJ mol–1 
Eb

BP86, 
kJ mol–1 

Cu 1A1 160  (155) 1 3 -0.46 -1.97   6 242 
Ag 1A1 186  (183) 2 5 -0.30 -2.25   8 229 
Au 1A1 166  (165) 2 4 -0.42 -2.17 10 358 
Ni 2A1 173  (168) 2 4 -0.21 -2.84   5 223 
Pd 2A1 154  (155) 1 2 -0.30 -1.90   4 255 
Pt 2B2 152  (154) 1 3 -0.19 -2.73   6 376 
Co 3B2 183  (182) 2 4 -0.17 -2.18   5 202 
Rh 3B2 179  (174) 0 2 -0.17 -2.02   3 238 
Ir 3E 165  (166) 2 4 -0.14 -2.55   6 297 
Fe 4B1 190  (190) 2 4 -0.12 -1.19   8 166 
 2B2 188  (188) 2 4 -0.13 -1.30   5   88 
Ru 4B1 197  (198) 3 5 -0.07 -1.84   6 179 
 2B2

 a 180  (177) 1 3 -0.14 -0.43   2 131 
Os 4B1 175  (178) 4 6 -0.22 -1.62   6 274 
 2A1 170  (172) 3 5 -0.24 -1.80   7 212 
Mn 5B1

 b 197  (198) 2 4 -0.07 -0.39   5   81 
Re 5B1 190  (191) 4 6 -0.01 -1.08   8   98 
 3A2 201  (186) 2 4 -0.01 -1.54   5   44 
Cr 6A1

 c 214  (212) 1 3 -0.02 -2.26   3 116 
Mo 6A1

 d 222  (220) 1 3   0.06 -1.83   3 127 
W 6A1 207  (208) 3 4   0.01 -1.83   5 192 

 4A2 193  (193) 4 5 -0.01 -2.17   4   99 
a Spin contamination 87%. 
b 3A2 state calculated to be unbound (negative adsorption energy). 
c 4A2 state calculated to be unbound (negative adsorption energy). 
d 4A2 state calculated to be very weakly bound, Eb

BP86 = 16 kJ mol–1, z(M-Mg4) = 
207 pm. 
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significant electron density transfer from the substrate. The particularly strong 

interaction M-Fs at the neutral defect site can be traced back to the most favorable 

electron configuration (a1)2(a1*)0 of these surface species [30] where the bonding 

orbital a1 (with a significant contribution of the vacancy) is filled whereas its 

antibonding counterpart a1* is empty. This simple model predicts lower binding 

energies in the M/Fs
+ species where an electron is removed from the bonding orbital 

a1. Our calculations indeed yield lower binding energies for the complexes on the 

Fs
+ site (Table 3.3 and Table 3.4), by 55 kJ mol–1 for Ni and 132 kJ mol–1 for Pd. 

However, such a reduced covalent interaction appears to be not the only mechanism 

that leads to weaker bonding in the M/Fs
+ complexes of this group relative to the 

M/Fs species. In the Pt/Fs
+ system, the electron missing compared to the Pt/Fs 

complex is removed from the essentially nonbonding Pt 5d orbital b2, the HOMO of 

Pt/Fs, instead of the bonding orbital a1 which is relatively stabilized in case of Pt. 

Nevertheless, the Pt-Fs
+ bond is significantly weaker, by 205 kJ mol–1, than the Pt-

Fs bond. Therefore, similarly to the coinage metal complexes, other effects are also 

important for binding, e.g., the electrostatic contribution associated with the transfer 

of electron density from the substrate to the adsorbate. The negative charges on the 

metal centers in M/Fs
+ are smaller by factors of 2 or more than in M/Fs, but still 

remain noticeable, -0.2 to -0.3 e. 

 Group 9: Co, Rh, Ir. Our DF atomic reference for Co is the ground state 

quartet d8s1 (Table 3.2), which at the BP86 level is 61 kJ mol–1 lower than the 

experimentally found quartet ground state d7s2 [160,171]. The averaged 

experimental energy difference between the lowest terms of the configurations d8s1 

and d7s2 is -40 kJ mol–1 [171]. In the adsorbed Co, Rh, and Ir moieties on Fs sites of 

MgO(001), partial spin quenching to doublet states (configurations b2
1) is favored 

over the corresponding quartet states. Note, however, that the 2B2 state of Co/Fs is 

severely spin contaminated, by 66% (Table 3.3); thus, a noncontaminated doublet 

state should be even more favored. The destabilization of the quartet states of the 

M/Fs species of this group relative to the doublets is at least in part due to the fact 

that the antibonding orbital a1* is occupied in the quartets, but remains empty in the 

doublets. The adsorption energies in these doublet state complexes with respect to 
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the corresponding DF atomic ground state are rather high: 224, 342 and 465 kJ mol–

1 for Co, Rh and Ir, respectively (Table 3.3). These values are only slightly smaller 

than those in the corresponding complexes of the Ni group. Negative charges 

accumulated in these moieties are even somewhat larger than for their group 10 

analogs. The marked relaxation-induced reduction of the Ir-Mg4 adsorption height is 

comparable to that mentioned above for the Pt/Fs complex. In all three M/Fs
+ 

complexes of group 9, triplet electron configurations are lowest in energy (Table 

3.4): (a1)1(b2)1 (state 3B2) for M = Co, Rh and (e)1(b2)1 (state 3E) for Ir where a d-

orbital of e character is depleted at variance with the mixed s-d-orbital a1 in the Co 

and Rh analogs. That a1 level becomes significantly more stable in Ir/Fs, similar to 

what we have seen for Pt/Fs, relative to Ni/Fs and Pd/Fs. This is a consequence of 

relativistic stabilization of s orbitals. The M/Fs
+ species exhibit somewhat smaller 

binding energies, about 200–300 kJ mol–1, than the corresponding M/Fs systems. 

Unlike for the latter complexes, the potential-derived charges on M were calculated 

to be only slightly negative, at most -0.2 e.  

 Group 8: Fe, Ru, Os. The high-spin metal atoms of this group as well as 

those in groups to their left in the periodic table often feature closely-lying electron 

configurations; this statement also holds for the corresponding surface complexes. 

Therefore, from now in this subsection we will show, when applicable, results for 

the lowest states belonging to two multiplicities of each adsorption complex (Table 

3.3 and 3.4). The binding energies of the species Fe/Fs in the triplet and quintet 

states are very close in energy, whereas the Fe-Mg4 heights differ by as much as 

~30 pm (Table 3.3). Note, however, the spin contamination of the calculated triplet. 

In the moieties Ru/Fs and Os/Fs, the triplet states are clearly preferred, in line with 

the reduced propensity of 4d- and 5d-atoms to form high-spin complexes. The three 

most stable systems M/Fs of the group 8 metals interact slightly weaker with the 

substrate, 130–360 kJ mol–1, than their nd-analogs of group 9 and they show a 

somewhat smaller charge separation. In all complexes of Fe, Ru and Os with the Fs
+ 

site, quartet states are definitely favored over the doublet states, by 50–80 kJ mol–1, 

(Table 3.4). The binding energies of the systems Fe/Fs
+, Ru/Fs

+, and Os/Fs
+ are 
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slightly smaller than the values of their group 9 counterparts. The negative charge 

values on the adsorbates remain small. 

 The genealogy of the electron configurations (and states) characterizing the 

group 8 systems is rather complex. To illustrate this complexity, we start with the 

species Fe/Fs
+, Ru/Fs

+, and Os/Fs
+, the ground states of which all are 4B1 quartets 

(Table 3.4), derived from the same electron configuration (e)2(b2)1 (only open shells 

are shown). Addition of one electron to these complexes, formally transforming 

them into their M/Fs analogs, is accompanied by a distinct rearrangement of the 

electronic structure that depends on the metal. In Ru/Fs and Os/Fs, this extra 

electron and an electron depleted from the formerly closed shell (a1)2, mainly of 

metal d character, now both fill the orbital e, resulting in the triplet electron 

configuration (a1)1(b2)1, state 3B2 (Table 3.3). In the 3d analog Fe/Fs the enhanced 

propensity to form high-spin states is manifested in a decoupling of the (b1)2 shell 

and a concomitant promotion of the spin-flipped electron into the vacant orbital a1*; 

see the discussion of group 10. Finally, for Fe/Fs one obtains the quintet state 5A2 

with configuration (b1)1(a1)1(b2)1(a1)1, energetically slightly favored over the lowest 

triplet state 3E with configuration (e)3(b2)1 (Table 3.3). 

 Group 7: Mn, Re. The two adsorption complexes M/Fs under discussion 

feature different spin states in their ground state (Table 3.3). Mn/Fs slightly prefers a 

sextet ground state over the quartet state which, however, is spin contaminated by 

19%. On the other hand, for Re/Fs the quartet configuration is ~60 kJ mol–1 lower in 

energy. These systems, Mn/Fs in particular, are among the most weakly bound M/Fs 

complexes studied here. The quartet and sextet configurations of the adsorption 

complex Mn/Fs, although energetically quite comparable, exhibit even more distinct 

adsorption heights (by 50 pm!) than the triplet and quintet configurations of Fe/Fs 

(see above). For both M/Fs
+ systems, we found the quintet state 5B1 preferred. The 

Re complex at Fs
+ is notably less stable than its Fs analog, whereas the Mn/Fs

+ 

species is almost as weakly bound as Mn/Fs. As a result, also among the M/Fs
+ 

complexes, the Mn and Re derivatives exhibit essentially the weakest adsorption 

bonds. The electronic structure of the complexes Mn/Fs
+ and Re/Fs

+ [configuration 

(a1)1(e)2(b2)1 and a 5B1 quintet state] correlates with that of their group 8 analogs 
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which feature one valence electron more [configuration (a1)2(e)2(b2)1 and a 4B1 

quartet state] (Table 3.4). Whereas the ground state valence electron configuration 

of Re/Fs is the same as that of Os/Fs
+, (e)2(b2)1, the configuration of the 3d- species 

Mn/Fs, (b1)1(e)2 (b2)1(a1)1, exhibits a higher-spin state than Fe/Fs
+. 

 Group 6: Cr, Mo, W. This set of surface moieties M/Fs in very high spin 

states reveals probably the most complicated picture of structure and bonding. 

Indeed, only for the Cr/Fs system is the calculated energetics definite: a septet 

ground state is predicted (Table 3.3; the quintet 5A1 features 14% spin 

contamination). We were not able to identify a clear energy preference for either the 

septet or the quintet states of Mo/Fs and W/Fs. However, no matter in which state 

these surface complexes of Cr and Mo are formed, their binding energies are 

expected to be the lowest among all the M/Fs adsorption systems under scrutiny; 

only Mn/Fs is likely even weaker bound. Also, a W adatom in either spin state 

exhibits the second-weakest binding to an Fs site among all other 5d-atoms under 

consideration (undercut only by Re). For the M/Fs
+ systems of group 6 atoms, the 

situation is somewhat simpler, at least as far as the most stable spin configuration is 

concerned which is a sextet for all three moieties. These complexes, featuring 

essentially neutral metal adsorbates, were also calculated to be rather weakly bound. 

3.2.4 Discussion  

Table 3.5 and Figure 3.2 summarize calculated data to highlight and ascertain trends 

in the binding energy variation of nd-metal atoms in complexes with Fs and Fs
+ 

defects on the MgO(001) surface. These trends should also be compared with our 

findings for complexes of the same atoms on regular O2– sites of MgO(001) [38], 

described in Section 3.1. 

 From Figure 3.2a (upper panel), one immediately recognizes that most M/Fs 

complexes are notably stronger bound than their M/O2– analogs (Figure 3.2a, 

bottom panel). This is in line with all previous calculations [29–31,33–35,41–

43,144,145,148, 166,167,168]. However, quite unexpectedly, there are some 

exceptions: Fe, Mn and Re atoms are slightly weaker bound (by ~20 kJ mol–1 at 

most) at Fs defect sites than at regular O2– sites. While all metal atoms exhibit 
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negative charges, these three systems are also among those M/Fs complexes with 

the least charge separation (as measured by potential-derived charges; see Table 3.3, 

Figure 3.2b). A very substantial adsorption-induced increase of the electron density 

on the adsorbates (along with the subsequent increase of the electrostatic adsorbate-

substrate attraction) appears to be an important stabilizing factor of M/Fs moieties. 

(Note that previously the charge separation analysis of selected M/Fs complexes 

1

Table 3.5. Binding energies (kJ mol ) calculated with the GGA functionals BP86 
(Eb ) and PBEN (Eb ) for the most stable state of adsorption complexes of single 
d-metal atoms M at Fs and Fs  defects of the MgO(001) surface in comparison with 
complexes at regular O  sites. 

–1

BP86 PBEN

+

2–

M  M/Fs    M/Fs
 +    M/O  2– a  

 State Eb  BP86 Eb  PBEN  State Eb  BP86 Eb
PBEN  State Eb

BP86 Eb
PBEN

Cu 2A1 189 167 1A1 242 218 2A1   93   72 
Ag 2A1 178 152 1A1 229 203 A1 2   46   25 
Au 2A1 311 278 A1 358 326 2A1   96   71 
Ni 1A1 278 237 2A1 223 195 1A1 151 124 
Pd 1A1 387 346 2A1 255 218 1A1 137 105 
Pt 1A1 581 505 2B2 376 336 1A1 231 202 
Co 2B2 224 194 3B2 202 181 2B2 118   87 
Rh 2B2 342 298 3B2 238 207 2B2 125   93 
Ir 2B2 465 390 3E 297 259 2B2

 b 136 112 
Fe 5A2

 c 127 110 4B1 166 125 5B1 136 112 
Ru 3B2 280 257 4B1 179 154 5B1

 d   86   60 
Os 3B2 356 319 4B1 274 254 5B1 162 152 
Mn 6A1

 e   74   57 5B1   81   62 6A1   96   72 
Re 4B1 143 110 5B1   98   71 6A1 146 125 
Cr 7A1   92   79 6A1 116 106 7A1

 f   61   51 
Mo 5A1

 g 114   88 6A1 127 111 5A1
 h   56   30 

W 5A1
 i 184 151 6A1 192 166 5A1 151 121 

a Ref. 38. b 4A2: Eb
BP86 = 134 kJ mol–1, Ref. 38. 

c 3E: Eb
BP86 = 123 kJ mol–1, Table 3.3. d 3B1: Eb

BP86 = 81 kJ mol–1, Ref. 38. 
e 4B1: Eb

BP86 = 57 kJ mol–1, Table 3.3. f 5A1: Eb
BP86 = 55 kJ mol–1, Ref. 38. 

g 7A1: Eb
BP86 = 109 kJ mol–1, Table 3.3. h 7A1: Eb

BP86 = 52 kJ mol–1, Ref. 38. 
i 7A1: Eb

BP86 = 178 kJ mol–1, Table 3.3. 
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[30] was based on the dynamic dipole moment which indicated a considerably 

smaller substrate-to-adsorbate electron donation than the present PDC criterion.) 

M/Fs systems are furthermore stabilized compared to the corresponding M/O2– 

 
Figure 3.2. Trends in the BP86 binding energies (column a) and potential derived
charges (PDC) on adsorbates (column b) of the most stable adsorption complexes of
single d-metal atoms on oxygen vacancies Fs (upper panels) and Fs

+ (middle panels) of
MgO(001) surface in comparison with the energies and PDC values of the metal atoms
on the regular O2– sites (bottom panels of columns a and b, respectively; see Section
3.1).  
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analogs as Pauli repulsion with the substrate is reduced when the Fs vacancy is 

created because the electronic shells of the O center are no longer there. 

 Finally, as outlined above for adsorbed metal atoms of group 10, covalent 

effects due to favorable filling of bonding/antibonding orbitals can be much more 

pronounced for complexes on oxygen vacancies than on regular sites of MgO(001). 

In fact, all these mechanisms work together and in general result in stronger M-Fs 

binding compared to M-O2– complexes. This relative strengthening of the 

adsorption bond for the majority of the metal atoms under scrutiny exceeds 100 

kJ mol–1 and reaches 350 kJ mol–1 for the most strongly bound Pt/Fs species (Table 

3.5, Figure 3.2a). Concomitantly, metal-substrate distances (measured by the M-

Mg4 height, Table 3.3) are significantly shorter, by 50–60 pm, for some metals of 

the right-hand side of the periodic table than the previously computed values for the 

corresponding M/O2– systems [38].  

 In each of the examined groups of the periodic table, except for group 11, the 

4d-atom is calculated to be adsorbed stronger on the Fs site of MgO(001) than the 

3d-atom, but weaker than the 5d-atom, 3d < 4d < 5d. This is different from the 

binding energy trend within the group, which we previously established for M/O2– 

complexes (Figure 3.2a, bottom panel) [38]: 4d < 3d < 5d. Regarding the energy 

variation of the M/Fs species along the period (Figure 3.2a, upper panel), atoms of 

group 7 are slightly destabilized with respect to their group 6 analogs. Moving to 

the right in each period, the binding energy increases gradually up to species of 

group 10 and finally it decreases again in group 11. This rather complicated trend 

reflects the complex character of the interactions experienced by d-metal atoms with 

defect sites of an oxide support, in particular, with Fs sites of MgO(001). Note that 

these latter sites can be described to good approximation by a very simple model 

[30] where only two electrons are treated quantum mechanically, moving in the 

field of the five immediate Mg2+ neighbors of the vacancy, represented by bare 

pseudopotential centers without a basis set, and a set of point charges representing 

the remaining substrate centers. For each metal, the strength of the resulting bond is 

determined by the delicate balance of the diverse contributions discussed in the 

preceding paragraph.  
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 Nevertheless, there is an evident similarity in the general trend of the 

evolution of binding energies (Figure 3.2a, upper panel) and the alteration of PDC 

values (Figure 3.2b, upper panel) of the M/Fs complexes along the rows of the 

periodic table. Both the adsorption energies and the negative charges on the metal 

atoms exhibit an overall increase from the middle of each row to its right-hand side. 

There are some exceptions, in particular the complexes of the elements of group 6, 

which exhibit particularly high spin values, and the complexes of the elements of 

group 11 complexes; below, we will try to rationalize the values of the latter. This 

overall similarity implies that the accumulation of electron density on the adsorbates 

is a factor that governs the adsorption interactions of a series of nd-metal atoms 

with Fs vacancy sites on MgO(001) terraces. Interestingly, the trend in the PDC 

values is in fair agreement with the trend of the electronegativity values of the metal 

atoms [174]. However, only very crude adsorption energy estimates are possible on 

the basis of the electronegativity values; thus, high-level electronic structure 

calculations will continue to play a crucial role for quantifying this key 

characteristic.  

 In the literature, there are hardly reliable experimental data on the adsorption 

energetics of single d-metal atoms at Fs and Fs
+ sites of MgO(001). Moreover, 

precise benchmark calculations that treat electron correlation effects with sufficient 

accuracy in a realistic model do not seem practicable yet for the systems under 

discussion. On the other hand, one of the central problems of DF applications is the 

necessity to work with an approximate xc functional as the exact functional is not 

known [161]. Without unambiguous reference data one is unable to definitely 

establish, which of the contemporary functionals provides the most accurate 

adsorption energies for elementary M/Fs complexes. However, one can very roughly 

estimate the general range of DF energies by comparing results obtained with 

several xc functionals. To this end, we compared binding energies for the M/Fs 

species from BP86 and PBEN calculations (Table 3.5). 

 Both sets of energies vary in very similar fashion with the adsorbed metal 

atoms. PBEN values are uniformly smaller by 10–20% than BP86 results; for the 

most strongly bound systems, this can amount to energy difference of up to 70–80 
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kJ mol–1. Importantly, the trend of the uniformly reduced PBEN energies is 

apparently a systematic one, as it is also manifested for M/Fs
+ and M/O2– complexes 

(Table 3.5). The hybrid B3LYP functional [140,175] yields binding energies for 

selected studied complexes M/Fs [168], that are 10–15% smaller than the 

corresponding PBEN values. The GGA functional PW91 [162] in combination with 

periodic slab models provides energies for M/Fs species [148] that are in general 

close to our cluster model BP86 data. As discussed previously [38], some larger 

deviations are probably due to the neglect of spin-polarization effects [148]. For 

adsorption on metal surfaces [62,154], the PBEN functional yields energies in close 

agreement with experiment, whereas the corresponding BP86 binding energies are 

somewhat larger in a systematic fashion. It remains to be seen whether these 

findings can be generalized to the energetics of supported metal particles on oxides. 

 The above considerations on the performance of various GGA and hybrid xc 

functionals are also valid for M/Fs
+ complexes. Thus, we will discuss only 

observables calculated for the latter systems at the BP86 level (Table 3.4, Table 3.5 

and Figure 3.2). 

 The Fs
+ site of MgO(001), compared to the Fs site, exhibits two significant 

differences: (i) removal of an electron leaves one unpaired electron in the vacancy 

which is readily available for covalent bonding with an unpaired electron of a metal 

atom adsorbate, and (ii) concomitantly, the clear propensity of the Fs defects to 

donate electron density to the metal adsorbates (see above) is drastically reduced for 

the Fs
+ defects, as indicated, among others, by a strongly enhanced electron affinity 

of the latter [30]. The first factor is of particular importance for the M/Fs
+ 

complexes of Cu, Ag, and Au. These complexes feature the most favorable electron 

configuration (a1)2(a1*)0 and binding energies which are at least 10% larger that 

those of their M/Fs analogs with the configuration (a1)2(a1*)1. At variance, the M/Fs
+ 

complexes formed by metal atoms of groups 9 and 10 are less stable than their M/Fs 

counterparts. Complexes of a given metal atom M of groups 6 to 8 at Fs and Fs
+ 

defects do not show a clear trend in their binding energies. Probably, the energy 

alteration of M/Fs
+ complexes of elements of groups 6 to 10, relative to their M/Fs 

congeners, are mainly determined by the combined effect of changes in the 
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substrate-adsorbate charge transfer and the electron configuration (occupation of 

bonding/antibonding orbitals, high-/low-spin states). Except for Mn/Fs
+ and Re/Fs

+, 

all other M/Fs
+ complexes studied were calculated to be more strongly bound than 

the corresponding complexes M/O2– at regular sites of MgO(001) (Table 3.5, Figure 

3.2). 

 The overall trends in the adsorption energies of single d-metals on the Fs
+ 

sites of MgO(001) over a group of the periodic table are rather similar to those 

established above for the M/Fs systems. Indeed, in each group, the M/Fs
+ complex 

of the 5d-metal is most strongly bound, whereas that of the 3d-atom is least bound, 

except for the Cu moiety which is ~10 kJ mol–1 more stable than the Ag complex. 

Also, the evolution of the binding energies along a period shows a remarkable 

similarity for the M/Fs
+ and M/Fs complexes, which implies similarities in the 

electrostatic (polar) contribution to the bonding, caused by the charge separation 

between M and Fs
+ subsystems; cf. the trends of the binding energies and potential 

derived charges as depicted in the middle panels of Figure 3.2a and Figure 3.2b. 

There are several noticeable differences between the trends of M/Fs and M/Fs
+ 

complexes: energy variations within one period are smaller for M/Fs
+ systems and 

the binding energy does not decrease at the end of the period, from Ni/Fs
+ to Cu/Fs

+. 

Also, the striking disparity of the binding energy and PDC trends when going from 

group 6 to group 7 complexes M/Fs, which feature a very high spin, does not take 

place for M/Fs
+ analogs.  

 Finally, we address opportunities for monitoring the interaction of atomically 

dispersed metal particles with regular and defect sites of metal oxide supports by 

means of X-ray photoelectron spectroscopy (XPS). Very recently, the shift of the 

Au 4f XPS peak from 85.8 eV at temperatures below 200 K to 85.4 eV at 300 K has 

been detected for atomic Au species deposited on TiO2(110) [176] and attributed to 

the migration of some Au atoms from a variety of regular surface sites to oxygen 

vacancies that are a characteristic of the vacuum-annealed TiO2(110) surface [177]. 

Although, to the best of our knowledge, analogous experimental data are not yet 

available for metal atoms on MgO(001), it nevertheless seems worthwhile to study 

how core-level energies of metal atoms change with the sites of deposition on 
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MgO(001) and whether similarities exist between adsorption complexes at oxygen 

vacancies of TiO2(110) and MgO(001). 

 As first approximation, we focus on initial-state effects. For this purpose, we 

listed calculated spin-averaged shifts, ∆ε(M ns), of Kohn-Sham core levels M ns for 

the complexes M/Fs (Table 3.3) and M/Fs
+ (Table 3.4) on MgO(001) relative to 

corresponding values of the M/O2– adsorption complexes. Very interestingly, the 

shift ∆ε(Au 5s) = 0.48 eV for Au/Fs [along with ∆ε(Au 4f) = 0.44 eV, not shown in 

Table 3.3] is close to the value of 0.4 eV measured on TiO2(110) [176]. The fact 

that core-level shifts of all metal atoms under study on Fs sites (including Au, Table 

3.3) are positive, i.e. to lower binding energies, partly reflects the negative charge 

on the adsorbates. On the other hand, the adsorption complex Au/Fs
+ on MgO(001) 

features a very different shift ∆ε(Au 5s), -2.22 eV (Table 3.4). This allows one to 

exclude the analog of this species on TiO2(110) from being a suitable candidate for 

rationalizing the experimental ∆ε(Au 4f) signature, all the more as all calculated 

values ∆ε(M ns) for M/Fs
+ complexes on MgO(001) are negative with respect to 

their reference M/O2– (Table 3.4). The main negative contribution, -1.7 to -1.8 eV 

(as estimated by Kohn-Sham core-level shifts of a Mg cation used as internal 

reference in Au, Ag and Cu complexes) is due to the overall elementary positive 

charge of the M/Fs
+ systems. Thus, core-level shifts of M/Fs and M/Fs

+ complexes 

relative to the corresponding energies of M/O2– species appear to be characteristic 

for the type of oxygen vacancy that forms the adsorption site. In addition, calculated 

∆ε values are expected to help significantly in the structural assignment. 

 Based on calculated adsorption energies and core-level energies (Table 3.1–

3.5) for complexes of various metal atoms, one can predict results of experiments 

on MgO(001) terraces, which are similar to those reported in Ref. 176 for 

Au/TiO2(110). For instance, comparing the deposition of the coinage atoms Au, Ag 

and Cu, one expects that diffusion of Ag to oxygen vacancy sites will take place at 

lower temperatures than for Cu and Au because Ag interacts weaker on O2– sites 

than Cu or Au. Also, the characteristic temperatures at which diffusion starts for Cu 

and Au should be rather similar. Assuming final-state effects (relaxation in the 
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presence of a core-level hole at M) to be similar for M/O2–, M/Fs
+, and M/Fs, 

complexes of the same metal, diffusion resulting in M/Fs species should be 

accompanied by a moderate positive M core-level shift of 0.4–0.6 eV. On the other 

hand, formation of M/Fs
+ moieties is expected to be manifested by a negative shift 

∆ε relative to M/O2–. Many predictions like these, regarding the structure and 

properties of the complexes M/O2–, M/Fs
+, and M/Fs, can be derived from the 

present calculated results and these predictions will help in structural assignments of 

pertinent spectroscopic experiments that are expected to be carried out in the near 

future. 

3.2.5 Conclusions 

An accurate (scalar-relativistic) all-electron DF method with a consistent cluster 

embedding in an elastic polarizable environment was used to study systematically 

metal atom adsorption on Fs and Fs
+ defects of the relaxed surface MgO(001) in 

comparison to the previously addressed adsorption on regular O2– sites. Seventeen 

single d-metal adatoms of the third, fourth, and fifth rows of the periodic table were 

considered. The embedding method used treats both the central quantum 

mechanical region of the oxide clusters under study and their classical environment 

variationally, without artificial constraints for geometry optimization.  

 The adsorption energies presented, obtained with the BP86 and PBEN 

exchange-correlation functionals, corroborate the general picture of the interactions 

with oxygen vacancies on MgO terraces derived from studies of selected metal 

atoms. With few exceptions, these interactions with oxygen vacancies are 

significantly stronger than with the regular sites and they are accompanied by a 

notable transfer of electron density from the Fs site to the d-metal adsorbate. In most 

groups, 4d-atoms are adsorbed stronger than 3d-atoms, but weaker than 5d-atoms, 

on both kinds of the defects studied. This is at variance with the trend in binding 

energies within each group, 4d < 3d < 5d, which we previously established for 

M/O2– complexes. As for the energy variation along the period, in both Fs and Fs
+ 

complexes, atoms of group 7 are slightly destabilized with respect to their group 6 

analogs. Then, within a period, the binding energy increases gradually up to group 
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10 species and finally it decreases again for group 11, most prominently on the Fs 

site. These trends appear to be governed by the negative charge on adsorbed atoms 

and their concomitant electrostatic interactions with the vacancy sites of MgO(001) 

terraces. The failure of DF methods to properly describe the ground state electron 

configuration of Ni and Co atomic references may affect calculated values of the 

adsorption energy of these atoms.  

 Metal-substrate bonding in general is notably weaker in M/Fs
+ complexes 

than in their M/Fs analogues. We attribute this difference mainly to electrostatic 

stabilization of the latter species as a consequence of significant accumulation of 

electron density on the adsorbed atoms M, donated by the Fs vacancy. Covalent 

interactions may counteract this electrostatic stabilization and even alter the trend, 

making some M/Fs
+ complexes favored over their M/Fs congeners, as is the case for 

the Cu, Ag and Au systems. 

 XPS core-level shifts of adsorbed metal atoms on MgO(001), approximated 

as differences of Kohn-Sham eigenvalues, revealed a characteristic dependence on 

the adsorption site. In combination with experimental XPS data, these calculated 

data open a way to distinguish between the M/Fs and M/Fs
+ structures on (001) 

terraces of MgO. 

 Although single adsorbed metal atoms represent elementary building blocks 

of more extended metal species supported on oxides, precise calculations on these 

systems and their rigorous analysis are complicated because usually several almost 

degenerate (magnetic) configurations are involved in the interaction with the 

substrate. One might invoke the constraint space orbital variation (CSOV) 

[178,179] method to separate and quantify various contributions to the adsorption 

energy. However, this approach does not appear promising for most of the systems 

under study due to their complex open-shell electronic structure. 

 An obvious extension of the present work will be a systematic study of 

interactions of single metal atoms with neutral and positively charged oxygen 

vacancies at lower coordinated surface sites of MgO, e.g. at steps, edges and 

corners, where their formation is more justified thermodynamically [180]. Likely, 
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these low-coordinated color centers are even stronger traps for single metal atoms 

than terrace vacancies [181].  
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3.3 Adsorption of dimers and trimers of Cu, Ag, Au on 

regular sites and oxygen vacancies of the MgO(001) 

surface  

 
3.3.1 Introduction 

Deposition of size-selected atomic clusters onto well-defined substrates represents a 

new method for preparing nanostructured surfaces or highly-ordered thin films with 

lateral features in the range of 1–100 nm as demanded by current trends in 

semiconductor industry [182]. A major challenge for the stability of such 

nanostructures is diffusion and aggregation of deposited particles, which have to be 

prevented. Equally important is the issue of metal particle mobility on the support in 

catalytic systems, where supported metal particles are used on a large scale as 

efficient catalysts [24,25,183]. Thermal aging of catalysts has been attributed to 

sintering [184], a process whereby small metal species form larger clusters and thus 

reduce their effective surface area. Therefore, central to progress in these 

technological fields is understanding at the atomic level of how metal species 

interact with an oxide support. Particularly important issues are the nature of this 

interaction and its dependence on the size of the metal particle.  

 Most theoretical studies of these topics, beyond the adsorption of single d-

metal atoms [26–35,37,38,148], addressed the adsorption of small d-metal 

aggregates Mn (n = 2–4) [27,32,40–46,148]. Hereby, the defect-free (001) surface of 

MgO often served as a model surface because of its simplicity, non-polarity, and 

low reactivity; also, computational studies are simplified by the fact that this surface 

exhibits only a small degree of relaxation with respect to the truncated bulk. 

Theoretical studies of the adsorption of very small metal moieties on various defect 

sites of MgO [29,31–33,35,37,41] were motivated by experimental evidence for 

different oxide systems [47–50] that point defects may act as stronger nucleation 

sites for metal particles. 
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 In this section we systematically investigate the adsorption of coinage metal 

aggregates Mn (M = Cu, Ag, Au; n = 2, 3) on the ideal MgO(001) as well as on 

oxygen vacancies, Fs and Fs
+ on this surface. These three metals are congeners and 

exhibit the same valence-shell configuration, d10s1, in the ground state. Previously, 

Musolino et al. studied the adsorption of Cun (n ≤ 13) on the regular MgO(001) 

surface using a periodic supercell approach [45,46]. Ferrari et al. investigated how 

dimers Cu2 and Ag2 adsorb on defect-free MgO(001) using an embedded-cluster 

method [40]. Bogicevic and Jennison reported a comparative plane-wave study of 

selected 4d- and 5d-metal atoms and dimers, including those of Ag and Au, 

adsorbed on regular and neutral O-vacancy sites of MgO(001) terraces [148]. Very 

recently, the adsorption of Cu1, Cu2 and Cu4 moieties on various sites of MgO was 

addressed by cluster-model studies focusing on alteration of the optical properties 

caused by interactions with the support [43].  

 Adsorption on localized charged defects has so far been a challenge for 

periodic computational approaches. At variance, our cluster method is well suited 

for describing the adsorption on charged vacancy sites (which may exhibit a 

particularly strong structure relaxation) due to a consistent embedding in an EPE 

[34]. One obtains a more accurate description of heavy metals, especially of Au, if 

one treats relativistic effects at an all-electron level, which is not feasible with a 

plane-wave method. 

 The goals of our study described in this section are: (i) to identify preferred 

adsorption sites and adsorption geometries for coinage metal dimers and trimers on 

the defect-free MgO(001); (ii) to explore the nature of the metal-support bonding 

and to quantify the adsorption energy; (iii) to elucidate the role played by surface 

defects by comparing dimer adsorption on regular, Fs and Fs
+ sites of MgO(001). 

3.3.2 Computational methods and models 

The calculations were carried out at the all-electron level using the LCGTO-FF-DF 

method [150] implemented in the parallel computer code PARAGAUSS [151,152]. 

We employed the gradient-corrected xc density functional BP86 [139,153]. In 
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calculations involving Ag and Au, 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 

Dirac-Kohn-Sham equation [155,156,185]. The Kohn-Sham orbitals were 

represented by flexible Gaussian-type basis sets, contracted in generalized fashion. 

We adopted orbital basis sets from our calculations of adsorbed atoms [37,38]: 

(15s11p6d) → [6s5p3d] for Cu, (18s13p9d) → [7s6p4d] for Ag, (21s17p11d7f) 

 → [9s8p6d4f] for Au, (15s10p1d) → [6s5p1d] for Mg cations and (13s8p1d) →  

[6s5p1d] for O anions. The auxiliary basis set utilized in the LCGTO-FF-DF 

method to represent the electron charge density for treating the Hartree part of the 

electron-electron interaction was constructed by properly scaling the s and p 

exponents of the orbital basis sets using a standard procedure [150]; “polarization 

exponents” were added as geometric series with factors 2.5, starting with 0.1 for p 

and 0.2 for d exponents [150]. The resulting auxiliary basis sets were of the type 

(15s,10r2,5p,5d) for Mg, (13s,4r2,5p,5d) for O, (15s,11r2,5p,5d) for Cu, 

(18s,13r2,5p,5d) for Ag, and (20s,17r2,5p,5d) for Au. 

 We employed two clusters Mg10O10(Mgpp*)12 and Mg9O8(Mgpp*)12 (Figure 

3.3 and 3.5) to model the regular O2– adsorption sites of the (001) surface of MgO 

and oxygen vacancy, Fs and Fs
+, on that surface. Here, the symbol Mgpp* indicates a 

pseudopotential center Mg2+ entirely without electrons [169]. The first cluster was 

used to model adsorption on regular surface sites and the second one for adsorption 

on vacancy sites. These models feature Cs symmetry, which was exploited in the 

calculations. Embedding in an EPE is a sophisticated method, which, by taking 

relaxation effects into account, affords an accurate description of the adsorption on 

metal-oxide surfaces [34,38]. A specially designed QM/MM interface ensures a 

consistent description of the mutual influence of electronic and geometric changes 

of the QM cluster region and its environment relative to the regular unperturbed 

surface [34]. 

 In the EPE cluster embedding, we employed the Mg10O10 and Mg9O8 clusters 

as the QM part of the system with the coordination sphere of each O anion at the 

cluster boundary saturated by 12 pseudopotential Mgpp*. To generate the crystal 
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environment of the resulting QM part, we optimized a two-layer slab model of the 

MgO(001) surface at the classical MM level [158]. Test calculations produced small 

differences of only 1 pm for metal-MgO distances and 2 kJ mol–1 for metal-

substrate binding energies compared to the results of a six-layer slab model used in 

our studies of deposited single atoms on MgO(001) [37,38]. 

 In line with the prescription for the EPE approach [34], we then carried out 

an embedded cluster calculation of the unperturbed surface, i.e. without any 

adsorbate, but possibly with a point defect. When adsorption on vacancies was 

considered, an Fs or Fs
+ center was represented by “ghost” basis set of oxygen 

(without the nucleus). At this step, only the QM cluster was relaxed, while the 

environment was kept fixed at the lattice positions determined in the preceding step. 

Subsequently, the energy of the resulting structure served as reference of a clean 

surface. 

 The adsorption energies, Ead(n), presented this study are per metal atom (n = 

2 or 3) and are calculated with respect to the sum of the corresponding spin-

polarized ground-state energy of a free metal species, Mn, and the energy of the 

relaxed MgO(001) model cluster as follows: 

 
 Ead(n) = [E(MgO) + E(Mn, free) – E(Mn/MgO) + ∆E(BSSE)]/n,        (3.1) 
 

where E(MgO) is the energy of the relaxed cluster model of either regular or defect 

site, E(Mn, free) is the ground-state energy of an Mn species in the gas phase and in 

its equilibrium geometry, E(Mn/MgO) is the energy of the adsorbate-substrate 

system, and ∆E(BSSE) is a correction for the basis set superposition error (BSSE), 

estimated with the counterpoise method [159]. The BSSE corrections were smaller 

than 20 kJ mol–1 per atom.  

3.3.3 Results and discussion 

A. Adsorption of dimers and trimers on a regular MgO(001) 

 Dimers. Free dimers Cu2, Ag2, Au2 are characterized by a singlet ground 

state, 1Σg
+. Their experimental bond lengths [186] are  222, 248 (253 [187,188]), 
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247 pm, respectively; experimental dissociation energies (De) [186] amount to 194, 

159, 221 kJ mol–1. Our calculated BSSE-corrected dissociation energies (Table 3.6) 

are in very good agreement with the above values. The calculated bond lengths of 

Ag2 and Au2 somewhat overestimate the experimental values as is typical for BP86 

geometries, especially for bonds involving heavy elements [189]. 

Table 3.6. Equilibrium geometries (bond lengths in pm, angles in degree), dissociation 
energies per atom De/n (kJ mol /atom), and vibrational frequencies ωi (cm ) of the free 
dimers and trimers of Cu, Ag, and Au. Also shown are experimental values where 
available. 

–1 –1

Mn n Symmetry Ground re(M-M) M-M-M a De/n ωi 
   state calc. exp.  calc. exp.  

Cun 2 D∞h 1Σg+ 223.1 222   b  102 97   b 270 
 3 C2v 2B2 229.2  66.8 112 98   c 65; 121; 188
 3 C2v 2A1

 240.6  55.9 111  252i; 40, 199
 3 D∞h 2Σu

 + 229.9  180.0 104   
Agn 2 D∞h 1Σg+ 256.9 248 , 253 b d  81 80   b 185 

 3 C2v 2B2 263.9  69.6 81 84   c 37; 97; 121
  C2v 2B2 263.3  118.8 81   
 3 C2v 2A1

 278.7  55.6 80  465i; 34; 112
 3 D∞h 2Σu

 + 264.1  180.0 81   
Aun 2 D∞h 1Σg+ 252.1 247  b  110 111 b 175 

 3 C2v 2B2 255.8  134.2 116 123   c 18; 107; 111
 3 C2v 2A1

 272.2  56.6 111  125i; 58; 126
 3 D∞h 2Σu

 + 257.8  180.0 113   

a Angle between the two equal sides.    Ref.186.    Ref. 196.    Refs. 187, 188.b  c  d   

 In a recent paper [38], (see Section 3.1), we systematically studied the 

adsorption of single d-metal atoms on regular O2– sites of MgO(001), using a very 

similar computational approach. Cu, Ag, and Au atoms revealed relatively weak to 

moderately strong adsorption bonds, 93, 46, 96 kJ mol–1, respectively, at the BP86 

level. The interaction of these atoms with the substrate was attributed mainly to 

polarization in the surface electrostatic field and to Pauli repulsion of the filled 

electronic shells [38]. The same nature of interaction with the defect-free surface is 

envisioned for the metal aggregates. If one compares the adhesion energies of single 
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atoms at MgO (001) with the binding energies per atom in the free M2 and M3 

species (Table 3.6), it becomes clear that the M-M bonding is competitive with the  

bonding to the surface. Particularly small is the adhesion energy of atomic silver, 46 

kJ mol–1, whereas the dissociation energy De/n is 81 kJ mol–1/atom for both the 

dimer and the trimer, about two times more than the energy gain due to adsorption 

of one Ag atom. This is consistent with the lowest adsorption energies found for 

silver dimers and consistent with the lowest adsorption energies found for silver 

dimers and trimers in trimers in comparison to their copper and gold analogs, as will 

be shown below in this subsection. 

 

Figure 3.3. Cluster model and three modes for M2 adsorption on a regular MgO(001)
surface. Black, large white, small white, and gray spheres indicate O, Mg, Mgpp*, and M
(M = Cu, Ag, or Au) atoms, respectively. For geometries A and B, the symmetry plane
is parallel to the plane of paper; for mode C, the symmetry plane coincides with the
viewing direction.  
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 Not surprisingly, for all three coinage metals the closed-shell nature of M2 is 

conserved upon adsorption. In previous studies on Cu2/MgO(001) [45,46] with the 

PW91 functional [162] and Ag2/MgO(001) [40] with the BP86 functional, the 

vertical “on-top” adsorption mode, where M2 is standing perpendicular to the 

surface (mode C in Figure 3.3), was found to be preferred energetically by more 

than 20 kJ mol–1 over any arrangement with the dimer axis parallel to the surface. 

Recent slab-model calculations on Ag2/MgO(001) [148] reported a slight tilting of 

the dimer by 16º from the surface normal. The second-most favorable adsorption 

complex of Cu2 was on top of nearest-neighbor O atoms with the dimer axis parallel 

to the surface [45,46] (mode A in Figure 3.3). In an  earlier study by our group on 

the adsorption of Ag2, employing simple point-charge embedding, a fixed substrate, 

and the BP86 functional [40], modes A and B have been found to exhibit almost 

equal adsorption energies, 16 and 17 kJ mol–1/atom, whereas in geometry C, the 

binding energy to the surface was 28 kJ mol–1/atom. Therefore, we considered three 

representative adsorption geometries shown in Figure 3.3 for the whole series of the 

coinage metal dimers. Although the QM cluster of our model (Figure 3.3) features 

C2v symmetry, the symmetry constraint in the adsorption complexes was reduced to 

Cs. Either a symmetry plane passing through nearest-neighbor O centers (modes A 

and C) or a plane across Mg atoms (mode B) was preserved. 

 Adsorption energies and optimized geometries for Cu2, Ag2, and Au2 are 

summarized in Table 3.7. In the present work, we found somewhat stronger bonding 

of Ag2 in mode C, 40 kJ mol–1/atom, compared to that of an earlier study [40] and a 

weaker interaction in mode B, 2 kJ mol–1/atom (Table 3.7). These energy 

differences of the order of 10 kJ mol–1 for the weakly bound Ag2 adsorbate can in 

part be attributed to the (small) substrate relaxation effect, not taken into account 

previously [40]. For all three dimers, Cu2, Ag2, and Au2, the order of preference of 

adsorption geometries is the same: C > A > B, while the energy difference between 

A and C increases from Cu2 to Ag2 to Au2 from 34 to 103 kJ mol–1. The current 

binding energies for Cu2/MgO(001) (Table 3.7) practically coincide with those 

obtained in a periodic slab model study [45,46]; they also agree quantitatively with 

a recent embedded-cluster study [43]. Our calculated bond lengths are generally 
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slightly longer compared to the former work in agreement with the well-known 

trend of GGA functionals to often overestimate bond lengths, whereas the LDA 

functional employed for the geometry optimizations in Refs. 45 and 46 often yields 

Table 3.7. Equilibrium geometries (pm), vibrational frequencies ωi (cm–1), and 
adsorption energies per atom (kJ mol–1/atom) for M2 adsorption on regular sites of the 
MgO(001) surface. a 

 Metal M Mode A Mode B Mode C 
r(M–M) Cu 229.4 

225 b 
228.0 225.6 

220 b, 229 c 
 Ag 261.7 

260 d 
262.2 
262 d 

257.3 
257 d, 258 e 

 Au 259.6 257.7 251.5 
253 e 

r(M–O) Cu 209.5 
199 b 

280.8, 286.8 191.7 
187 b 

 Ag 239.3 
262 d 

279.4, 289.6
273, 273 d 

224.2 
230 d, 237 e 

 Au 234.0 282.0, 288.6 213.6 
218 e 

r(M–Mg) Cu 285.4 269.1, 274.5 294.5 
 Ag 317.6 275.2, 286.1 313.6 
 Au 311.6 283.0, 274.8 307.8 
ωi Cu - - 199 
 Ag - - 154 
 Au - - 136 
Ead

f Cu 48 
56 b 

16 66 (59) g 
69 b, 65 c 

 Ag 15 
16 d 

2 
17 d 

40 (36) g 
28 d, 58 h 

 Au 29 12 82 (74) g 
82 h 

a See Figure 3.3 for the definition of the adsorption modes. Values from the literature 
in italics. 

b Refs. 45, 46.    c  Ref. 43.    d  Ref. 40.   e  Ref. 148. 
f Ead = [E(MgO) + E(M2, free) - E(M2/MgO) + ∆E(BSSE)] / 2. 
g From calculations where only adsorbate-related degrees of freedom were optimized. 
h Inferred from Ref. 148, using De(Ag-Ag)/2 = 81 kJ mol–1and De(Au-Au)/2 = 110 

kJ mol–1 from the present work (Table 3.6). 
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shorter bonds. Comparison with another slab-model study on Ag2 and Au2 

adsorption [148] shows close agreement for M-M and M-O distances.  

 Although the M2 adsorption energies Ead(M2) are not explicitly given in Ref. 

148, they can be inferred from the dimer binding energy on the surface, Eb, and 

monomer adsorption energy, Ead(M1), reported therein, using gas-phase dissociation 

energies of M2 from our calculations De(Ag-Ag)/2 = 81 and De(Au-Au) = 110 

kJ mol–1/atom. The inferred adsorption energy for Au2, 82 kJ mol–1/atom, agrees 

quantitatively with our result, whereas the energy of Ag2 adsorption, 58 kJ mol–

1/atom, is 19 kJ mol–1/atom larger than our value. These authors emphasized [148] 

that tilting by 16º towards a Mg2+ cation resulted in a “strengthening of the dimer 

bond”. Although in our calculations such tilting was not allowed by symmetry 

constraints, we examined the bending potential towards a neighboring Mg2+ using 

the same cluster model as for M2 on the Fs and Fs
+ vacancy sites (see below), 

varying only the bending angle. However, we confirmed our former minimum 

which corresponds to an exactly upright position of a dimer. The resulting potential 

curve was quite shallow, and tilting by up to 30º resulted in an energy increase of 

less than 10 kJ mol–1. 

 Pauli repulsion, which constitutes a significant part of the total energy 

balance for these relatively weakly bound species, is minimized in a vertical 

arrangement; hence, the preference of the vertical adsorption mode is not surprising. 

On the other hand, the energy of M-M interaction is concomitantly maximized 

because the perturbation of the gas-phase structure is minimized. The vibrational 

frequencies for the M-M stretching mode are notably reduced compared to gas-

phase species, by 17–26% (Table 3.6 and Table 3.7). The adsorption energies Ead 

decrease in the order Au2 > Cu2 > Ag2, just as was found for isolated atoms [37,38]. 

Yet, whereas for Au2 and Ag2 the adsorption energy per atom is about 85% of the 

values for isolated atoms, Ead(Cu2) is only about 70% of Ead(Cu1). Also, the Cu-Cu 

bond length is elongated by 3 pm in the adsorbed dimer, whereas the geometries of 

Ag2 and Au2 remain practically unchanged upon adsorption. The less efficient 

binding of the copper dimer may be a result of some loss of the intra-dimer 

cohesion energy in adsorbed Cu2 due to bond stretching. 
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 Trimers. For gas-phase trimers of all three metals, triangular and linear 

shapes are found to lie energetically rather close (Table 3.6). Most theoretical 

studies predicted for Cu3 and Ag3 an isosceles triangle with two short sides and one 

long one (2B2 state) to be 3-40 kJ mol–1 lower than the linear structure [190–193]. 

The other component of the Jahn-Teller distorted doubly degenerate (2E') state, 2A1, 

features an isosceles triangle with two long sides and one short one as minimum 

structure; for Ag3, it lies less than 3 kJ mol–1 above the 2B2 state [193]. This second 

minimum in C2v symmetry is actually a saddle point connecting two adjacent 2B2 

minima [191, 192]. Our calculations corroborate these results, rendering state 2B2 

with triangular geometry the global minimum for Cu3 as well as for Ag3 and Au3, 

 

Figure 3.4. Cluster model and three modes for M3 adsorption on a regular MgO(001)
surface. Lay-out of the various atomic spheres as in Figure 3.3. For geometries A and B,
the symmetry plane is parallel to the plane of the paper; for mode C, the symmetry plane
coincides with the viewing direction. 
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while the state 2A1 with triangular shape and linear species lie slightly higher in 

energy. In the case of Au3, several studies predicted the linear chain to be a few 

kJ mol–1 lower than the triangle structures [194,195]. We found the bent-chain 

geometry (2B2 electronic state), which can be considered an extremely obtuse 

triangle (angle 134°), to be favored by 10 kJ mol–1 over the ideally linear isomer, 

whereas the truly triangular 2A1 state is 13 kJ mol–1 above the global minimum. 

Interestingly, for Ag3 we also obtained an obtuse triangle (angle 119°) as minimum 

on the 2B2 potential energy surface, only 0.2 kJ mol–1 above the global minimum. 

There is strong experimental evidence that both Cu3 and Ag3 are obtuse triangles 

[196], but no information about Au3 is available to the best of our knowledge. In 

any case, the bending potential appears to be rather flat for all three trimers, which 

makes definitive conclusions on the preferred structures of these energetically 

closely-lying isomers difficult. Therefore, it is hard, if not impossible, to anticipate 

preferred adsorbed structures based on favorable gas-phase structures. 

 When adsorbed on a regular MgO(001) surface, M3 species of coinage 

metals assume a vertical orientation, in which two M atoms are bound to two 

nearest neighbor surface oxygen atoms (mode A in Figure 3.4). In case of Cu3, the 

adsorption energy is 61 kJ mol–1/atom (Table 3.8), slightly less than the dimer 

adsorption energy per atom. The triangle retains two short sides and one longer one 

and the 2B2 state is preserved, but all bonds elongate slightly. A very similar 

adsorption geometry has previously been found to be most favorable for Cu3 

adsorbed on MgO(001) (Ead = 63 kJ mol–1/atom) [45,46]. We also identified two 

other adsorption complexes with close adsorption energies 53 and 51 kJ mol–1/atom, 

corresponding to modes B and C in Figure 3.4. Geometry B is somewhat tilted with 

respect to the strictly upright orientation displayed by complex A, the Cu3 triangle 

having two long and one short side. This topology correlates with the 2A1 state of 

the free trimer. In geometry C, only one Cu atom is bound to the surface: the 

triangle is almost equilateral with the two vertical bonds slightly elongated relative 

to the geometry of the free cluster. For Ag3 and Au3, adsorption geometry A was 

also found to have the largest adsorption energy (Ead = 35 and 64 kJ mol–1/atom, 

respectively), closely followed by mode C, where the metal triangle is bound to the 
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surface, by one vertex only (Ead = 30 and 56 kJ mol–1/atom, respectively). The 

adsorption energies of Ag3 and Au3 in geometry B are about half as large as those of 

the minimum-energy structures A (Table 3.8). The corresponding geometrical 

parameters summarized in Table 3.8 are similar to those of gas-phase species; 

again, modes A and C correlate with the 2B2 state and mode B with the 2A1 state. 

The adsorption energies per atom in the most favorable mode A are somewhat less 

than those for the corresponding M2 species adsorbed on regular MgO(001): 5% for 

Cu3, 13% for Ag3, and 22% Au3. 

311.6, 311.5 

Table 3.8. Equilibrium geometries (bond lengths in pm, angles in degree) and 

adsorption energies per atom (kJ mol–1/atom) for M3 adsorption on regular sites of the 

MgO(001) surface. a 

 Metal M Mode A Mode B Mode C 
r(M–M) Cu 230.9,b 255.9 239.6,b 232.9 233.0,b 240.1 
 Ag 265.1,b 288.0 276.9,b 264.6 266.7,b 280.6 
 Au 261.6,b 286.5 276.6,b 264.8 265.1,b 269.3 
r(M–O) Cu 202.7 203.6 189.3 
 Ag 230.3 233.4 222.8 
 Au 223.8 229.4 211.8 
r(M-Mg) Cu 290.4, 290.4 283.3, 283.6 293.0, 297.8 
 Ag 319.0, 319.1 315.1, 314.1 313.2, 322.9 
 Au 309.7, 309.9 307.1, 310.7 
M-M-M c Cu 67.3 58.2 62.0 
 Ag 65.8 57.1 63.5 
 Au 66.4 57.2 61.0 
Ead d Cu 61, 63 e 53 51 
 Ag 35 19 30 
 Au 64 35 56 
a See Figure 3.4 for the definition of the adsorption modes. Values from the literature in 

italics.  
b Edge length occurring twice.      c Angle between the two equal sides. 
d Ead = [E(MgO) + E(M3, free) - E(M3/MgO) + ∆E(BSSE)] / 3. 
e Refs. 45, 46. 
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B. Adsorption of dimers on Fs and Fs
+ defect sites of MgO(001) 

 

Figure 3.5. Cluster model for M2 adsorption on Fs or Fs  vacancies of a MgO(001)
surface. Lay-out of the various atomic spheres as in Figure 3.3. The symmetry plane is

+

parallel to the plane of paper. 

The so-called Fs or Fs
+ centers are point defects on a surface that correspond to 

oxygen vacancies with one or two free electrons, respectively, trapped in a cavity 

previously occupied by a missing O atom. The local electronic structure of a neutral 

Fs center resembles that of a regular O2– site: the surface is formally saturated and 

exhibits vanishing electron affinity [30]. However, due to the missing oxygen core, 

Pauli repulsion between the surface and the adsorbate is reduced and the electron 

density of both the vacancy and the adsorbate is easier to polarize. 

 Bonding of M2 to the Fs center can be envisioned as interaction of the doubly 

occupied vacancy level [in our calculations lying about 2 eV above the valence 

band of MgO(001)] and the σ* LUMO of the dimer. As can be seen from Table 3.7 

and 3.9, binding energies at Fs sites are 1.6–2.7 times larger than those at regular 

O2– sites. The magnitudes directly correlate with the (relative) LUMO energy of a 

dimer. The LUMOs of Cu2 and Ag2 lie only slightly below the vacancy level, 

whereas the LUMO of Au2 is about 2 eV lower. The lower energy of the LUMO of 

Au2 is consistent with its higher electron affinity compared to Cu2 and Ag2; this, in 

turn, can be traced back to the strong relativistic stabilization of the Au 6s orbital. 

Thus, Cu2 and Ag2 have adsorption energies of the same magnitude, 107 

kJ mol-1/atom, and Au2 adsorbs notably stronger, with 196 kJ mol–1/atom 
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 (Table 3.9). The binding energy of Cu2 to an Fs center agrees closely with the value 

of 111 kJ mol–1/atom obtained in a recent embedded-cluster B3LYP calculation 

[43], although that latter value was not corrected for the BSSE. The shorter distance 

of Au2 to the surface, 162 pm, compared to Cu2, 169 pm, and Ag2, 182 pm (Table 

3.9), is consistent with stronger bonding of the former. Overall, the M-M bond 

lengths increase notably, by 10–13 pm with respect to gas-phase structures, and the 

vibrational frequencies decrease by about 30%. We note that the orientation of the 

dimer with respect to the surface was not restricted to a perpendicular one, but the 

minimum energy structure for all three dimers corresponds to an almost upright 

orientation (Table 3.9). 

Table 3.9. Equilibrium geometries (distances in pm, angles in degree), vibrational 
frequencies ωi (cm–1), and adsorption energies per atom (kJ mol–1/atom) for M2 (M = 
Cu, Ag and Au) adsorption on neutral oxygen vacancies (Fs) of the MgO (001) surface. a

 Cu2 Ag2 Au2 
M–M 232.6 

239 b 
266.9 
271 c 

263.2 
272 c 

M–M (free dimer) 223.1 
226 b 

256.9 252.1 

z(MgO–M) d  169.9 182.4 
174 c 

162.1 
153 c 

M–Mg 274.3, 281.6 286.3, 286.4 274.5, 274.6
O*-M-M e 172.0 179.9 179.9 
ωi 179 126 121 
Ead

 f 107 
111 b 

107 
122 g 

196 
191 g 

a Values from the literature in italics.    b  Ref. 43.     c  Ref. 148.     
d z(MgO-M) is the height of the binding atom of adsorbate above the surface plane 

defined by four nearest Mg atoms. 
e O* indicates the position of the missing oxygen atom. 
f Ead = [E(MgO_Fs) + E(M2, free) - E(M2/ MgO_Fs) + ∆E(BSSE)] / 2. 
g Inferred from Ref. 148, using De(Ag-Ag)/2 = 81 kJ mol–1 and De(Au-Au)/2 = 110 kJ 

 mol–1 from the present work (Table 3.6).  
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 Bogicevic and Jennison [148] found both Ag2 and Au2 on Fs sites to be tilted 

significantly, by about 56º from the surface normal towards surface cations. At 

variance, our prescreening of the bending potential in the plane passing through the 

vacancy site and the two nearest Mg2+ cations, varying only the bending angle, did 

not confirm their finding and rendered a minimum corresponding to an upright 

orientation for Ag2 as well as for Au2. The adsorption energies of Ag2 and Au2 on Fs 

sites inferred from the data of Ref. 148 are nevertheless in good agreement with our 

values (Table 3.9). Bogicevic and Jennison [148] used the PW91 functional, which 

often gives stronger binding. They interpreted the observed tilting towards 

positively charged cations as an indication of sufficient negative charge transfer 

from the vacancy to the dimer, particularly to its more distant atom. We also found 

a notable transfer of electron density to the metal dimers adsorbed on Fs centers, as 

deduced from computed potential-derived charges (PDC) [170] -0.80, -0.83, and -

0.73 e, on Cu2, Ag2, and Au2, respectively. The corresponding Mulliken charges 

were -0.55, -0.47, and -1.30 e, respectively. The PDC values are close to those 

obtained by us for single atoms Cu, Ag and Au adsorbed on Fs sites, -0.93, -0.81 

and -0.85 e, respectively [37] (Section 3.2). In the case of dimers, the PDC charge is 

Table 3.10. Equilibrium geometries (distances in pm, angles in degree), vibrational 
frequencies ωi (cm–1), and adsorption energies per atom (kJ mol–1/atom) for M2 (M = 
Cu, Ag and Au) adsorption on charged oxygen vacancies (Fs

+) of MgO (001) surface.  

 Cu2 Ag2 Au2 
M–M 230.2 265.6 260.2 
M–M (free dimer) 223.1 256.9 252.1 
z(MgO–M) a 169.6 182.4 162.0 
M–Mg 281.6, 285.8 290.6, 293.0 279.4, 280.7 
O*-M-M b 170.5 150.9 179.5 
ωi 179 117 117 
Ead 

c 66 64 116 
a z(MgO-M) is the height of the binding atom of adsorbate above the surface plane 

defined by four nearest Mg atoms. 
b O* indicates the position of the missing oxygen atom. 
c Ead = [E(MgO_Fs

+) + E(M2, free) - E(M2/ MgO_Fs
+) + ∆E(BSSE)] / 2. 



Chapter 3. Cluster Model Studies of d-Metal Particles Supported on the MgO(001) Surface 74

distributed more or less uniformly over both atoms with the charge on the closest to 

the substrate metal atom being -0.51, -0.52 and -0.36 e for Cu2, Ag2, and Au2, 

respectively.  

Table 3.11. Comparison of adsorption energies Ead (kJ mol–1/atom ) of single atoms and 
dimers on regular and defect sites of MgO(001) as well as dissocation energy Eb of 
adsorbed dimers. a 

Site Metal M De(M-M)/2 Ead(M1) Ead(M2)b  Eb(M2)c  
Regular, O2– Cu 102 93 d 

102 e 
85 f 

66 
74 e 
69 f 

75 
65 e 
93 f 

 Ag 81 46 d 
51 g 

40 
58 h 

74 
88 g 

 Au 110 96 d 
87 g 

82 
82 h 

96 
105 g 

Fs Cu 102 189 i 
182 e 

107 
111 e 

69 
66 e 

 Ag 81 178 i 
174 g 

107 
122 h 

76 
90 g 

 Au 110 311 i 
301 g 

196 
191 h 

102 
107 g 

Fs
+ Cu 102 242 i 66 1 

 Ag 81 229 i 64 8 
 Au 110 358 i 116 –2 

a EPE results given by plain numbers; values from the literature in italics.  
b Ead(M2) = [E(MgOsite) + E(M2, free) - E(M2/MgOsite) + ∆E(BSSE)] / 2 

   = Ead(M2) + De(M-M)/2 – [Ead(M1/MgOreg) + Ead(M1/MgOsite)] / 2. 
c Dissociation energy with one atom adsorbed at a regular surface site. 

Eb = [E(M1/MgOreg) + E(M1/MgOsite) - E(M2/MgOsite) - E(MgOsite) + ∆E′(BSSE)] / 2. 
d Ref. 38.    e  Ref. 43.    f  Refs. 45, 46.    g  Ref 148.    h  Inferred from Ref. 148, using 

De(Ag-Ag)/2 = 81 kJ mol–1 and De(Au-Au)/2 = 110 kJ mol–1 (present work, Table 
3.6). 

i Ref. 37. 
 

 Adsorption on a charged vacancy, Fs
+, is described by the same type of 

electron interaction as discussed for the Fs site. However, the stabilization energy is 

smaller because the vacancy orbital is now occupied by only one electron instead of 

two. Binding energies collected in Table 3.10 are uniformly 60% of those at the 

neutral Fs site, so that for Cu2, the adsorption energy becomes essentially equal to 
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that on a regular O2– site. Concomitantly, the bond lengths M-M decrease slightly, 

by 1–3 pm, and M-Mg distances increase by 4–6 pm, compared to adsorption 

complexes on Fs centers (Table 3.9 and Table 3.10). Cu2 and Au2 adsorbed on an 

Fs
+ site assume essentially an upright position with respect to the surface plane 

whereas Ag2 is noticeably tilted, 29° with respect to the surface normal. Partial 

charge delocalization of the vacancy electron density towards the metal species also 

takes place in adsorption complexes at Fs
+ sites. The net PDC charges on adsorbed 

dimers are -0.47, -0.37, and -0.37 e on Cu2, Ag2, and Au2, respectively. This is 

about half as much as calculated for adsorption on neutral vacancies. (The 

corresponding Mulliken charges are -0.27, -0.17, and -0.66 e on Cu2, Ag2, and Au2, 

respectively.). Furthermore, the charge is now mostly localized on the metal atom 

closest to the substrate.  

 Finally, we comment on the question whether indeed oxygen vacancies are 

stronger attractors for nucleation than regular sites. Previous studies [43,45,46,148] 

indicated that Cu2 adsorbed on regular and various defect sites of MgO is stable 

with respect to dissociation on the surface. In addition, it has been demonstrated that 

the propensity for dimerization on neutral Fs sites is virtually the same as on regular 

O2– sites [43,148]. The stability of a dimer M2 adsorbed at any (defect or regular) 

site under scrutiny (M2/MgOsite) with respect to two adatoms M, one of them bound 

to this site (M1/MgOsite) and the other attached to a regular terrace O2– site 

(M1/MgOreg), is characterized by the following dimer dissociation energy on a 

surface site (per atom) [43]:  

  
 Eb = [E(M1/MgOreg) + E(M1/MgOsite) - E(M2/MgOsite) - E(MgOsite) + ∆E′(BSSE)] / 2.          (3.2) 
  

From Table 3.11, one sees that on regular surface sites Eb is 74–96 kJ mol–1/atom, 

slightly larger for Au2 than for Ag2 and Cu2. These values are not much below the 

gas phase values, De(M-M)/2. The dimer dissociation energies on Fs sites are very 

close to those on regular sites. Literature values for Cu2 [43] as well as Ag2 and Au2 

[148] on regular and Fs sites differ by at most 19 kJ mol–1/atom from our results. 

Moreover, on charged vacancies, Fs
+, the tendency to dimerize is virtually 

negligible, because open-shell Fs
+ sites interact significantly stronger with open-
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shell monatomic Cu, Ag, and Au than with the corresponding closed-shell dimers. 

Thus, one may speculate that initial cluster growth could occur via migration of 

dimers to monatomic species nucleated at Fs
+ centers.  

3.3.4 Conclusions 

We have studied in this section the adsorption of homo-atomic dimers and trimers 

of all three coinage metals on a defect-free MgO(001). We have identified most 

favorable adsorption geometries and compared the three congeners of the Cu 

subgroup. The interaction of dimers and trimers with regular O2– surface sites is 

mainly due to weak atomic polarization (somewhat stronger in the case of Au2), 

counteracted by Pauli repulsion, just as concluded earlier for adsorption of single 

atoms [26,30]. The most stable geometries were found to be similar to those in the 

gas phase with the metal particle in upright orientation with respect to the surface. 

The effective adsorption energy per atom decreases from dimers to trimers by 7, 12, 

and 22% for Cu, Ag, and Au, respectively. Our results for adsorbed Cu2 and Cu3 

essentially agree with the results of the periodic slab model calculations, where a 

different gradient-corrected exchange-correlation functional had been used. For the 

adsorption of Cu3, we found two additional low-lying minima with energies about 

10 kJ mol–1 higher than the lowest-energy complex; one of these additional 

complexes corresponds to the 2A1 excited state of gas-phase Cu3.  

 Binding to oxygen vacancies, to Fs sites in particular, is notably stronger than 

to regular O2– sites, for two reasons. Pauli repulsion is reduced and the electron 

density of the adsorbate as well as that of a vacancy are easier to polarize. 

Furthermore, at neutral defect sites, a notable transfer of electron density from the 

vacancy to the adsorbed metal species contributes to stronger binding. The 

frequencies of the M-M stretching vibrations are significantly reduced in the 

adsorbed species on Fs and Fs
+ sites, compared to gas-phase values, by 31–37%, and 

by 10–24% compared to dimers adsorbed on regular sites. The adsorption energies 

of Ag2 and Au2 are about 50% larger on an Fs
+ site than on a regular O2– site, 

whereas for Cu2, adsorption on Fs
+ and O2– sites is almost isoenergetic. Adsorption 
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on a neutral Fs site is 60–70% stronger for all three dimers than on a charged defect 

site Fs
+. 

 Based on calculated interaction energies, we conclude (in qualitative 

agreement with previous findings) that dimerization of adsorbed coinage atoms on 

Fs sites is not particularly favored compared to dimerization on flat terraces. 

Dimerization on Fs
+ sites, which has not been considered theoretically before, is 

clearly unfavorable. In general, cluster growth is a complicated phenomenon; it is 

significantly affected by the type of metal as well as of the type of sites on the oxide 

surface involved in the very first stage of the metal nucleation on supports. 

Therefore, high-level electronic structure calculations of adequate models are of 

special importance for providing and unraveling (often unique) information on the 

surface-mediated metal dimerization and trimerziation processes. 
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3.4 Adsorption of Cu4, Ag4 and Au4 particles on the 

regular MgO(001) surface 

 
3.4.1 Introduction 

In this section we theoretically quantify parameters of coinage metal aggregates M4 

(M = Cu, Ag, Au) adsorbed on regular sites of the MgO(001) surface. This study 

aims to identify preferred adsorption sites and geometries of deposited metal 

tetramers, to explore the nature of the metal-support bonding, and to quantify 

adsorption energies. The present section complements our study of coinage metal 

dimers and trimers on Mg(001) [39] (see Section 3.3). 

3.4.2 Computational details 

Calculations were performed at the all-electron level using the LCGTO-FF-DF 

method [150] implemented in the parallel computer code ParaGauss [151,152]. We 

employed the gradient-corrected exchange-correlation functional BP86 [139,153]. 

In calculations involving 4d- (Ag) and 5d-atoms (Au), we used a scalar relativistic 

variant based on a second-order Douglas-Kroll transformation to decouple 

electronic and positronic degrees of freedom of the Dirac-Kohn-Sham equation 

[156,185]. The Gaussian-type atomic orbital basis sets, contracted in generalized 

fashion – Cu (15s11p6d) → [6s5p3d], Ag (18s13p9d) → [7s6p4d], Au 

(21s17p11d7f) → [9s8p6d4f], Mg (15s10p1d) → [6s5p1d], O (13s8p1d) 

 → [6s5p1d] – were the same as in our previous work [37–39]. The auxiliary basis 

set utilized in the LCGTO-FF-DF method to represent the electron charge density 

for treating the Hartree part of the electron-electron interaction was constructed by 

properly scaling the s and p exponents of the orbital basis sets [150]; “polarization 

exponents” were added as geometric series with factors 2.5, starting with 0.1 for p 

and 0.2 for d exponents [150]. The resulting auxiliary basis sets were: 

Mg(15s,10r2,5p,5d), O(13s,4r2,5p,5d), Cu(15s,11r2,5p,5d), Ag(18s,13r2,5p,5d), 

Au(20s,17r2,5p,5d). 
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 Cluster models of the MgO substrate were embedded in an elastic polarizable 

environment (EPE) [34]. A specially designed QM/MM interface ensures a 

consistent description of the mutual influence of electronic and geometric changes 

of the QM cluster region and its environment relative to the regular unperturbed 

surface [34]. We employed a Mg9O9(Mgpp*)12 cluster as QM part of the system, 

modeling the regular MgO(001) surface. Here, Mgpp* labels pseudopotential centers 

Mg2+, entirely without electrons, which saturate the coordination spheres of O 

anions at the cluster boundaries [149]. To generate the environment of the QM part, 

we optimized a two-layer slab model of the MgO(001) surface at the classical MM 

level. Our tests showed differences of only 1 pm for metal-MgO distances and 2 

kJ mol–1 for the binding energies [39] compared to the results of our six-layer slab 

model [37,38]. 

 Adsorption energies, Ead, were calculated with respect to the sum of the 

corresponding spin-polarized ground-state energy of a free metal species M4 in its 

equilibrium geometry, and the energy of the relaxed MgO(001) model cluster. The 

Ead values were corrected for the basis set superposition error (BSSE) by invoking 

the counterpoise method [159]. 

3.4.3 Results and discussion  

A. Free coinage metal tetramers 

The geometries of the tetramers Cu4, Ag4 and Au4 in the gas phase were optimized 

in either tetrahedral (Td) or planar rhombus (C2v) arrangement. In all cases, the latter 

structure was found favorable (Table 3.12), in agreement with earlier calculations, 

e.g. [43,45,46,194,195,197–200]. The Td conformations of free Cu4, Ag4 and Au4 

species are less stable by 101, 92 and 110 kJ mol–1, respectively, than the 

corresponding C2v structures. For both the C2v and Td tetramers, close-shell ground 

states are stabilized with respect to the corresponding triplet states by ~60 kJ mol–1 

(C2v) and 90–110 kJ mol–1 (Td). In the most stable configurations of the M4 

moieties, the M-M distances along the edges of the rhombus are very similar to 

those of the short diagonal; hence, the M3 units are almost equilateral. 
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 The calculated dissociation energy of Cu4 species per atom, 146 kJ mol–1, is 

higher than the corresponding energies for the Cu dimer, 102 kJ mol–1, and trimer, 

112 kJ mol–1 [39], in accordance with other calculations [43]; the same trend is also 

found for Ag and Au analogs. The dissociation energy of Ag4 is calculated at 107 

kJ mol–1/atom; the corresponding edge length, 274 pm, is somewhat longer than in a 

previous study [197]. There, the dissociation energy is also higher, by 21 

kJ mol-1/atom. The dissociation energy of Au4 is essentially the same as of Cu4 

(Table 3.12) and 39 kJ mol–1/atom larger than that for Ag4. Thus, the first- (Cu) and 

third-row (Au) elements exhibit substantially stronger binding in the tetramers than 

the second-row element Ag. This trend, also noticed for coinage atom dimers and 

trimers [39], can be rationalized as follows. The M-M interactions in the Ag4 moiety 

are weaker than in Cu4 because of the larger size of the silver atoms and a 

destabilization of the Ag 5s compared to the Cu 4s orbital; the relativistic 

contraction of the Au 6s shell restores stronger M-M interactions between the gold 

atoms.  

Table 3.12. Calculated bond lengths re(M–M)  and dissociation energies per atom De/4 
of gas phase tetramers M4 (M = Cu, Ag, Au) in the most stable rhombic structure. 

a

M4 State Study re(M–M), pm De/4, kJ mol  –1

Cu4 1A1 this work 239 (228) 146 

  literature 232 , 230 , 245   b  c  e 148 , 147 , 153 , 126   b  c  d  e

 3A2 this work 234 (261) 131 
     

Ag4 1A1 this work 274 (262) 107 
  literature 258   f 128   f

 3A2 this work 269 (309) 92 
     

Au4 1A1 this work 268 (263) 146 
  literature 270   g 168   h

 3A2 this work 264 (311) 130  
a The short diagonal interatomic distance of the rhombus is shown in parentheses. 

 Ref. [45]. Ref. [200]. Ref. [191]. Ref. [43]. Ref. [195]. Ref. [194]. e  f  g  b c  d  
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B. Adsorption of tetramers on a regular MgO(001) 

We considered three different orientations of the coinage metal tetramers with 

respect to the MgO(001) surface: two upright geometries, where the rhombus is 

attached to the substrate by two (Figure 3.6, mode A) or one atom M (mode B) and 

a moiety lying parallel to the surface (mode C). Throughout, Cs point group 

symmetry constraints were imposed. The calculated observables for the optimized 

adsorption complexes are collected in Table 3.13. 

 An upright geometry of supported Cu4 species, with two Cu atoms 

coordinated to two O anions (mode A), is most stable. The rhombus Cu4 is slightly 

distorted, with edges of 257, 232, 235 and 243 pm; the short diagonal is 234 pm. 

The largest distortion compared to the gas phase (from 239 to 257 pm, Table 3.12 

and 3.13) occurs on the edge which directly contacts the surface anions. This 

elongation of the Cu–Cu bond can be attributed to the significant lattice mismatch 

between the MgO surface and Cu (Ag, Au) particles: the nearest O–O distance in 

the substrate, 299 pm (optimized with EPE approach compared to the experimental 

distance of 298 pm for the bulk), is notably longer than M–M distances in any of the 

coinage metal tetramers under scrutiny. Two bonds formed by Cu4 with the O 

anions are 196 pm (central O in the Mg9O9 cluster) and 205 pm (the nearby O 

anion). The adsorption energy of this complex is calculated at 191 kJ mol–1. These 

data are very close to those of Musolino et al. [46], obtained with the Car-Parrinello 

approach and the PW91 xc functional for adsorption mode A: edge lengths of 257, 

234, 237, and 242 pm, Cu–O distances of 201 and 207 pm, and an adsorption 

energy of 184 kJ mol–1. Recently, Del Vitto et al. [43] reported similar geometries 

for Cu4 adsorbed on MgO using the hybrid B3LYP functional: 264 and 235 pm for 

edges and 230 pm for the short diagonal. The corresponding adsorption energy, 220 

kJ mol–1, is somewhat larger than the present BP86 value, probably because no 

BSSE correction was applied [43].  

 Adsorption mode B, where Cu4 is attached to the surface via a single metal 

atom, is 44 kJ mol–1 less stable than mode A. The Cu–O bond length is 190 pm and 

the Cu–Cu distance in the upright direction is 229 pm. This structure is very similar 

to the upright orientation of the Cu2 moiety on MgO(001) [39], which featured 192 
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pm for Cu–O and 226 pm for Cu–Cu. Earlier calculations [46] yielded a shape of 

adsorbed Cu4 similar to our mode B. 

 

Figure 3.6. Sketches of three modes of M4 (M = Cu, Ag, or Au) species adsorbed on the
regular MgO(001) surface. Black, large white, small white, and light gray spheres
indicate O, Mg, Mg , and M atoms, respectively. pp*

 In mode C, Cu4 is oriented parallel to the MgO(001) surface with an average 

height of 212 pm. As shown in Figure 3.6, mode C, the planarity of the adsorbate is 

slightly distorted due to interactions with the oxide substrate. This structure exhibits 

significantly longer Cu–O distances than modes A and B: two Cu atoms are bound 

to the central O anion (279 pm) and the other two Cu atoms form pair-wise contacts 
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with the next-nearest neighboring anions, at 306 and 312 pm. All these distances are 

too long to be referred to as real “bonds”. Apparently, mode C is not optimal for 

efficient interactions with surface anions, which is consistent with the rather low 

computed adsorption energy, 84 kJ mol–1 only. The latter value is about twice larger 

than a previously reported value, 44 kJ mol–1 [201], where C4v symmetry was 

Table 3.13. Calculated properties a of the adsorption complexes M4/MgO(001), M = Cu, 
Ag, Au. 

 M Mode A Mode B Mode C 

r(M–M)  Cu 232, 235, 243, 257 

234   b

239 (×4)  

229   b 

247 (×2), 248 (×2)  

227   b 

 Ag 264, 268, 281, 288 

268   b 

272 (×2), 276 (×2)

264 b  

276 (×4)  

269 b  

 Au 256, 260, 272, 301 

278   b 

265 (×2), 277 (×2) 

260   b 

271 (×4)  

269   b 

∠M-M-M Cu 57, 58, 119, 126 57 (×2), 123 (×2) 56 (×2), 124 (×2) 

 Ag 58 (×2), 120, 124 58 (×2), 121, 124 58 (×2), 122 (×2) 

 Au 59, 63, 113, 125 57 (×2), 118, 128 60 (×2), 120 (×2) 

r(M–O) Cu 196, 205 190, 316, 317 279 (×2), 306, 312 

 Ag 227, 232 225, 364 (×2) 275, 276 (×3), 297 (×2) 

 Au 220, 222 216, 362 (×2) 277, 280, 294 (×2), 296 (×2) 

r(M–Mg) Cu 282 (×2), 289 (×2), 

297 (×2) 

289 (×4) 273 (×2), 277 (×2) 

 Ag 307 (×2), 308(×2), 

319 (×2), 326 (×2) 

312 (×4) 304 (×2), 305 (×2), 320 (×4) 

 Au 294 (×2), 297 (×2) 307 (×2), 310 (×2) 303 (×4), 319 (×2), 320 (×2) 

Ead Cu 191 147   84 

 Ag 112   96   58 

 Au 216 158   66 

a Interatomic distances in pm, angles in degree, adsorption energies in kJ mol .  –1

b The fifth M-M distance is the short diagonal of the (distorted) rhombus M4.  
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imposed (implying a “lying” square rather than an upright rhombic geometry) in 

combination with embedding in a mere array of point charges. After lowering the 

symmetry and employing an advanced EPE embedding [34] in the present work, the 

cluster gained ~40 kJ mol–1 in adsorption energy. Note that in Ref. 201 the complex 

reminiscent of mode C exhibited a triplet electronic state, whereas a closed-shell 

complex is presently found. According to periodic calculations [45], not perfectly 

planar Cu4 lies ~214 pm above the MgO(001) surface and the adsorption energy 88 

kJ mol–1 almost coincides with the value obtained here. 

 The adsorption complexes of Ag4 and Au4 (Table 3.13) are quite similar to 

the Cu4 complex considered above in detail. Mode A is most stable, closely 

followed by mode B, whereas mode C clearly exhibits the weakest binding to the 

surface. Ag and Au atoms are larger than Cu, but not large enough to compensate 

the considerable mismatch between the nearest-neighbor distance of the MgO(001) 

surface and optimum M–M distances in supported Agn and Aun species. 

 Similar to single metal atoms [26,30,38] as well as dimers and trimers [39], 

Ag4 tetramers form the weakest bond with the MgO(001) surface among the 

coinage metal analogs. For the most stable adsorption mode A, the edge Ag–Ag 

distances are 268, 264, 281, 288 pm and the short diagonal of the (distorted) Ag4 

rhombus is 268 pm, deviating only slightly from the gas phase value. Ag4 binds via 

its two Ag atoms to the central and nearby O anions, with bond lengths of 227 and 

232 pm, respectively. The calculated adsorption energy is 112 kJ mol–1. For mode 

B, with an Ag4 rhombus attached to the surface via a single Ag atom, the adsorption 

energy is smaller, but only by 16 kJ mol–1; the Ag–O distance is 225 pm. In the 

same way as for Cu, mode C is again least stable, with a binding energy of 58 

kJ mol–1. In the previous study [40], where only modes B and C were considered, 

cluster models of the substrate were embedded in a large array of point charges. 

This resulted in calculated adsorption energies of 76 and 48 kJ mol–1, respectively. 

Thus, application of the EPE approach [34] to the Ag4/MgO(001) system, which 

represents a very weakly bound case, increases the adsorption energy by 10–20 

kJ mol–1.  
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 For adsorption of a Au4 moiety on MgO(001), no previous information was 

available neither from theoretical nor experimental studies. Similarly to the Cu4 and 

Ag4 systems, mode A is most stable, with an adsorption energy of 216 kJ mol–1, 

while modes B and C are less stable by 58 and 150 kJ mol–1, respectively (Table 

3.13). For mode A, the edge Au–Au distances are 301, 256, 260, and 272 pm, with a 

short diagonal distance of 278 pm. The Au–O distances to the central and nearby 

surface O anions are 220 and 222 pm, respectively.  

 Comparing the adsorption energies of the three tetramers, we find that the 

Au4 species in the most favorable configuration binds to the oxide surface stronger 

than the Cu4 and Ag4 analogs do, in agreement with our findings for dimers and 

trimers of these elements supported on MgO(001) [39]. We also conclude that for 

all three elements the adsorption energy per atom decreases when increasing the 

size of metal particles (in kJ mol–1): Cu (66 dimer, 61 trimer, 48 tetramer), Ag (40, 

35, 28) and Au (82, 64, 54). This is not surprising since only two atoms of M4 

particles actually participate in bonding to the surface while the adsorption energy 

per atom is divided by four. If we compare the consistent adsorption modes, where 

the dimer, trimer and tetramer are bound to the surface via a single atom M (mode C 

for dimers and trimers of Ref. 39 and mode B for tetramers of the present study), we 

see that the total adsorption energies for species with different number of metal 

atoms are rather similar (in kJ mol–1): Cu (132 dimer, 153 trimer, 147 tetramer), Ag 

(80, 90, 96), Au (162, 168, 158). The most stable adsorption complex of trimers 

(mode B [39]) also binds to the MgO(001) surface by two metal atoms and 

therefore it is comparable to the mode A of tetramers if the adsorption energy is 

calculated per interacting metal atom, i.e. per two atoms in this case (in kJ mol–1): 

Cu (92 trimer, 96 tetramer), Ag (53, 56), Au (96, 108). This analysis shows that 

similar adsorption modes of dimers, trimers and tetramers yield similar adsorption 

energies. 

 By combining the present results with those of the previous systematic 

studies on metal atoms, dimers, and trimers on MgO [37–39] (see Section 3.1–3.3), 

we can estimate the propensity of small deposited aggregates to coalesce to 

tetramers. The reactions 2M2(ad) → M4(ad) are accompanied by energy gains of 
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103 (Cu), 56 (Ag), and 32 kJ mol–1 (Au). These values are notably smaller than the 

reaction energies for the corresponding metal particles in the gas phase, 172, 103, 

and 143 kJ mol–1. Thus, the substrate counteracts sintering in a significant fashion, 

despite that two adsorbed dimers together have the same number of M–O bonds 

(two) as an adsorbed tetramer. The reactions M3(ad) + M1(ad) → M4(ad), resulting 

in a change from two open-shell “reactants” to a closed-shell “product”, are more 

favorable than the dimerization of adsorbed dimers, despite that one relatively 

strong M–O bond is lost. The energy gains are 163, 146, and 164 kJ mol–1, for Cu, 

Ag and Au respectively. The recombination of trimers with single atoms in the gas 

phase again in even higher energy gains of 246 (Cu), 186 (Ag) and 235 kJ mol–1 

(Au), because pairing of electrons yields a strong bond between the two moieties 

without the expense of destabilizing a moderately strong bond with the support. 

 Concerning the character of the metal-oxide bond, it was shown already for 

single coinage metal atoms that the driving force of their interaction with the regular 

MgO(001) is polarization of electronic shells of metal species by the electrostatic 

field of ionic substrate [26,30]. The upright orientation of the coinage dimers, 

trimers and tetramers adsorbed on MgO(001) also indicates that the interaction is 

dominated by polarization contributions. Evidently, the upright orientation enhances 

polarization of cluster orbitals compared to the structure where metal species is 

parallel to the surface. As polarization effects are weak, the structure of the coinage 

metal tetramers is only slightly affected by adsorption. Indeed, for each element 

under study, the energy per adsorption bond (~100 kJ mol–1 for Cu4 and Au4, and 56 

kJ mol–1 for Ag4) is about 40–50 kJ mol–1 smaller than the binding energy of a metal 

atom in the corresponding tetramer in the gas phase (146 kJ mol–1 for Cu and Au, 

107 kJ mol–1 for Ag). Taking into account the significant lattice mismatch between 

MgO(001) and coinage metals (not only different interatomic distance, but different 

lattice symmetries as well), one can hardly expect any ordering of adsorbed coinage 

metal species on MgO(001). The above trends are clearly manifested already for 

particles of 3–4 atoms and one can expect that consideration of larger deposited 

coinage species will not bring much new information regarding the adsorption 

peculiarities on the regular (defect free) terraces of the MgO support. However, 
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point or extended defects, resulting in considerably enhanced interactions with the 

oxide support [37], will be particularly important for parameters of small deposited 

metal particles. 

3.4.4 Conclusions 

In the present section, the adsorption properties of Cu4, Ag4 and Au4 clusters 

deposited at the regular MgO(001) surface were characterized by means of density 

functional approach using accurately embedded cluster models. In the gas phase, all 

three tetramers were calculated to exhibit a planar rhombic structure with a closed 

electronic shell. Geometries of the supported tetramers were found to be similar to 

those in the gas phase, i.e. the rhombus structure experiences only minor distortions 

due to interactions with the surface. All three tetramers favor the same adsorption 

mode, namely an upright orientation of the metal particle, perpendicular to the 

surface, with two metal centers attached to the surface oxygen anions. Such an 

upright adsorption mode has already been obtained for coinage dimers and trimers 

on MgO(001) [39] (Section 3.3) and rationalized by the fact that the interaction of 

coinage metal particles on regular sites of the ionic oxide is primarily of 

polarization character. Our results for adsorbed Cu4 essentially agree with the 

results of periodic slab model DF calculations [45,46]. Similarly to the dimer and 

trimer complexes, Au4 exhibits the strongest adsorption on MgO(001), followed by 

Cu4 and Ag4. The significant lattice mismatch between the MgO(001) surface and 

the metal particles appears to be an important factor for governing the adsorption 

mode (and orientation) of the latter. Because interaction with the surface is weaker 

than interatomic interactions within the metal species, the morphology of the 

coinage metal particle remains unchanged under adsorption at a defect-free 

MgO(001) surface. The propensity of small supported metal particles to dimerize, 

giving adsorbed tetramers, has been quantified and rationalized. 
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Chapter 4 

 

Studies of Metal Nanoparticles Relevant to 

Catalysis  

 

4.1 Adsorption of carbon on Pd clusters of nanometer 

 size 

 
4.1.1 Introduction 

During the catalytic conversion of organic molecules, often atomic carbon moieties 

are generated and deposited on transition metal particles as impurities, affecting the 

performance of a catalyst or even poisoning it. For instance, the decomposition of 

methanol via the C–O bond breaking channel on an oxygen precovered Pd(110) 

single-crystal surface [202] and on supported ordered palladium nanoparticles [54] 

leads to the formation of adsorbed carbon. Recently, it was concluded that carbon 

(and accompanying hydrocarbon CHx) species preferentially block defect sites, such 

as particle edges and steps [54], of ordered Pd crystallites which had been grown on 

alumina films and exhibited a well-faceted truncated fcc structure with a large 

fraction of (111) facets [203–205].These findings imply a propensity of C (and/or 
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CHx) to form stronger bonds with sites located in the vicinity of edges than at 

regular sites of interior terrace regions of Pd nanoparticles. 

 Atoms of light elements, e.g., C, O, and H, appear to be sufficiently small so 

that, under certain experimental conditions, they even are able to penetrate into the 

subsurface region of transition metal samples and preferentially occupy interstitial 

positions, e.g., between the two outmost layers of metal atoms. Previously, the 

problem of subsurface light-element atoms on Pd had been addressed in a 

computational study [206]; there it was found that migration of surface H and C 

atoms located on threefold hollow sites of Pd nanoparticles into the underlying 

interstitial subsurface positions is thermodynamically and kinetically feasible, 

whereas O or N atoms prefer sites at the surface. For carbon this trend to occupy 

subsurface sites is even somewhat stronger than for atomic hydrogen, when 

octahedral interstitial sites are considered, but hydrogen may also occupy 

tetrahedral sites. Therefore, higher impurity concentrations can be obtained for 

H/Pd than for C/Pd [206]. 

 To the best of our knowledge, up to recently there was no high-level 

theoretical investigations reported on details of the adsorption bonding of atomic C 

on various sites exposed by Pd nanoparticles representing so-called “model 

catalysts” [1,16] (see Chapter 2). These particles are prepared in the form of ordered 

well-characterized nanosize clusters on thin-film alumina (and other oxide) supports 

in a controlled fashion [1,16]. In this way, the complexity of such model catalysts is 

significantly reduced compared to real (industrially used) catalysts, but the diversity 

of the exposed active surface sites remains essentially unchanged. 

 Our present first-principles DF study aimed at quantifying computationally 

various observables of adsorption complexes of atomic carbon on a broad range of 

surface sites which are featured by well-ordered Pd nanoparticles that contain about 

50–150 metal atoms and have diameters of 1–2 nm [55]. We characterized for the 

first time C–Pd interactions for a series of conceivable adsorption sites structurally, 

energetically, and with regard to the adsorbate-substrate charge rearrangement. In 

the following, we report these results and we discuss implications for the diffusion 

properties of C species on Pd nanoclusters as well as for the above mentioned 
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experimental results on blocked active sites in the catalytic reaction of methanol 

decomposition [54]. Furthermore, we also outline here the consequences of the 

deposition of C atoms on the adsorption properties and reactivity of the metal 

nanoparticles. This was probed by co-adsorption of CO molecules. 

 A central aspect of the work described in this section is that it is based on the 

recently proposed strategy to model both extended metal surfaces [62] and surface 

irregularities such as edge, step and kink sites [61] in the frameworks of a cluster 

approach, relying on three-dimensional symmetric nanoparticles which are 

terminated by low-index surfaces. It was demonstrated that in the case of a 

moderately strongly bound CO probe such cluster models of already ~80 Pd atoms 

describe various adsorption properties of the Pd(111) surface (including the 

adsorption energy) in quantitative fashion [62]. With this strategy, it was possible to 

unravel bonding and vibrations of CO molecules adsorbed at Pd [61,62] and PdZn 

[56] nanoclusters and to clarify the location of light atom elements in the subsurface 

region of Pd nanoparticles [206]. It remained to be validated that Pd nanoclusters of 

that shape and nuclearity range also allow one to reach size convergence for all 

calculated adsorption parameters, including such a delicate observable as the 

adsorption energy, even for very strongly adsorbed C species. This will be 

successfully shown in the following, thus extending the application area of the 

novel computational strategy to investigate surface properties of transition metal 

single-crystal and polycrystalline materials by employing three-dimensional cluster 

models.  

 Another important extension of the computational strategy based on 

nanocluster models is used here for the first time, namely, a reduction of the cluster 

symmetry from Oh to that of the point group D4h. The demonstrated feasibility of 

such reduced-symmetry calculations of adsorption complexes on the nanosize 

clusters opens the opportunity to investigate less symmetric adsorbates, more 

general adsorption sites, and a decreased surface coverage. The capability to treat 

nanoclusters under reduced symmetry is a crucial prerequisite for modeling 

chemical reactions on metal catalysts with the present cluster strategy, where in 
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general adsorption complexes have to be modeled without any local symmetry 

constraint. 

 The section is organized as follows. In Subsection 4.1.2 we outline (4.1.2 A) 

our computational procedure and describe (4.1.2 B) the cluster models employed. 

The results are presented in Subsection 4.1.3. We discuss (4.1.3 A) cluster size 

effects on adsorption properties of the Pd(111) surface, calculated for strongly 

bound C species on models with bulk-terminated and relaxed geometry. We 

describe (4.1.3 B) the site dependence of the structure, chemical bonding, and 

energetics for C adsorbates on the high-symmetry Oh substrate cluster Pd140. 

Furthermore, we present (4.1.3 C) the same adsorption parameters of C, but 

calculated on the D4h cluster Pd116; with these data, we delineate the most favorable 

adsorption positions of atomic carbon moieties on Pd nanoparticles and we discuss 

the experimentally derived models for C blocking of particular sites on Pd model 

catalyst particles. Subsection 4.1.4 is devoted to the influence of C deposits on 

octahedral Pd140 moiety on the co-adsorption of probe CO molecules [225]. Finally, 

in Subsection 4.1.5, we summarize our results and give a brief outlook on modeling 

the reactivity of supported transition metal catalysts. 

4.1.2 Computational details and models  

A. Method of calculations 

The calculations were performed at the all-electron level using the LCGTO-FF-DF 

method [150] as implemented in the parallel code PARAGAUSS [151,152]. 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 Dirac–Kohn–Sham equation [155,156]. Self-consistent 

solutions of the Kohn–Sham equations were obtained within the local density 

approximation (LDA; Vosko-Wilk-Nusair (VWN) parametrization [207]). 

Adsorption energies were determined by evaluating in a generalized-gradient 

approximation (GGA, using the Becke-Perdew 1986 (BP86) exchange-correlation 

functional [139,153]) for the self-consistent LDA electron density; this combined 
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computationally strategy is economic, yet sufficiently accurate [208]. In some cases, 

we also used the Perdue-Wang 1991 (PW91) [162] GGA functional for comparison.  

 As previously in calculations of our group [56,61,62,206], a (17s,11p,8d) 

Gaussian-type orbital basis set [209] for Pd was extended by one s (0.0135), two p 

(0.0904 and 0.0214), and one d (0.097) exponents; the final primitive basis set was 

contracted to [7s,6p,4d] using generalized contractions, based on relativistic VWN 

atomic eigenvectors. In the LCGTO-FF-DF method, the classical Coulomb 

contribution to the electron-electron interaction is evaluated by representing the 

electron density with the help of an auxiliary basis set [150]. The exponents for s 

and r2 type functions of this “fit basis” were generated from the orbital basis by a 

standard procedure [150], we added five p- and d-type “polarization” exponents 

each which were chosen as geometric series with factor 2.5, starting at 0.1 and 0.2 

a.u., respectively. For Pd, the auxiliary basis set was of the size (17s,6r2,5p,5d). C 

and O atoms were described by the orbital basis set (14s,9p,4d) [210] using the 

original generalized contraction [6s,5p,2d] and by an auxiliary charge density basis 

set of the form (14s,9r2,5p,5d) with the same polarization exponents as for Pd. 

 Spin averaging introduces only marginal errors for the structure and 

energetics of palladium nanosize clusters [211]. Already for Pd85, this holds also for 

the cohesive energy, which is altered by merely 0.5 kJ mol–1 when spin-polarization 

is accounted for [211]. We found that spin polarization affects the adsorption energy 

of C on threefold hollow sites of a Pd85 cluster by less than 1 kJ mol–1; an even 

smaller effect is expected for the adsorption on larger Pd clusters. Therefore, in the 

following, we will discuss only results for Pdn and PdnCm systems obtained in spin-

restricted fashion. The C references in calculations of adsorption energies were 

always treated in spin-polarized fashion invoking the mean-field approximation 

where the two unpaired electrons are evenly distributed over the 2p shell; the same 

configuration has been also used in the comparative periodic calculations. The 

technique of fractional occupation numbers [150] (with a Gaussian level broadening 

of 0.1 eV) was applied for Pdn and PdnCm systems to ensure convergence of the self-

consistent field process. In nanosize d-metal clusters such as those studied here, the 

Kohn–Sham levels commonly are so dense near the Fermi level that the typical 
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energy splitting is as small as 0.01 eV, less than the value of kT at room 

temperature. Thus, locating the proper ground state, defined by integer occupation 

numbers, becomes a formidable, if not futile task.  

 

Figure 4.1. Sketches of the octahedral clusters Pd55, Pd79, Pd85, Pd116, Pd140, and Pd146

selected to study the size sensitivity with respect to single C adsorption complexes at
threefold hollow sites in the center of the (111) facets. 

 For nonoptimized Pd clusters, we used a bulk-terminated geometry with the 

experimental Pd–Pd distance of 275 pm [212]. When explicitly mentioned, 

geometry optimization of a bare Pd cluster (subject to Oh symmetry constraints) was 

performed at the LDA level, invoking a quasi-Newton algorithm and analytical 

forces [213,214]. While LDA yields realistic geometric (and vibrational 

spectroscopy) parameters, GGA in general is considered to improve energy values 

[189,215–217]. When probing adsorption properties, we kept the geometry of 
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Pdn clusters fixed (with one exception, see below) and optimized only the height of 

adsorbed C atoms, positioned according to the symmetry groups Oh or D4h. For that, 

Pd–C distances were varied until the changes were below 0.5 pm, using VWN 

energies. In a similar fashion, variation of Pd–C and C–O bond lengths of CO 

molecules, co-adsorbed with C atoms on Pd140 cluster have been performed in these 

calculations. The geometry of the Cn–Pd140 fragments was kept frozen, as optimized 

without the presence of CO (More details on calculations of adsorption complexes 

with CO can be found elsewhere [61,62]. We corrected the adsorption energy for 

the basis set superposition error (BSSE) via the counterpoise technique [159]. The 

BSSE corrections for the atomic C reference due to the presence of the basis set of 

the Pd substrate cluster ranged from 1.0 to 1.7 kJ mol–1, depending on the method 

 

Figure 4.2. Sketches of the cluster Pd140 (Oh) with C atoms adsorbed in various
positions (see Table 4.2): a, µ4-C6 on Pd(100) facets; b, µ3-C8 on Pd(111) facets; c, µ2-
C12 on Pd edge sites; d, µ3-C24 on Pd(111) facets; e, µ2-C24 on Pd(111) facets; f, on-top-
C24 on Pd(111) facets. 
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(individual atom or symmetrized C8 cluster); we approximated this correction by an 

average value of 1.5 kJ mol–1. BSSE corrections to the energies of the Pd clusters 

brought by the flexible orbital basis sets of C adsorbates are more significant, of the 

order 20 kJ mol–1 per C atom. They were calculated for each Cm/Pdn system in a 

straightforward symmetrized way, taking individual positions of the adsorbed Cm 

species into account. To characterize chemical bonding in the adsorption systems 

studied, we computed potential-derived charges that reproduce the electrostatic field 

outside the clusters [170]. Only the charges of adsorbates and Pd atoms constituting 

the outer two layers of the nanoclusters were used to fit the electrostatic potential 

that is determined essentially by the charge distribution of the surface part of the 

systems; the charges of the remaining atoms in the cluster core were set to zero. 

B. Cluster models 

A series of substrate clusters – Pd55, Pd79, Pd85, Pd116, Pd140, and Pd146 (Figure 4.1) –

, cut out from the fcc structure of bulk Pd by low-index planes, has been chosen to 

analyze the cluster-size sensitivity of the calculated observables. These nanoscale 

metal particles expose (111) and (100) facets along with the corresponding edge 

sites and exhibit diameters ranging from ~1.1 nm (Pd55) to ~1.9 nm (Pd146). In the 

electronic structure calculations of these highly symmetric (Oh) clusters, one has to 

deal with a rather moderate number of symmetry-nonequivalent Pd centers. Such 

three-dimensional clusters contain a significantly larger fraction of metal atoms 

with high coordination numbers compared to “planar” cluster models, commonly 

used in chemisorption studies [218,219]. Boundary metal atoms of such 

conventional cluster models (featuring artificially low coordination) are the source 

of inaccuracy in calculations of chemisorption complexes, whereas boundary atoms 

of the clusters studied in this work are described much more realistically [62]. 

 The clusters Pd55, Pd79, and Pd85 exhibit a fcc adsorption site in the center of 

each of their eight (111) facets. Similarly, the clusters Pd116, Pd140, and Pd146 expose 

a hcp site in the center of their (111) facets. In the cluster-size convergence studies 

(Subsection 4.1.3 A), adsorbed C moieties were positioned over these central sites. 

This and other conceivable adsorption sites of atomic C were compared using the 
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substrate model Pd140 (Figure 4.2, Subsection 4.1.3 B). Finally, to scrutinize more 

general adsorption positions and to reduce the repulsion between coadsorbed C 

(which may occur if positions close to cluster edges are considered; Figure 4.3), we 

studied complexes on the substrate cluster Pd116, relaxing the symmetry constraints 

according to point group D4h (Subsection 4.1.3 C). 

4.1.3 Clusters with deposited atomic carbon species 

A. Cluster-size sensitivity of adsorption parameters  

As already mentioned in Section 4.1.1, it has been demonstrated in CO adsorption 

studies on threefold hollow sites of Pd nanoclusters that “three-dimensional” 

models enable rather fast convergence of various adsorption parameters, including 

also the adsorption energy which has long escaped a reliable representation with 

cluster models. (Incidentally, the adsorption energy was calculated essentially equal 

for fcc and hcp surface CO species on Pd [62].) Moreover, those “converged” 

values accurately represent the corresponding properties of adsorption complexes 

on threefold hollow single-crystal Pd(111) sites of both fcc and hcp types as 

determined in periodic slab-model calculations [62]. Atomic C adsorbates are bound 

much stronger on Pd nanoclusters [206] than CO probes and they cause a more 

pronounced adsorbate-substrate rearrangement of the electron density [62]. The 

present subsection is mainly devoted to examining whether, as previously assumed 

[206], C adsorbates exhibit a similarly rapid cluster-size convergence as CO probes.  

 Table 4.1 presents the calculated results for adsorption complexes of C 

moieties, over the center of each of the eight (111) facets of the Oh clusters Pd55, 

Pd79, Pd85, Pd116, Pd140, and Pd146, considered in Pd bulk-terminated geometry. 

 One can immediately see that the optimized nearest-neighbor Pd–C distances 

are very stable for all adsorption complexes, 185.5±1.0 pm. [Note that on the basis 

of covalent radii (according to Pauling) of Pd, 128 pm, and of C, 77 pm, one 

estimates a much longer distance, r(Pd–C) = 205 pm.] The deviations induced by 

the cluster-size alteration are even a bit smaller than those previously calculated for 

CO molecules adsorbed on the same cluster surface sites [62]; this is in line with the 
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weaker Pdn–CO bonding. Thus, calculated bond distances yield a first indication for 

the fast size convergence of adsorption parameters.  

Table 4.1. Cluster-size dependence of calculated observables for complexes of eight C 
atoms adsorbed on three-fold hollow fcc or hcp sites (µ3-C8) in the center of the (111) 
facets of Oh Pdn clusters with Pd–Pd distances fixed at the experimental value 275 pm 
for Pd bulk. r(Pd-C) – interatomic distances to the nearest neighbor Pd atoms optimized 
at the LDA-VWN level, z(C) – height of the atom C over the (111) facet, De –
adsorption energy per C atom, evaluated for a GGA (BP86 or PW91) exchange-
correlation functional with the VWN self-consistent electron density and corrected for 
the basis set superposition error (~10 kJ mol–1). 

  fcc    hcp   

 Pd55 Pd79 Pd85 Pd116 Pd140 Pd146 

r(Pd-C), pm 184.7 186.5 185.5 185.0 185.5 185.5 

z(C), pm 94.4 97.8 95.9 95.0 96.0 95.9 

De(BP86), kJ mol–1 624 639 635 657 636 632 

De(PW91),a kJ mol–1 643 658 655 677 657 651 
a) For comparison, PW91 adsorption energies of atomic C on a four-layer slab-model at 

1/9 coverage were calculated in single-point fashion with r(Pd–C) = 185.5 pm and 
r(Pd–Pd) = 275 pm: 641 kJ mol–1 (fcc) and 648 kJ mol–1 (hcp). The corresponding 
values at 1/4 coverage were about 20 kJ mol–1 lower. 

 Most critical with regard to cluster-size convergence, however, is the 

behavior of computed binding (adsorption) energies. The adsorption energies per C 

atom for the most extended, thus likely most realistic, models fcc µ3-C8–Pd85 and 

hcp µ3-C8–Pd146 were calculated essentially equal (Table 4.1): 635 and 632 kJ mol–1 

(BP86), 655 and 651  kJ mol–1 (PW91), respectively. The differences among the 

sites are 3–4 kJ mol–1, i.e., less than chemical accuracy, often assumed to be 5 

kJ mol–1. Not unexpectedly [62,220], the PW91 adsorption energies are larger than 

the corresponding BP86 values. The next smaller members of the benchmark cluster 

series, fcc µ3-C8–Pd79 and hcp µ3-C8–Pd140, exhibit adsorption energies that differ 

only insignificantly from the values of the former systems.  

 For CO, the complex on the central fcc site of the cluster model Pd55 was 

calculated to be considerably weaker bound (by more than 15%) compared to larger 
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models studied, indicating that the model Pd55 is not large enough to furnish reliably 

converged adsorption energies; the smallest model reaching convergence for fcc 

sites was Pd79 [62]. Similarly, we calculated a somewhat smaller adsorption energy 

for the fcc µ3-C8–Pd55 complex than for the Pd79 and Pd85 analog (Table 4.1). 

However, this energy decrease, only 10–15 kJ mol–1 or 2%, is much less (in relative 

terms) than it was for the CO complexes [62]. The C adsorption energy of the 

smallest model of hcp complexes, µ3-C8–Pd116, is ~25 kJ mol–1 (or 4%) larger than 

that of the larger hcp models; this deviation is comparable with the corresponding 

energy increase for adsorbed CO on Pd116, ~5 kJ mol–1 (or 3%) [62]. In general, the 

range of calculated adsorption energies for C species in Table 4.1, 640±17 kJ mol–1 

(BP86) and ~660±17 kJ mol–1 (PW91), is sufficiently narrow to consider any of the 

substrate models as essentially converged, also regarding the adsorption energetics. 

Only when a particularly accurate energy values are required (anyhow a very 

difficult problem for various technical reasons of DF calculations, see, Ref.221), 

one may need to switch to larger models, Pd79 and Pd140. 

 The next important question is, how accurate adsorption energies of C 

species on such converged cluster models (treated at bulk-terminated geometry) 

represent the adsorption energetics on regular sites of Pd single crystals, in our case 

fcc and hcp sites on Pd(111). For an answer, one may resort to results of periodic 

slab-model DF calculations of the C/Pd(111) system as reference [222,223]. For this 

comparison, we invoke results obtained with the xc functional PW91. (It is crucial 

to compare results obtained with the same xc functional [143].) For a coverage θ = 

1/9, the adsorption energy on 3-fold sites was calculated (with k-points 5×5×1) to be 

almost equal: 641 kJ mol–1 (fcc) and 648 kJ mol–1 (hcp). (Note that at θ = 1/4 the 

lateral repulsion between adsorbed species reduces the calculated adsorption energy 

by ~20 kJ mol–1.) Apparently, the adsorption energies of the present model cluster 

calculations are in good agreement with results of the slab-model calculations. This 

holds despite the fundamental methodological differences between the cluster code 

PARAGAUSS and codes imposing periodic boundary conditions; we mention in 

particular the all-electron scalar relativistic description based on localized basis 

functions in our method [155,156] and the plane-wave representation of orbitals in 
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the slab model calculations. Regarding predictions of experimental adsorption 

energies, which are unfortunately not yet available from the literature, one should 

note that the xc functional BP86 is also known to overestimate binding energies 

(although, in general to a smaller degree than the PW91 functional), whereas 

adsorption energies calculated with the more recently developed functional (PBEN) 

by Perdew-Becke-Ernzerhof, revised by Nørskov et al., [154] are often more 

accurate [62,220]. 

 When aiming at a precise comparison of the calculated adsorption parameters 

with experiment, one needs to address additionally the issue of substrate relaxation: 

(i) without an adsorbate and (ii) in the presence of surface C species. However, 

when doing so, one should keep in mind that Pd clusters of sizes considered in the 

present study and completely structurally optimized with Oh symmetry constraints 

are characterized by average nearest-neighbor distances r (Pd–Pd) = 267–268 pm 

which are notably shorter than the value 273 pm, obtained by extrapolating to 

infinite cluster radius [62]. Thus, when accounting for substrate cluster relaxation, 

one would actually model adsorption interactions with clusters of a particular 

(moderately large) size instead of single-crystal surfaces or extended terraces of 

those metal particles that are commonly studied by experimentalists [1,16,54,203–

205], but are notably larger, comprising 103–104 atoms. Nevertheless, it is useful to 

investigate cluster relaxation effects, to understand more comprehensively the 

accuracy of our cluster model approach.  

 For instance, on the cluster Pd85 with its geometry fixed after relaxation, we 

calculated the adsorption energy of µ3-C moieties at 605 kJ mol–1 (BP86), i.e., 30 

kJ mol–1 (5%) lower than on the unrelaxed (bulk-terminated) cluster (Table 4.1). 

This optimized Pd85 cluster features an average metal-metal distance r (Pd–Pd) = 

267.2 pm; the Pd–Pd distance determining the adsorption sites Pd3 is rPd3(Pd–Pd) = 

270.4 pm [62]. The cluster-size effect is somewhat reduced for the larger relaxed 

cluster Pd140: De(BP86) = 611 kJ mol–1 or 25 kJ mol–1 (4%) smaller than for the 

corresponding unrelaxed cluster geometry. The relaxed structure of Pd140 is 

characterized by r (Pd–Pd) = 268.3 pm and rPd3(Pd–Pd) = 273.9 pm [62]. 

Qualitatively, adsorption energies on relaxed clusters are lower because the Pd 
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atoms affecting the bonding with C adsorbates exhibit more valence saturation due 

to shorter Pd–Pd contacts. The concomitant relaxation-induced elongation of Pd–C 

bond lengths in both systems is minor, only ~1 pm. 

 The effects of relaxing all degrees of freedom of Cm/Pdn moieties (subject to 

Oh constraints), both intrasubstrate as well as adsorbate-substrate, can be evaluated 

for the systems µ3-C8–Pd79 and µ3-C8–Pd116. Pertinent calculated characteristics are 

r (Pd–Pd) = 269.8 pm, r(Pd–C) = 187.1 pm, rPd3(Pd–Pd) = 274.8 pm, and De(BP86) 

= 658 kJ mol–1 for Pd79 and r (Pd–Pd) = 270.0 pm, r(Pd–C) = 185.8 pm, rPd3(Pd–Pd) 

= 277.3 pm, and De(BP86) = 670 kJ mol–1 for Pd116. In these cases, the adsorption 

energy (the most sensitive observable under investigation) is larger than the results 

obtained at bulk-terminated cluster geometries, but only by 15–20 kJ mol–1 (3%). 

 To conclude, the relaxation contributions to the absolute values of the 

adsorption energies of µ3-C species on Pd clusters are found to be rather small. For 

practical applications, the relative adsorption energies, computed on various sites, 

are more important. Relaxation is not expected to notably affect the relative stability 

of the adsorption complexes at the various sites. The site aspect of C adsorption will 

be examined in the following. 

B. C adsorbates on various sites of the cluster Pd140 

Results for adsorption complexes of atoms C on various sites of bulk-terminated 

and relaxed cluster models Pd140, computed at Oh symmetry, are collected in Table 

4.2. The systems under scrutiny include those featuring the lowest possible 

(symmetry-allowed) coverage of C adsorbates (a) at fourfold hollow sites of (very 

small) (100) facets – µ4-C6, (b) over threefold hollow sites in the centers of each of 

the eight (111) facets – µ3-C8, (c) at the bridge sites in the middle of all 12 cluster 

edges – µ2-C12. Furthermore, we also considered higher-coverage adsorption 

systems with 24 C atoms each, where the following three out-of-center sites on each 

(111) facet are occupied: (d) outermost threefold hollows – µ3-C24, (e) bridges – µ2-

C24, and (f) on-top-C24 sites (see Figure 4.2). 

 Let us first consider data calculated for relatively low-coverage adsorption 

complexes on Pd140 – with 6, 8, and 12 carbon atoms. The models with bulk-
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terminated geometry of the cluster (Table 4.2) reflect a clear propensity of the 

adsorbed atomic C moieties to favor highly coordinated sites on a Pd substrate: the 

largest binding energy at fourfold hollow sites, followed by threefold hollow sites 

and bridge sites on the edges. Relaxation of the substrate cluster reduces the 

strength of the adsorbate-substrate interaction for all three types of sites, in line with 

Table 4.2. Observables calculated for the adsorption complexes of C atoms on various 
sites of unrelaxed and relaxed octahedral clusters Pd140 (see Figure 4.2). r(Pd–C) –
distance between C and the nearest-neighbor Pd atoms optimized at the VWN level, 
z(C) – height of the C atom over the plane defined by the nearest-neighbor Pd atoms, De

– adsorption energy per C atom, evaluated with the BP86 exchange-correlation 
functional and corrected for the BSSE (~20±10 kJ mol–1), q(C) and q(Pd) – potential-
derived charges of adsorbed C and the nearest-neighbor Pd atoms, respectively. The 
nearest-neighbor Pd–Pd distances were fixed at the experimental value for Pd bulk, 275 
pm. The values for the adsorption of C on the structurally relaxed cluster Pd140 (and 
fixed at that geometry) are given in italics; the Pd–Pd distances between the atoms that 
define the adsorption sites of the relaxed Pd140 cluster are 262.7 pm (µ4), 273.2 pm (µ3), 
271.3 pm (µ2). For easy reference, the reference letters to the subpanels of Figure 4.2 are 
given in the table header. 

 µ4-C6  
Pd(100) 

µ3-C8  
Pd(111) 

µ2-C12 
Pd edge 

µ3-C24  
Pd(111) 

µ2-C24  
Pd(111) 

On-top-C24
Pd(111) 

 a b c d e f 

r(Pd–C) (pm) 194.6  
195.2 

185.5 
186.4 

179.2 
179.9 

186.6 185.3 169.7 

z(C) (pm) 6.3 
59.7 

96.0 
98.7 

114.9 
118.4 

98.1 124.2 169.7 

De(BP86) (kJ mol–1) 714 
640 

636 
612 

590 
569 

516 419 398 

q(Pd)a (a.u.) 0.10 
0.34 

0.53 
0.57 

0.46
0.44 

0.64 (×2)
0.33 (×1)

0.62 0.33 

q(C) (a.u.) –1.08 
–1.14 

–1.60 
–1.52 

–1.00
–0.94 

–0.97 –0.67 –0.54 

a) Charges of Pd atoms that define the adsorption sites on the bare Pd140 cluster at bulk-
terminated geometry (values for the optimized structure in parentheses): µ4-C6

Pd(100), –0.13 (–0.10); µ3-C8 Pd (111), 0.00 (0.03); µ2-C12 Pd edge, –0.10 (–0.13); 
µ3-C24 Pd(111), –0.13(×2), 0.09 (×1) (–0.10(×2), 0.05(×1)); µ2-C24 Pd(111), –0.13 (–
0.10); on-top-C24 Pd(111), 0.09 (0.05). 
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the results discussed in Subsection 4.1.3 A. For the moieties µ3-C8 and µ2-C12, the 

relaxation effect is very modest and quite comparable in size, 21–24 kJ mol–1. Also, 

the pertinent Pd–C distances in these complexes are calculated to be altered by 1 pm 

only, compared to the corresponding complexes on the unrelaxed substrate. This is 

consistent with the rather small reduction of Pd–Pd distances between the cluster 

atoms that define the adsorption sites (and are the nearest-neighbors of the 

adsorbate): by 2 pm and 4 pm for µ3- and µ2-sites, respectively. However, the 

corresponding Pd–Pd distances of the µ4 site shrink much more, 12 pm, indicative 

of the more pronounced relaxation-induced change of the adsorption strength on 

this site. Indeed, adsorbed C species over µ4 sites of the bulk-terminated cluster, 

characterized by r(Pd–Pd) = 275 pm, have enough space to be accommodated in the 

void of the µ4 site, only 6 pm above the plane of the Pd4 moiety defining the site. 

On the relaxed cluster, C is pushed out of the void and positioned 60 pm (!) above 

the Pd4 plane. This rearrangement is accompanied by a notable reduction of the 

adsorption energy, by ~70 kJ mol–1 (or 10%). Such a pronounced effect can be 

traced back to the very small size of the fragment (only 4 Pd atoms) that describes 

the (100) terrace of the Pd140 model. However, even for the relaxed Pd substrate, the 

site µ4 is still the most favorable one and its energy preference relative to the next 

stable site µ3 remains significant, ~30 kJ mol–1. 

 Recall that experimental metal clusters (containing more than 103 atoms 

[16]), due to their size, are characterized by average nearest-neighbor Pd–Pd 

distances which are notably closer to the experimental bulk-terminated value than 

the present optimized clusters. Therefore, when aiming at studying adsorption 

properties of experimentally relevant model clusters, a geometry optimization of the 

present (still relatively small) clusters does not necessarily imply enhanced 

reliability of these relaxed theoretical models and, concomitantly, a higher accuracy 

of the corresponding calculated results. Thus, we deliberately refrained from 

considering optimized models in the following. 

 When the coverage of the Pd140 cluster is increased to C24 to accommodate 

three species at each of the (111) facets (keeping the high Oh symmetry), one gets 

an opportunity to compare regular bridge µ2 and on-top sites with threefold hollow 
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sites. The latter sites can also be compared to µ3 sites in the center of the (111) 

facets, studied at lower coverage, µ3-C8. Adsorption complexes of C at these two 

kinds of the µ3 sites of bulk-terminated substrate clusters feature very similar 

distances, differing at most by 2 pm (Table 4.2). On the other hand, adsorbed C 

species of µ3-C24–Pd140 are calculated ~120 kJ mol–1 (almost 20%) weaker bound 

than those in the lower-coverage model µ3-C8–Pd140.  

 The charge of µ3-C moieties on palladium is likely the key for rationalizing 

this notable bond weakening (Table 4.2). In fact, large (in absolute value) negative 

potential-derived charges of the adsorbates, -1.6e (µ3-C8–Pd140) and -1.0e (µ3-C24–

Pd140), are indicative of the “carbidic” nature of atomic C on Pd. For the cluster as a 

whole, one arrives at an overall electron density transfer of 23.7e from the Pd140 

moiety to the set of eight C “ligands”. Also, this dramatic redistribution of electron 

density can be cited to rationalize why the negative charge per C atom is notably 

smaller in the case of 24 C ligands than in µ3-C8–Pd140 with fewer ligands. Because 

of lateral repulsion between the three C species situated on the same (111) facet at 

interatomic contacts of 825 pm, along with the (significantly screened) repulsion 

between C species located around one (100) facet at C–C contacts of 372 and 527 

pm, one expects a notably reduced C adsorption energy in µ3-C24–Pd140 compared to 

µ3-C8–Pd140. The repulsion between C8 species of the latter system, located at 

adjacent facets at 759 pm, is apparently much weaker due to the “screening” by the 

metal particle. On-top and bridge-bound C moieties on regular (111) sites are 

clearly negatively charged as well, although the charges at these positions with 

lower coordination numbers are smaller (by absolute value). As manifested by the 

charges calculated for Pd atoms, a significant part of the electron density 

accumulated on adsorbed C atoms is withdrawn from the metal centers in the 

immediate vicinity; thus, most of the influences of the electron density transfer on 

the cluster reactivity are expected to be sufficiently local [224,225]. 

 Returning to the systems with 24 adsorbed C moieties on the Pd(111) facets, 

one can question whether a displacement of an adsorbate to the border of a facet can 

lead to any stabilization. In fact, in the series on-top-C24–Pd140 → µ3-C24–

Pd140 → µ2-C24–Pd140, the C adsorbates gradually move closer to the cluster edges 
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so that the direct “through space” C–C repulsion on one (111) facet becomes 

weaker. (Of course, there also is repulsion between adsorbates of adjacent facets, 

but that is substantially screened by the substrate.) However, the alteration of the 

electrostatic effect appears to be less pronounced along that series than the inherent 

site preference of C on Pd that favors µ3 sites over µ2 and on-top sites. Thus, in 

these models, adsorbate relocation closer to the edges of the (111) facets does not 

seem to entail an energy gain – a mechanism which has been invoked to rationalize 

experimental observations [54]. 

 

Figure 4.3. Adsorption sites of C atoms on (111) facets of the clusters Pd116 studied in
D4h symmetry (see Table 4.3). 

 The question to be answered next is how the adsorbate-substrate interaction 

is modified when the adsorbate-adsorbate repulsion is strongly diminished by 

allowing C species to appear in less-symmetric configurations on Pd nanoclusters. 

C. Migration of C species on (111) facets of the cluster Pd116 at reduced 

 symmetry  

In the models addressed, adsorbed C atoms on each of the (111) facets were forced 

to stay rather close to each other (in three general positions) due to the symmetry 

constraints. To decrease the electrostatic repulsion between these carbidic 
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adsorbates, which must be less severe on more extended Pd clusters commonly 

treated experimentally [1,16,54,203–205], one has to reduce the imposed symmetry. 

To do so, we considered the cluster model Pd116 (Figure 4.1) in lower symmetry 

D4h; like Pd140, it features both (111) and (100) facets. In these D4h models, each 

(111) facet is always occupied by only one C adsorbate. Thus, one is able to study 

the migration of a single C adsorbate in that plane perpendicular to a (111) facet, 

which comprises the median of the corresponding triangle (see Figure 4.3). 

Table 4.3. Calculated observables for C atoms adsorbed on various sites of the cluster 
Pd116 with fixed bulk-terminated structure, treated in D4h (see Figure 4.3) or Oh

symmetry. r(Pd–C) – inter-atomic distances to the nearest-neighbor Pd atoms optimized 
at the VWN level, z(C) – height of the C atom over the (111) facet, De – adsorption 
energy per C atom, evaluated with the BP86 exchange-correlation functional and 
corrected for the basis set superposition error. 

Observable 
On-top-C24 

Oh 
On-top-C8

D4h 
µ3 -C8 

D4h 
1 µ3 -C8 

D4h 
2 µ3 -C8 

D4h 
3

r(Pd–C) (pm) 169.7 169.0 190.0 185.0 184.3 

z(C) (pm) 169.7 169.0 104.4 95.0 93.6 

De(BP86) (kJ mol–1) 413 419 424 657 637 

 

 Three different µ3 positions can be examined with the help of the D4h model 

µ3-C8–Pd116 (Figure 4.3): (i) hcp µ3
2 over the center of a facet; (ii) µ3

3 over the 

nearby fcc site; and (iii) µ3
1 over the next-nearest fcc site, adjacent to the (100) facet 

and resembling the sites of model µ3-C24–Pd140 (see preceding subsection). 

Furthermore, we also inspected an on-top adsorption complex with this D4h model 

(Figure 4.3) for comparison with the higher-coverage Oh model, on-top-C24–Pd116. 

 The calculated structural parameters of the µ3-C8–Pd116 systems (Table 4.3) 

are rather close to those computed for the complexes µ3-C8–Pd140 and µ3-C24–Pd140 

(Table 4.3). The only notable elongation of a Pd–C bond (~5 pm) is found in the 

complex µ3
1-C8–Pd116, where also the calculated adsorption energy, 424 kJ mol–1, 

deviates by as much as 210–230 kJ mol–1 from the energy values of the analogs µ3
3-

C8–Pd116 and µ3
2-C8–Pd116, 637 and 657 kJ mol–1, respectively (Table 4.3); these 

values should be compared to the binding energy of 636 kJ mol–1 calculated for µ3-
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C8–Pd140. The large (relative) destabilization of the system µ3
1-C8–Pd116 probably 

reflects mainly the partial loss of Pd atoms in the second coordination sphere of the 

adsorbed C.  

 The adsorption energy of C on threefold hollow sites of µ3
1-C8–Pd116 is 

essentially equal to the value 419 kJ mol–1 calculated for C in on-top-C8–Pd116 and 

just slightly larger than that of on-top-C24–Pd116, 413 kJ mol–1. Thus, inherent 

structural features of perfectly ordered metal nanoparticles (i.e., edges formed at the 

intersection of facets) may strongly affect the adsorption propensity of nearby 

surface sites to the extent that the latter lose their intrinsic properties as sites on a 

regular metal surface. Indeed, in the above case, threefold hollow sites (which 

dominate C adsorption on the ideal single-crystal Pd(111) surface and on the 

interior of (111) facets of Pd nanoclusters) may become, when located near edges, 

much less attractive for C – comparable to the weakest sites of regular (111) facets, 

namely on-top. This is a very important result for quantifying and clarifying 

reactivity features of metal nanoparticles. Another pertinent example is CO 

adsorption on bridge-edge sites of Pd nanoparticles that became most favorable 

among a variety of adsorption positions of CO on Pd surfaces [61].  

 One can see from Table 4.2 and Table 4.3 that the complex µ3
2-C8–Pd116 with 

C located over the centers of the (111) facets, features the largest adsorption energy 

among the µ3-C-complexes we have addressed in this section. Thus, even this more 

realistic cluster model C8–Pd116 (D4h), which allows one to essentially avoid lateral 

repulsion between adsorbates, does not provide evidence that migration of adsorbed 

carbidic C species to the edges of (111) facets of Pd nanoparticles is energetically 

favored. It seems justified to assume that the electrostatic C–C repulsion in the 

models µ3
2-C8–Pd116 and µ3

3-C8–Pd116 (Figure 4.3) is indeed minor. Therefore, the 

preference of atomic C adsorbates for decorating surface sites near edges of 

supported model Pd catalysts, which was inferred in experimental studies [54], 

should be rationalized in a different fashion. Then, on the basis of the present 

studies, one may propose that C atoms occupy µ4 sites on Pd(100) facets adjacent to 

cluster edges or point defects where Pd atoms are missing, thus also allowing a high 

coordination of C adsorbates. The former mechanism seems less probable because 
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the number of Pd(100) µ4 sites was claimed to be rather small on clusters [54]. The 

latter mechanism is particularly plausible in view of the preference of C adsorbates 

for higher-coordinated surface positions on Pd, identified in this work based on 

calculated adsorption energies. This mechanism deserves to be studied further with 

cluster model calculations. 

4.1.4 CO adsorption on Pd140 cluster pre-covered by C deposits 

After considering the bonding of atomic carbon deposits on Pd nanoclusters in the 

previous subsection, the next issue is the effect of such surface pre-covering by C 

on the reactivity of the metal particles. It will be addressed in the following by 

probing the surface properties of the Pd140 cluster modified by C with respect to CO 

adsorption.  

 A strong influence of subsurface carbon atoms, Csub, in Pd nanoclusters has 

been found on adsorption parameters of probe CO molecules occupying positions 

immediately above Csub [206]. For instance, it was shown that the adsorption energy 

of these CO molecules is reduced by a factor of two compared to that on the clean 

nanoclusters and, concomitantly, the C–O frequency is shifted by ~80 cm–1. These 

findings were rationalized as a consequence of the locally withdrawn electron 

density by the Csub impurities, which reduced the propensity of Pd substrate to 

strengthen the π back donation channel of the bonding with adsorbed CO [206]. 

Relative weakening of the CO adsorption on Pd catalysts when samples were 

contaminated by carbon has also been documented experimentally [226]. 

 In contrast, STM experiments on single crystal Pd(111) terraces provide 

evidence that subsurface impurities (tentatively ascribed to atomic carbon) 

strengthen the interaction with CO molecules adsorbed nearby [227]. It was shown 

there, that at 60 K CO molecules cluster around these subsurface impurities on 

Pd(111), whereas in impurity-free areas CO molecules diffuse quickly under the 

same conditions. With regard to the above mentioned calculated and experimental 

data we will focus in this subsection on two particular questions: (i) whether any 

stabilizing effect on co-adsorbed CO molecules can also be identified for surface C 
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species on Pd and (ii) how local the influence of C deposits on the surface reactivity 

is. 

 
 

Figure 4.4. Sketches of co-adsorption complexes of C atoms and CO molecules on
cuboctahedral model clusters: a – (µ4-C)6Pd140(µ2-CO)12, b – (µ3-C)8Pd140(µ2-CO)12, c –
(µ4-C)6Pd140(µ3-CO)8, d – (µ2-C)12Pd140(µ3-CO)8, e – (µ3-C)8Pd140(µ4-CO)6, f – (µ2-
C)12Pd140(µ4-CO)6. 

 The cluster models of co-adsorbed C and CO species on Pd nanoclusters 

considered here (Figure 4.4) are based on the models previously dealt with in this 

section [55] – CnPd140 systems with the lowest number n of carbon atoms. We have 

chosen the substrate samples with carbon atoms in the following positions: four-

fold, (µ4-C)6Pd140 (Figure 4.4, panels a and c), three-fold, (µ3-C)8Pd140 (Figure 4.4, 

panels b and e) or two-fold (“bridge-on-edge”), (µ2-C)12Pd140 (Figure 4.4, panels d 

and f). On each of these moieties CO molecules are adsorbed in those of the lowest-

coverage symmetry-allowed µ4, µ3 or µ2 (edge) sites, which were not blocked by C 

atoms. The calculated results are collected in Table 4.4. 
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 The adsorption complexes with µ2-CO molecules on the edges of Pd 

nanoparticles were found to be the most stable ones in the absence of carbon 

impurities [61]. The presence of the latter species, either in the preferred µ4-C form 

(Figure 4.4, a) or as the second-most stable µ3-C form (Figure 4.4, b), hardly affects 

any of the calculated parameters of the adsorbed CO (Table 4.4). Indeed, pertinent 

interatomic distances change less than 1 pm and the C–O frequencies are altered by 

~5 cm–1 only, a value which is below the inherent accuracy of the present 

computational approach and, thus, insignificant. The same conclusion is also valid 

for the negligible alteration of the CO adsorption energy. This minor effect of µ4-C 

deposits on the CO co-adsorbates can probably be assigned, apart from the rather 

Table 4.4. Calculated parameters  of CO probe molecules adsorbed on clean [61,62] or 
pre-covered by atomic carbon Pd140 clusters (Oh), optimized at the BP86 level with Pd–
Pd distances fixed at the experimental value 275 pm for Pd bulk and positions of 
atomic C as described in previous subsection.  

a

System r(C-O), pm r(Pd-C), pm De(BP86), kJ mol–1 ωe(C-O), cm–1 

    edge (µ2-CO)12     

Pd146 117.5 198.2 188 1859 

(µ4-C)6Pd140 117.5 197.9 192 1854 

(µ3-C)8Pd140 117.4 198.4 186 1853 

    hcp (µ3-CO)8     

Pd140 118.9 206.3 169 1748 

(µ4-C)6Pd140 118.8 206.7 186 1751 

(µ2-C)12Pd140 118.6 207.0 175 1766 

    (µ4-CO)6     

Pd140 119.8 222.9 149 1656 

(µ3-C)8Pd140 119.8 223.2 169 1777 

(µ2-C)12Pd140 119.6 222.7 147 1677 

a r(C–O) and r(Pd–C) – interatomic distances of the C atoms of carbonyl groups to the 
nearest neighbor O and Pd atoms, respectively, De – BP86 adsorption energy per CO 
group corrected for BSSE (~10-15 kJ mol ), ωe – harmonic stretching frequency of 
adsorbed CO. 

–1
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large distance between C and CO moieties, to the fact that µ4-C particles are well 

screened by the Pd4 moiety forming the adsorption site, being a very small fragment 

of a (001) terrace. Despite of the notable potential-derived charge of µ4-C on Pd140, -

1.08 e (Table 4.2), the corresponding charge rearrangement appears to be well 

localized and essentially does not affect µ2-edge adsorption sites of CO probes. An 

additional argument is that bridge-edge sites also feature well-localized adsorption 

properties. This characteristic may also provide a tentative rationalization of barely 

changed calculated parameters of CO in (µ3-C)8Pd140(µ2-CO)12 vs. Pd140(µ2-CO)12. 

 On the regular Pd(111) terraces of both single crystals and nanoparticles, at 

low coverages CO molecules preferably occupy µ3-sites. In the presence of µ4-C or 

µ2-C deposits, such µ3-CO adsorbates on the Pd140 cluster are computed to be 

affected slightly more than the just discussed edge µ2-CO ones (Table 4.2). Whereas 

the structure does not change appreciably, the C-O vibrational frequency calculated 

for (µ2-C)12Pd140(µ3-CO)8 increases by almost 20 cm–1 compared to the reference 

Pd140(µ3-CO)8. This frequency increase of the µ3-CO species over the center of the 

(111) terrace might be due to a “through space” (or “solvent”) effect of the nearby 

strongly negatively charged three edge-µ2-C moieties [228]. More importantly, the 

adsorption energy of µ3-CO species increases due to both edge-µ2-C and – to a 

larger extent – µ4-C deposits; in the latter case, the increment is 17 kJ mol–1 or 10% 

of the overall binding energy (Table 4.4). Therefore, one is lead to conclude that not 

only mechanisms for the atomic carbon deposits exist which decrease the reactivity 

of specific surface sites on Pd nanoparticles (as manifested by calculated CO 

adsorption energies on µ3-sites above Csub [206], but which also are able to increase 

the reactivity to some extent. Two effects are possible: the adsorption energy 

decreases when CO is above Csub and it increases when Cads is nearby – as we found 

here. At the moment it is difficult to clarify such a latter mechanism in detail. 

However, it is well known (see also Section 4.2) that the C–O vibrational frequency 

mainly reflects the local electronic structure of an adsorption site on a metal surface 

[56,62,206,219]. In fact, the frequency value for the (µ4-C)6Pd140(µ3-CO)8 is barely 

changed compared to Pd140(µ3-CO)8 (Table 4.4). On the other hand, adsorption 



Chapter 4. Studies of Metal Nanoparticles Relevant to Catalysis 112

energies in many cases seem to change mainly for reasons of global (long-distance) 

nature; see also the discussion in Section 4.2.3.B. 

 Also parameters of µ4-CO adsorbates on Pd nanoparticles, which appear to 

be less stable than either the edge-µ2-CO or the µ3-CO complexes just discussed, 

can be notably affected by the presence of µ3-C deposits; there, both the CO 

adsorption energy and its stretching vibrational frequency are increased, by 20 

kJ mol–1 and ~120 cm–1, respectively. Curiously, the adsorption energy of µ4-CO on 

(µ2-C)12Pd140 basically coincides with that on bare Pd140 cluster whereas the 

vibrational frequency values are different by some 20 cm–1. This appears to be one 

more indication of the different origin of the two observables under scrutiny: the 

local nature of vibrational properties and the global character of changes in 

adsorption energies, reflecting the characteristics of metal surfaces as a whole. 

 In summary, the results of this subsection reveal that atomic carbon 

impurities on the surface of Pd particles of nanometer size is able to affect 

parameters of co-adsorbed CO probe molecules in a limited, but certainly non-

negligible fashion, even when C and CO species are sufficiently far apart. Whereas 

Pd–CO and C–O bond lengths remain almost unaffected by C deposits, the C–O 

frequency may change significantly. Most interestingly, we were able to diagnose 

that there exist mechanisms which stabilize CO adsorption on Pd nanoclusters to 

some extent when atomic C impurities are present. Such mechanisms seem to be 

able to overcompensate the effect of electron density withdrawal from the Pd cluster 

to the strongly negatively charged deposited C moieties. The latter effect is well-

known to result in reduced π back donation to CO and thus in a weaker adsorption 

bonding, which was found, for instance, for µ3-CO adsorbed over subsurface C 

species on Pd nanoparticles [206]. 

4.1.5 Summary and outlook 

We carried out an all-electron scalar relativistic density functional study of adsorbed 

atomic carbon species. Such adsorbates can be formed in the course of surface 

reactions and decorate metal catalysts. For this purpose, we employed the novel 

approach based on three-dimensional metal particles of diameters exceeding 1 nm, 



4.1 Adsorption of carbon on Pd clusters of nanometer size 113

which were chosen as fragments of bulk Pd. Such nano-crystallites expose (111) 

and small (100) facets as well as edge sites. We examined which particular surface 

sites of these clusters are preferred for C adsorption. 

 The calculated energies of C adsorption on threefold hollow sites of the 

cluster series Pd79, Pd85, Pd116, Pd140, and Pd146 vary by ~20 kJ mol–1 or by only 3% 

of the overall values, about 630 kJ mol–1 (for the BP exchange-correlation 

functional). Thus, we demonstrated relatively fast convergence of calculated 

adsorption parameters, including the adsorption energy of strongly bound C 

moieties, with growing size of the symmetric three-dimensional nanoclusters. 

Moreover, we showed that the adsorption energy of C in the cluster model scheme 

is calculated sufficiently close to the value obtained with a periodic slab model 

approach, if the same exchange-correlation potential is used in both model 

strategies. 

 For a series of conceivable adsorption sites, we theoretically characterized, 

for the first time, C–Pdn interactions structurally, energetically, and from the 

viewpoint of adsorbate-substrate charge rearrangement. C atoms were calculated to 

be strongly adsorbed in the form of carbidic species that bear a significant negative 

charge and thus experience a notable mutual electrostatic repulsion at short 

distances. Surface sites with fourfold coordination (the highest possible) of carbon 

appear to be overall favored, but a study of more µ4 sites on Pd is required to 

substantiate this general conclusion; on the (111) facets, threefold hollow sites in 

the center are energetically preferred. 

 Global symmetry reduction of the nanoclusters from Oh to D4h point group 

allowed us to study selected locally less-symmetric adsorption complexes which 

also feature considerably reduced intraadsorbate electrostatic repulsion. In such D4h 

models, displacement of adsorbed C toward the facet borders was computed to be 

accompanied by a slight destabilization. We did not find any energy gain due to 

enhanced adsorbate-substrate interactions at regular sites near the boundaries 

(edges) of (111) facets, as anticipated in experimental studies. Our results call for 

another rationalization of the experimental findings. 
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 The symmetry reduction just mentioned represents an important extension of 

the strategy to employ three-dimensional cluster models in studies of adsorption and 

reactivity. Indeed, on three-dimensional metal nanoclusters with a symmetry lower 

than Oh, e.g., D4h, one can accommodate adsorption complexes which feature local 

C2v symmetry, rather than atoms or “up-right” linear molecules as done previously. 

In addition, these models admit low coverage, with only one adsorbate per (111) 

facet. If a locally completely asymmetric adsorbate or a transition state complex is 

to be considered, reduction to global D4 symmetry would suffice within the present 

nanocluster scheme. Calculations employing that latter symmetry are becoming 

feasible, also for heavy-element nanoparticles.  

 We also found that the presence of atomic carbon impurities on the surface of 

Pd nanoparticles of the nanometer size notably affects adsorption properties of CO 

molecules. Whereas the Pd–CO and C–O bond lengths remain almost unaffected by 

the rather distant C deposits on Pd140, the C–O frequency may change significantly. 

We were lead to infer the existence of mechanisms which stabilize CO adsorption 

on Pd nanoclusters when atomic C impurities are present. Such mechanisms 

apparently can overcompensate the well-known destabilizing effect of the electron 

density withdrawal from the Pd cluster to the strongly negatively charged surface C 

moieties. This finding broadens the opportunities for a fine tuning of the reactivity 

of metal clusters by C contaminants. 
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4.2 Model Pd–Zn nanoclusters and their adsorption 

 complexes with CO molecules  

 
4.2.1 Introduction 

Steam reforming of methanol over metal catalysts is an attractive process for 

producing in-situ H2 as an energy carrier alternative to conventional fuels [229]. 

Novel efficient catalysts based on a Pd/ZnO system have been proposed for the 

steam reforming reaction [230,231]. The high performance of these catalysts was 

attributed to Pd–Zn alloy particles [232,233]. Despite the importance of Pd–Zn 

moieties, only very limited electronic and structural information on them at the 

atomic level has been available until very recently [234,235], thus preventing a 

detailed characterization of the active component of the catalyst and understanding 

its function.  

 This lack of structural and electronic information about the surface of 

bimetallic Pd–Zn species prompted our group to initiate systematic DF slab model 

calculations of these materials that address diverse aspects important for elucidating 

their stability, structure and reactivity [223,236,237]. A comparative study of 

surface energies of binary (1:1) PdZn alloys with CuAu-L10 structure revealed that 

(111) and (100) surfaces exposing stoichiometric layers are more stable than (001) 

and (110) surfaces which consist of alternating Pd and Zn layers; therefore, surfaces 

with the (111) and (100) orientations probably form preferentially under ambient 

experimental conditions [236]. Exploration of surface segregation of Zn and Pd in 

supported PdZn alloy films revealed that it depends significantly on the support; at 

stoichiometric surfaces of 1:1 alloy, segregation of neither Zn nor Pd was calculated 

favorable whereas in films rich in Zn or Pd segregation of the dominant component 

was found possible [237]. More recent computational slab model studies devoted to 

the structure and energetics of adsorption complexes relevant for methanol 

decomposition on the single crystal PdZn(111) surface [223].  
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 The electronic structure investigations just outlined focused on idealized 

situations modeling rather extended (111) terraces of PdZn alloy catalysts with a 

low concentration of various defects. More realistically (see Section 4.1), active 

sites of supported metal catalytic materials can be represented by model catalysts 

[1,16] which consist of well ordered nanoscale metal particles deposited on oxide 

films. Such model catalysts are less complex than “real” catalysts although they 

feature, at variance with regular single-crystal metal surfaces, most of the 

irregularities inherent to real catalysts, such as edge and step sites as well as regular 

sites in their proximity. Recently, an efficient computational strategy for modeling 

extended terraces [62] as well as supported metal nanoparticles [61] that relies on 

symmetric three-dimensional model clusters which are terminated by low-index 

surfaces and contain 100 or more metal atoms were proposed. 

 In this section, we consider a series of model octahedral Pd–Zn nanoscale 

clusters Pd140-nZnn (n = 0, 8, 24, 32) and their complexes with CO molecules 

adsorbed on threefold hollow sites built by three Pd atoms in the center of (111) 

facets. To the best of our knowledge, this is the first high-level electronic structure 

study of bimetallic clusters containing over 100 heavy-element atoms and 

approaching the size of 2 nm. Thus, this study [56] extends the application area of 

the novel computational strategy to investigate surface properties of transition metal 

single-crystal and polycrystalline materials by employing three-dimensional cluster 

models. A special goal of the present work is to shed a light on the influence of Zn 

admixtures to Pd nanoclusters at varying concentrations (i) on the electronic 

structure, the segregation of the Zn component, and the stability of model Pd–Zn 

nanoparticles, as well as (ii) on their adsorption properties monitored by the binding 

energy and C–O vibrational frequency of adsorbed carbonyl molecules.  

4.2.2 Computational details and models 

We performed all-electron calculations using the LCGTO-FF-DF method [150] as 

implemented in the parallel code PARAGAUSS [151,152]. We used a scalar 

relativistic variant of the LCGTO-FF-DF method [155,156,238] which employs a 

second-order Douglas-Kroll transformation to decouple electronic and positronic 
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degrees of freedom of the Dirac–Kohn–Sham equation. We solved the Kohn–Sham 

equation self-consistently in the local density approximation (LDA; VWN 

parametrization [207]); subsequently, we calculated the total energy in a GGA using 

the self-consistent LDA electron density and the BP86 exchange-correlation 

functional [139,153]. This computational strategy is very economic, yet sufficiently 

accurate for geometric parameters, binding energies, and vibrational frequencies 

[208]; our benchmark self-consistent BP calculations of CO adsorption energies on 

Pd nanoclusters corroborated its high accuracy (within 1%) [206]. Where explicitly 

specified in the following, we also employed a modern GGA functional (PBEN 

[154]) for comparison with the BP results.  

 The computational parameters were chosen to be consistent with those of 

previous studies of our group [61,62,206]. For Pd atoms, we used an orbital basis 

set [209] extended to (18s,13p,9d) by adding one s exponent (0.0135), two p 

exponents (0.0904, 0.2143), and one d exponent (0.097); it was contracted in a 

generalized fashion to [7s,6p,4d] using relativistic VWN atomic eigenvectors. To 

evaluate the classical Coulomb contribution to the electron-electron interaction, the 

electron density was represented with the help of an auxiliary basis set [150]; for Pd 

it was of the size (17s,6r2,5p,5d). For Zn atoms we employed a (14s,9p,5d) orbital 

basis set [209], extended by one s exponent (0.39748), two p exponents (0.11610, 

0.30312), and a d exponent (0.16366), and contracted to [6s,5p,3d]; the auxiliary 

charge density basis set was (15s,11r2,5p,5d). C and O atoms were described by 

orbital basis sets of the type (14s,9p,4d) [210] using the original general contraction 

[6s,5p,2d] and by auxiliary basis sets of the type (14s,9r2,5p,5d). For every atom, 

the auxiliary basis was constructed as follows: the exponents of s and r2 fitting 

functions were generated by scaling (all or selected) s and p orbital exponents, 

respectively, using a standard procedure [150]; “polarization exponents” were 

chosen as geometric series with factor 2.5, starting with 0.1 for p and 0.2 for d 

exponents. 

 Our benchmark calculations did not reveal open-shell configurations for the 

clusters Pd140–nZnn. For monometallic palladium clusters, which have a potentially 

larger propensity to exhibit unpaired spins than PdZn clusters, spin averaging 
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introduces marginal errors [211]. For instance, already for Pd85, this was found to 

hold for such a sensitive property as the cohesive energy. Furthermore, recall that 

spin polarization effects decrease with growing cluster size. Therefore, in the 

following we will discuss only results obtained in a spin-restricted fashion. We 

applied the technique of fractional occupation numbers [150] (with a Gaussian level 

broadening of 0.1 eV) to ensure convergence of the SCF process. When probing 

adsorption properties, we kept the geometric parameters of all bare model clusters 

Pd140–nZnn fixed (see below); we optimized only the positions of adsorbed CO 

molecules, oriented according to the symmetry group Oh. For that, we consecutively 

varied Pd–C and C–O distances until changes were below 0.5 pm, using BP 

energies. We corrected the CO adsorption energy for the basis set superposition 

error via the counterpoise technique (~20 kJ mol–1) [159]; one quarter of these 

corrections were due to the incompleteness of the CO basis set. We approximated 

the harmonic C–O stretching vibration by the C-O internal mode, keeping the CO 

center of mass fixed; for this purpose, we fitted a polynomial of degree 4 to five 

total energy values near the minimum of the potential curve. 

 Designing realistic models of Pd–Zn catalysts is inherently a complicated 

problem. In fact, even focusing solely on the active bimetallic particles without a 

support [233,239], one needs to address simultaneously many aspects of the species 

to be represented. Among them are (i) the size range, (ii) the overall stoichiometry 

as well as the mutual positions of the constituting Pd and Zn atoms, (iii) the types of 

the facets exposed and their roughness, and finally (iv) the adsorption sites to be 

probed. Also, the computational effort required to treat such complex models has to 

remain within reasonable limits, assuring the feasibility of the calculations.  

 Here, we focused on Pd–Zn moieties that are sufficiently large to be 

approximated by clusters with metal-metal (M–M) distances corresponding to bulk 

samples [62]. We selected a range of relatively low Zn concentrations, up to ~25 %, 

in the Pd-Zn moieties. Thus, the overall structural arrangement and all M–M 

distances, 275 pm, of our bimetallic cluster models were chosen as measured for 

bulk palladium [62]. This is quite different from the CuAu (L10-type) structure with 

space group P4/mmm, that is featured by PdZn alloys with a Pd: Zn atomic ratio 
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close to 1 [240], that appear to exhibit the highest catalytic performance in steam 

reforming of methanol [232,233]. For the latter bulk structure, periodic calculations 

with the PW91 xc potential [162] furnished optimized distances r(Pd–Pd) = 293 pm 

and r(Pd–Zn)=268 pm [236]. These values deviate notably and in different 

directions (by 18 pm and –7 pm, respectively) from the M-M bond lengths that we 

employed in the nanocluster models which we chose to have a significantly lower 

 
 

Figure 4.5. Sketches of the cuboctahedral model nanoclusters: (a) Pd140, (b) Pd132Zn8

(0,8), (c) Pd116Zn24(24,0), (d) Pd108Zn32(24,8), (e) Pd116Zn24(0,24), (f) a representative
adsorption complex Pd140(CO)8. The numbers of Zn atoms in the surface and sub-
surface layers, respectively, are given in parentheses. In panels b, d, and e, the first layer
of one (111) facet is depicted as a network of bonds only to allow a better description of
the subsurface region. 
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Zn content. As mentioned above, M–M distances were kept frozen in the present 

model study to separate the more pronounced electronic effects and those caused by 

a variation of the mutual positions of Pd and Zn atoms from the modest effect of 

changes of M-M bond lengths [61,62,206]. (Note that the average nearest-neighbor 

Pd–Pd distance in the cluster model Pd140 optimized at the LDA-VWN level is 

268.3 pm [62].) The mutual positions of Pd and Zn atoms comply with Oh 

symmetry which we imposed on all cluster models studied in this section.  

 According to the slab model calculations [236], hexagonal (111) surfaces of 

PdZn alloys are characterized by the lowest surface energy. Therefore, our cluster 

models were designed to expose preferentially (111) facets: the cuboctahedral 

cluster models M140 (Figure 4.5a) were obtained by truncating the corresponding 

octahedral clusters M146 to yield eight hexagonal (111) facets. Adsorption sites on 

these flat facets are rather close to edges. From experimental investigations 

[241,242] as well as from periodic slab model calculations [243,244], it is known 

that threefold hollow sites on the Pd(111) surface are energetically favored for CO 

adsorption at low coverage; therefore, keeping in mind the low concentration of Zn 

in the bimetallic moieties under investigation, we probed this site by adsorbed CO 

molecules. For that purpose, we kept intact the central upper-layer Pd3 moiety on 

each of the eight (111) facets in all our models, but we partially substituted Zn 

atoms for nearby Pd atoms. The resulting series of substrate clusters comprises, 

beyond the reference Pd140 (Figure 4.5a), the following four bimetallic systems: 

Pd132Zn8(0,8), Pd116Zn24(24,0), Pd108Zn32(24,8), Pd116Zn24(0,24); here, the numbers 

in parentheses refer to Zn atoms in the surface and sub-surface layers, respectively 

(Figure 4.5b–e). In Pd132Zn8(0,8), eight Zn atoms are located in the second layer of 

the cluster, just beneath the central Pd3 triangle of each (111) facet whereas 24 Zn 

atoms of Pd116Zn24(24,0) are in nearest-neighboring first-layer positions of the Pd3 

moiety. The model Pd108Zn32(24,8) combines Zn positions of the former two 

systems. Finally, the 24 Zn atoms of the cluster Pd116Zn24(0,24) are arranged as a 

cage of eight Zn6 rings with short Zn–Zn contacts of 275 pm. These Zn atoms 

substitute six subsurface Pd atoms of every (111) facet that surround the position 

occupied by Zn in Pd132Zn8(0,8) particle; each of the six positions is shared by two 
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second-layers of the adjacent (111) facets. We monitored alterations of electronic 

properties and the reactivity of these bimetallic clusters as reflected by bonding and 

vibrations of single CO adsorbates positioned on the central hcp sites of their (111) 

facets (Figure 4.5f).  

-5.13 

Table 4.5. Calculated energies  (in kJ mol ) for model nanoclusters Pd140–nZnn (n = 0, 
8, 24, 32)  

 a –1

 Pd140 Pd132Zn8(0,8) Pd116Zn24(24,0) Pd108Zn32(24,8) Pd116Zn24(0,24)

Eb / 140 296 290 279 273 275 

∆Eb / nZn – -100 -100 -101 -120 

ε F -5.20 -4.94 -5.00 -5.17 

∆ε Pd4d -2.05 -1.99 -1.99 -1.92 -1.89 

∆ε Pd4d(Pd3) -2.07 -2.04 -1.99 -2.01 -2.04 

a  Eb / 140 = [n×E(Zn) + (140–n) × E(Pd) – E(Pd140–nZnn)] / 140 – average binding 
(cohesive) energy of Pd140–nZnn per atom, where E(X) is the total energy of the 
species X; ∆Eb / nZn = E(Zn) – E(Pd) + [E(Pd140) – E(Pd140–nZnn)] / nZn – average 
contribution of each of the nZn Zn atoms to the change of the overall cohesive energy 
Eb(Pd140–nZnn) with respect to Eb(Pd140); ∆ε Pd4d and ∆ε Pd4d(Pd3) – centers of the Pd 4d
density of states with respect to the cluster Fermi energy ε F, total and local (for the 
Pd3 moiety in the center of (111) facets), respectively. 

4.2.3 Results and discussion 

We will first discuss calculated observables for bare bimetallic clusters Pd140–nZnn 

and the reference system Pd140 and present a comparative analysis of these data. 

Then, we will address the CO adsorption properties of these clusters. 

A. Properties of bare Pd–Zn clusters 

The mixed-metal substrate clusters Pd140–nZnn (Figure 4.5b–e) contain different 

numbers of Zn atoms that substitute Pd atoms of the reference cluster Pd140 (Figure 

4.5a) in the surface layer or just beneath the surface layer or both. This “alloying” 

results in varying numbers of homo- and heteroatomic nearest-neighbor M–M 

contacts (“bonds”). The species Pd132Zn8(0,8), Pd116Zn24(24,0) and Pd108Zn32(24,8) 
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feature 96, 216, and 312 Pd–Zn bonds, respectively, which are formed at the 

expense of Pd–Pd bonds of the Pd140 reference. None of these clusters exhibit direct 

Zn–Zn contacts; however, such contacts are present in the cluster Pd116Zn24(0,24) 

which features 288 new types of nearest-neighbor M–M contacts compared to Pd140, 

216 of type Pd–Zn and 72 of type Zn–Zn. The Zn–Zn bonds comprise a new feature 

which is expected to be manifested in qualitatively different properties of the 

particle Pd116Zn24(0,24) compared to its Pd140–nZnn analogs. 

 The species Pd116Zn24(0,24) and Pd116Zn24(24,0) with the same number of Zn 

atoms but located in the subsurface layer and on the surface, respectively, can be 

considered as models for addressing the phenomenon of segregation, namely 

enrichment of one of the alloy components in the surface by exchange with 

subsurface atoms. Recently, we studied segregation at the surface of Pd–Zn alloys 

in detail by means of slab model calculation and we found this process to be very 

sensitive to the local and overall structure as well as to the stoichiometry of the 

material [237]. According to the present cluster model results, the total energy of 

the system Pd116Zn24(24,0) with all Zn atoms on the surface is 19 kJ mol–1 per Zn 

atom lower than that of the system Pd116Zn24(0,24) with all Zn atoms located in sub-

surface positions. Surface positions of Zn atoms are favored as consequence of the 

fact that 72 new Pd–Pd bonds are formed from 72 weaker Zn–Zn bonds while the 

number of Pd–Zn bonds remains the same in both clusters. This finding agrees with 

the slab model result that in films rich in Zn [such as the subsurface layer of 

Pd116Zn24(0,24)] segregation of Zn can be favored [237]. The notable cohesive 

energy gain of 19 kJ mol–1 per surface Zn atom can be translated into a cluster 

stabilization of 7 kJ mol–1 per Zn–Zn bond exchanged for a Pd–Pd bond. From these 

values, the average cohesive energy per atom, Eb / 140 = 296 kJ mol–1, of the cluster 

Pd140 (Table 4.5), and the average coordination number Nav = 9.09 of Pd atoms of 

that cluster [62], one can approximately associate each Zn–Zn and Pd–Pd contact 

with energy gains of 26 and 33 kJ mol–1, respectively. Note that the latter estimates 

differ notably from the bond energies of the dimer molecules Pd2 and Zn2, namely 

96–135 kJ mol–1 [40,245] and 3 kJ mol–1 [245], respectively. These strong 
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differences were not unexpected; they reflect the rather different nature of M–M 

interactions in bulk metals and molecular species. 

 For the four model clusters which do not exhibit nearest-neighbor Zn–Zn 

moieties, the calculated average binding (cohesive) energy per atom, Eb / 140, 

decreases when the number of Zn atoms increases (Table 4.5): Pd140 – 296 kJ mol–1, 

Pd132Zn8(0,8) – 290 kJ mol–1, Pd116Zn24(24,0) – 279 kJ mol–1, Pd108Zn32(24,8) – 273 

kJ mol–1. If one translates this reduced overall stability of the model bimetallic 

clusters upon substitution of Zn for Pd atoms into an alteration of the cluster 

cohesive energy per Zn atom, one finds a rather large and, interestingly, essentially 

constant value of about 101 kJ mol–1, for the three bimetallic systems just 

mentioned which do not show nearest-neighbor Zn–Zn contacts. As discussed 

above, the cluster Pd116Zn24(0,24) with its weaker Zn–Zn “bonds” features a more 

pronounced destabilization per Zn atom, 120 kJ mol–1. Based on these results, one 

concludes that in Pd–Zn alloy particles exhibiting fcc structure, homoatomic Pd–Pd 

bonding interactions are stronger than heteroatomic Pd–Zn ones. 

 This seems to be at variance with the slab model data [237] calculated for the 

CuAu (L10-type) structure of Pd–Zn alloys, which correspond to considerably larger 

Zn concentrations [240]; the slab model results were rationalized in terms of the 

Pd–Zn bond strength prevailing over Pd–Pd interactions [237]. However, the 

alteration of the Pd–Pd and Pd–Zn bond energies in alloy moieties is caused by 

significantly different Pd–Pd bond lengths in the fcc structure of the nanoparticles 

and in the CuAu (L10-type) structure of slabs. Indeed, the optimized slab model 

distance r(Pd–Pd) = 293 pm [237] reveals considerable elongation of Pd–Pd 

contacts and thus, a notable destabilization of Pd–Pd interactions compared to those 

in the present cluster models, where Pd atoms are at the equilibrium Pd–Pd distance 

of Pd bulk, 275 pm. On the other hand, Pd–Zn interatomic spacings in the slab 

models (268 pm) and the cluster models (275 pm) both appear to be close to the 

“optimum energy” value r(Pd–Zn) ≅ 271 pm, estimated as sum of Pd and Zn atomic 

radii in metals, 137.6 pm (Pd) and 133.5 pm (Zn) [246]; therefore, destabilization of 

the Pd–Zn interaction, unlike the Pd–Pd one, is expected to be small in both the fcc 

and CuAu (L10-type) structures. These considerations indicate that the preference of 
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the Pd–Pd and Pd–Zn bond strengths is a very delicate property that can be affected 

by a mere modification of the structural arrangement of Pd–Zn alloy species due to 

a phase transition. Consequences of this interesting feature are important for 

accounting structural transformations of materials based on Pd–Zn alloys. 

 One of the crucial parameters characterizing the electronic structure is the 

cluster Fermi energy, ε F [150]. The Fermi energies of Pd140–nZnn clusters spread 

over a narrow interval, from -5.20 to -4.94 eV (Table 4.5); they correlate with 

neither the amount nor the location of Zn atoms. The former finding is consistent 

with the low values of Zn admixtures. The presence of Zn atoms in the clusters 

slightly destabilizes the center of the Pd 4d band; see the energy differences ∆ε Pd4d 

with respect to ε F which indicate upward shifts by 0.06–0.16 eV (Table 4.5). Not 

unexpectedly, the relative positions ∆ε Pd4d(Pd3) of the 4d manifold of the three Pd 

atoms, which are situated in the middle of the eight hexagonal facets and form the 

threefold hollow adsorption site for CO probes (see Section 4.3.2), show even 

smaller relative upward shifts, 0.03–0.08 eV, compared to the parent cluster Pd140. 

 Of particular interest is the charge redistribution between Pd and Zn atoms in 

the bimetallic clusters. However, one should keep in mind that all widely used 

approaches to assign electron density to certain atomic centers are inherently 

approximate, equivocal, and depend on the definition: there is no quantum 

mechanical observable that represents atomic charges in multinuclear moieties. In 

the present study, for the qualitative purposes, we used Mulliken charges as well as 

the somewhat better grounded PDCs [247] that reproduce the electrostatic field 

outside the clusters.  

 Based merely on atomic electronegativity values (Pd 1.4, Zn 1.7) [246], Zn 

atoms could be expected to acquire electron density. Nevertheless, Mulliken 

charges on Zn atoms are positive: 0.60 e – Pd132Zn8(0,8), 0.49 e – Pd116Zn24(0,24), 

0.45 e – Pd116Zn24(24,0), 0.45 e for Zn(24,0) atoms and 0.64 e for Zn(0,8) atoms of 

Pd108Zn32(24,8). Thus, these Mulliken charges suggest electron-depleted Zn centers 

and this situation is corroborated by PDC values. The latter characteristics for Zn 

atoms are positive albeit notably smaller: 0.14 e for Pd132Zn8(0,8), 0.10 e for 
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Pd116Zn24(0,24), 0.25 e for Pd116Zn24(24,0), 0.25 e for Zn(24,0) atoms and 0.18 e for 

Zn(0,8) atoms of Pd108Zn32(24,8). To estimate more correctly the charge 

redistribution due to the introduction of Zn atoms, these PDC values should be 

calibrated against the charges on Pd atoms of the reference cluster Pd140 in the 

positions where Zn atoms are located. As already Pd atoms in these “Zn” positions 

are somewhat electronically depleted because of to the structural inequivalence of 

atoms in Pd140 [0.10 e in Zn(0,8), 0.04 e in Zn(0,24) and 0.09 e in Zn(24,0)], such a 

calibration results in rather modest values of the specific electron density transfer 

from Zn atoms in Pd140–nZnn cluster models, 0.04–0.16 e. Both Mulliken and 

potential-derived charges of Zn atoms are essentially defined by the position in the 

cluster and only slightly affected by the presence or the absence of other Zn atoms 

in the species. 

 Finally, one can try to characterize the charge state of the three Pd atoms in 

the center of hexagonal facets of all the moieties Pd140–nZnn which are to form the µ3 

adsorption sites. The Mulliken charges of these symmetry-equivalent Pd atoms are 

negative: –0.32 e (4d8.695s1.365p0.27) – Pd140, –0.29 e (4d8.745s1.285p0.27) – 

Pd132Zn8(0,8), –0.33 e (4d8.795s1.255p0.29) – Pd116Zn24(0,24), –0.45 e 

(4d8.845s1.275p0.34) – Pd116Zn24(24,0), –0.42 e (4d8.885s1.215p0.33) – Pd108Zn32(24,8). 

Again, PDC values support this direction of charge redistribution, although they 

feature significantly reduced “charging” of the Pd3 atoms; it ranges from only –0.2 e 

in Pd132Zn8 to –0.07 e in Pd116Zn24(24,0). 

B. Adsorption properties of Pd–Zn clusters 

The adsorption properties of mixed-metal Pd–Zn nanoparticles and, in particular, 

their reactivity can be understood in terms of their electronic structure parameters. 

A very simplified view is that by mixing d10 (Pd) and d10s2 (Zn) atoms one obtains a 

material with an “average” electron configuration close to d10s1, i.e. the electron 

configuration of a Cu atom. Notwithstanding the obvious simplicity of such an 

argument, it helped to bridge the close similarity in the electronic structure of 1:1 

Pd–Zn alloys and metallic Cu; slab model calculations had shown a similar surface 

reactivity of these two materials [223,236,237].  
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 Trends of the surface reactivity were illustrated, for instance, by the 

calculated adsorption energy of probe CO molecules at threefold-hollow sites Pd2Zn 

of PdZn(111) surface, 1.0 eV (obtained with the PW91 xc potential [162]); this 

value is close to that on the Cu(111) surface, ~0.9 eV, but differs considerably from 

the energy of µ3-CO adsorbed on the Pd(111) surface, ~1.9 eV [236]. The finding 

that CO binds weaker to the surface of PdZn alloy than to monometallic Pd agrees 

with experimental observations for PdZn and Pd polycrystalline samples [234]. 

Thus, on Pd–Zn particles that manifest local and overall concentrations Pd:Zn 

higher than 1:1 it is also reasonable to expect a notable reduction of CO adsorption 

energies compared to those on the corresponding adsorption sites of monometallic 

Pd particles. In this sense, results described in the following paragraph were 

unexpected and deserve special remarks. 

Table 4.6. Calculated characteristics a of adsorption complexes of model nanoclusters 
Pd140-nZnn with eight CO molecules on the central hcp Pd3 sites of the (111) facets  

Observable Pd140  Pd b
132Zn8(0,8) Pd116Zn24(24,0) Pd108Zn32(24,8) Pd116Zn24(0,24)

r(Pd–C), pm 206.3 207.3 207.4 206.3 203.1 

r(C–O), pm 118.9 118.6 118.9 118.9 118.9 

De, kJ mol  –1 169 155 169 157 121 

De,  kJ mol  c –1 142 127 142 131 91 

ω(C–O), cm  –1 1748 1758 1751 1745 1755 

ε F, eV -5.31 -5.38 -5.14 -5.19 -5.30 

∆ε Pd4d, eV -2.09 -2.02 -2.05 -1.98 -2.01 

∆ε Pd4d(Pd3), eV -2.44 -2.42 -2.39 -2.44 -2.67 
a BP86 level: r(Pd–C), r(C–O) – interatomic distances, De – adsorption energy per CO 

molecule corrected for the basis set superposition error, ω(C–O) – harmonic frequency 
of the C–O vibration; other notations as defined in Table 4.5.  

b Ref. 62. 
c PBEN adsorption energy calculated for the geometry optimized at the BP level 

(PBEN//BP86). 
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 Before starting the present computational work on highly symmetric 

nanoparticle models, we had carried out a series of BP86 calculations on 

conventional (“planar”) three-layer cluster models Pd28–nZnn (C3v symmetry) with 

12, 10 and 6 atoms in the first, second and third layer, respectively. We considered 

adsorption of a single CO molecule at the hcp site of the cluster models Pd28, 

Pd27Zn1(0,1), Pd25Zn3(3,0), Pd24Zn4(3,1) and Pd22Zn8(0,6), where the central Pd3 

unit of the upper layer was kept throughout. Quite unexpectedly, substitution of Pd 

by Zn resulted in an increase of the CO adsorption energy with respect to the value 

of 151 kJ mol–1 computed for the monometallic cluster Pd28. We had studied three 

Pd–Zn models: (i) Zn substitution underneath the hcp site, Pd27Zn1(0,1), (ii) in the 

upper layer nearby the central Pd3 moiety, Pd25Zn3(3,0), as well as (iii) in the both 

positions,  Pd24Zn4(3,1). The calculated CO adsorption energies were 6 kJ mol–1, 23 

kJ mol–1, and 49 kJ mol–1, larger than on the reference model CO/Pd28. Only for the 

model Pd22Zn6(0,6), the adsorption energy of CO was calculated slightly, by 9 

kJ mol–1, smaller than for the reference. Our attempts to rationalize these 

counterintuitive results in terms of varying donation/back-donation propensity of 

the model systems Pd28–nZnn failed. Finally, we attributed the adsorption energy 

behavior to the cluster size effects [219] which appeared to be still significant even 

for these moderately large metal substrate particles [62]. Actually, this latter 

observation was one of the important motivations to introduce and employ highly-

symmetric three-dimensional cluster models which are essentially free of size 

effects even for the most critical observable, namely the adsorption energy 

[61,62,206]. 

 The calculated characteristics of µ3-CO adsorption complexes with three-

dimensional nanocluster models Pd140–nZnn are displayed in Table 4.6. 

 The calculated bond distances exhibit only a limited variation over the series 

of adsorption complexes under investigation. The computed C–O distance, ~119 

pm, is very stable and varies less than 1 pm. Due to σ donation and π* back-

donation interactions with the substrate, it is elongated by 5 pm and 6 pm compared 

to the calculated [62] and experimental [248] values for free CO molecules, 

respectively. (A detailed experimental and theoretical analysis actually allows one 
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to discriminate three-orbital interactions in the σ as well as the π channels [249].) 

The Pd–C distance, 206-207 pm, is also quite stable throughout, except for the 

model (CO)8/Pd116Zn24(0,24), 203 pm, which features Zn–Zn nearest-neighbor 

contacts that are absent in all other models inspected. 

 Adsorption energies were calculated for CO geometries optimized with the 

BP86 xc potential at both the BP86 and the PBEN levels (see Subsection 4.2.2); in 

passing we note that we had found the PBEN energetics for CO adsorption on Pd to 

be most accurate, in a quantitative agreement with experiment [62]. For the cluster 

Pd132Zn8(0,8) with eight Zn atoms located in the subsurface region, just beneath the 

central Pd3 moiety on each hexagonal facet (Figure 4.5b), the CO adsorption energy 

decreased by about 10 % compared to the reference (CO)8/Pd140. Interestingly, the 

CO adsorption energy remains essentially unchanged when three more Zn atoms 

substitute Pd atoms on every hexagonal facet, resulting in the cluster 

Pd108Zn32(24,8) (Figure 4.5d): 157 kJ mol–1 vs. 155 kJ mol–1 (BP86) and 127 

kJ mol–1 vs. 131 kJ mol–1 (PBEN). Apparently, Zn atoms in the upper layer [in the 

configuration (24,0)] at  larger distances from the central Pd3 unit exert only a minor 

effect on the CO adsorption energetics. This finding is corroborated by the equal 

CO binding energies on the cluster models Pd116Zn24(24,0) and Pd140, 169 kJ mol–1 

(BP86) and 142 kJ mol–1 (BPEN); these two models differ only by Zn24(24,0) 

atoms. Short Zn–Zn contacts, the new feature of the cluster Pd116Zn24(0,24), affect 

the adsorption propensity of CO molecules most noticeably, as anticipated: the 

binding energy values, 121 kJ mol–1 (BP86) or 91 kJ mol–1 (PBEN), are 48 kJ mol–1 

smaller.  

 One can see from Table 4.6 that calculated C–O vibrational frequencies on 

various substrate clusters Pd140–nZnn spread over a rather narrow interval 1752±7 

cm–1. Such a range of C–O frequencies considerably shifted down from the value of 

gas-phase CO molecules (with a calculated harmonic frequency of 2113 cm–1) is 

typical for CO species adsorbed on transition metals and is attributed to back-

donation interaction from metal d-orbitals to the antibonding π* orbital of CO 

[62,219]. Our results reflect the local character of the C–O vibrations and of the 

back-donation. This vibrational mode is hardly sensitive to the more distant 
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environment of the metal substrate; recall that the moiety Pd3–CO is common to all 

models considered here, only surrounding Pd atoms are substituted by Zn. This 

local nature of the vibrational properties is the main reason why already small 

cluster models usually suffice for an accurate simulation of molecular vibrations at 

transition metal surfaces [250] and why this kind of observables do not exhibit a 

substantial cluster size dependence. At variance, the adsorption energy is a property 

that reflects the characteristics of metal surfaces in a global fashion [62,206,219]. 

This inherent difference allows one to understand why calculated CO adsorption 

energies and C–O stretching frequencies on Pd140–nZnn clusters do not show any 

correlation (Table 4.6). 

 Two types of mechanisms come to mind that influence the adsorption 

properties of bimetallic systems: geometric (ensemble, site, or dilution) factors and 

electronic effects, also known as ligand effects, which originate from alloying 

[251]. By keeping the Pd3 moiety at the adsorption site, in immediate vicinity of the 

CO adsorbate, unchanged we suppressed structural factors and focused on 

electronic effects. 

 The adsorption-induced alteration of the electronic structure of Pd140–nZnn 

nanoparticles is best reflected in the stabilization of the Fermi energy ε F in all the 

species investigated. This change is indicative of the electron density acquired by 

CO molecules via π* back-donation which prevails over σ donation [249]. The 

stabilization is essentially the same, 0.18–0.20 eV, for all the adsorption systems 

except (CO)8/Pd116Zn24(0,24), which again deviates and furnishes a notably smaller 

stabilization of ε F, 0.13 eV (Table 4.5 and 4.5). This reduced downward shift of ε F 

is in line with notably weaker adsorption bonds in (CO)8/Pd116Zn24(0,24) than in 

other analogs (Table 4.6). Indeed, this finding can be rationalized by relating the 

adsorption energy of CO to the amount of electron density back-donated to its π* 

orbitals from the metal substrate; all other conditions being equal (as is the case in 

the present situation), smaller back-donation is accompanied by weaker metal–CO 

interaction; in turn, a reduced amount of electron density withdrawn from the metal 

species implies a smaller adsorbate-induced stabilization of the Fermi energy ε F.  
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 The somewhat exceptional electronic structure properties of the system 

(CO)8/Pd116Zn24(0,24) are corroborated by the relative positions of the total Pd 4d 

band center ∆ε Pd4d, 0.12 eV vs. 0.03-0.06 eV, and the Pd 4d center ∆ε Pd4d(Pd3) of 

the three Pd atoms defining the µ3 adsorption site, 0.63 eV vs. 0.37-0.43 eV (Table 

4.5 and Table 4.6).  

4.2.4 Conclusions 

In the present section, we extended the modeling strategy based on high-level 

electronic structure calculations of three-dimensional metal nanoparticles to 

investigate bimetallic Pd–Zn species with low Zn atom concentrations varying up to 

~25 %. We studied the influence of the number of Zn atoms and their location on 

the electronic structure and stability of Pd140-nZnn clusters with the structural 

arrangement derived from the bulk of fcc metals. The calculated average cluster 

cohesive energy decreases gradually with increasing number of Zn atoms: each Zn 

atom destabilizes the cluster by ~1 eV. We also found that Zn atoms preferentially 

occupy positions in the surface layer of the model clusters and we identified a small 

transfer of electron density from Zn to Pd atoms.  

 For complexes with CO molecules adsorbed at threefold hollow Pd3 sites of 

the hexagonal cluster facets, we explored how adsorption properties of bimetallic 

models change with respect to those of the reference cluster Pd140. Calculated CO 

adsorption energies manifest a weakening of adsorbate-substrate interactions when 

Zn atoms are located in the subsurface layer of Pd140–nZnn clusters; on the other 

hand, Zn atoms in the surface layer seem to affect the CO adsorption energy only 

marginally. The absence of a correlation between calculated CO adsorption energies 

and vibrational C–O frequencies is assigned to the different nature of these 

properties: the former are global characteristics of adsorption systems whereas the 

latter are mainly due to local effects. 

 



 

 

 

Chapter 5 

 

Summary and Prospects  

 
We performed theoretical studies of structure and properties of d-metal species, 

covering the range from monatomic supported particles to clusters of nanometer 

size. To this end, we employed an accurate all-electron density functional method, 

using a scalar-relativistic variant for transition metals from the second row onward. 

Calculations were carried out at the GGA level using the BP86 and PBEN 

exchange-correlation functionals. For MgO(001)-supported particles, we employed 

a novel, advanced scheme of cluster embedding in an elastic polarizable 

environment (EPE) (Chapter 3). These particles included single d-metal atoms as 

well as dimers, trimers and tetramers of Cu, Ag and Au on regular and oxygen 

vacancy sites of MgO(001). We quantified structural and energetic parameters of 

these adsorption complexes and we elucidated their propensity regarding the cluster 

growth on various sites. We predicted ionization potentials to connect the modeling 

with experiments. Pdn (n = 79–146) and Pd140-nZnn (n = 0–32) nanoparticles with 

the dimensions exceeding 1 nm were described as symmetric three-dimensional 

models (Chapter 4). Their adsorption properties were examined by interactions with 

CO probes on the bare clusters and those pre-covered by atomic C impurities 

featuring a carbidic nature. 

 In Chapter 3 metal atom adsorption has been studied on regular O2– sites as 

well as on Fs and Fs
+ defects of relaxed surface terraces of MgO(001). 17 single d-
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metal adatoms of the third, fourth, and fifth rows of the periodic table were 

considered: Cr, Mo, W; Mn, Re; Fe, Ru, Os; Co, Rh, Ir; Ni, Pd, Pt; Cu, Ag, Au. The 

EPE embedding method used treats both the central quantum mechanical region of 

the oxide clusters under study and their classical environment variationally, without 

artificial constraints for geometry optimization. Even on a rigid substrate such as 

ideal MgO(001), adsorbate-induced relaxation noticeably affects structure and 

stability of surface complexes. For more reliable estimates, we calculated 

adsorption energies with two different gradient-corrected exchange-correlation 

functionals, BP86 and PBEN. More than one electron configuration was considered 

for metal atoms adsorption complexes with exhibiting high-spin states. 

 The calculated results corroborate the general picture of the interactions with 

regular sites and oxygen vacancies on MgO terraces derived from earlier studies of 

selected metal atoms. The adsorption bonds of single metal atoms with O2– sites can 

be described as metal polarization accompanied by (some) orbital mixing, but 

without noticeable adsorbate-substrate charge transfer.  

 With few exceptions, interactions with oxygen vacancies are significantly 

stronger than with regular sites and they are accompanied by a notable transfer of 

electron density from an Fs site to a d-metal adsorbate. In most groups, 4d-atoms are 

adsorbed stronger than 3d-atoms, but weaker than 5d-atoms, on both kinds of 

defects studied. This is at variance with the trend in binding energies within each 

group, 4d < 3d < 5d, established for M/O2– complexes. As for the energy variation 

along the period, in both Fs and Fs
+ complexes, atoms of group 7 are slightly 

destabilized with respect to their group 6 analogs. Then, within a period, the binding 

energy increases gradually up to group 10 species and finally it decreases again for 

group 11, most prominently on Fs sites. These trends appear to be governed by the 

negative charge on adsorbed atoms and their concomitant electrostatic interactions 

with the vacancy sites of MgO(001) terraces.  

 The bonding in M/Fs
+ complexes is in general notably weaker than in their 

M/Fs analogs. We attribute this difference mainly to electrostatic stabilization of the 

latter species as a consequence of significant accumulation of electron density on 

the adsorbed atoms M, donated by the Fs vacancy. Covalent interactions may 
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counteract this electrostatic stabilization and even alter the trend, making some 

M/Fs
+ complexes favored over their M/Fs congeners, as is the case for M = Cu, Ag 

and Au. 

 XPS core-level shifts of adsorbed metal atoms on MgO(001), approximated 

as differences of Kohn-Sham eigenvalues, revealed a characteristic dependence on 

the adsorption site. In combination with experimental XPS data, these calculated 

data open a way to distinguish between the M/Fs and M/Fs
+ structures on (001) 

terraces of MgO. 

 An extension of this work on single deposited metal atoms on MgO(001) 

should be a detailed study of interactions with neutral and positively charged 

oxygen vacancies at lower coordinated surface sites of MgO, e.g. at steps, edges and 

corners, where the formation of vacancies is more justified thermodynamically. The 

important question is, whether these low-coordinated color centers are stronger 

traps for single metal atoms than the vacancies on (001) terrace. 

 Next, we studied the adsorption of small coinage metal aggregates Mn (M = 

Cu, Ag, Au; n = 2, 3, 4) on the ideal MgO(001) as well as on oxygen vacancies, Fs 

and Fs
+ using the same computational approach as for the atomic adsorbates. We 

identified most favorable adsorption geometries and compared the three congeners 

of the Cu subgroup. In the same way as single adsorbed atoms, metal moieties on 

regular O2– surface sites are polarized and interact mainly by electrostatic attraction, 

counteracted by Pauli repulsion. Binding to oxygen vacancies, to Fs sites in 

particular, is notably stronger than to regular O2– sites, for two reasons. Pauli 

repulsion is reduced and the electron density of the adsorbate as well as that of a 

vacancy are easier to polarize. Furthermore, at neutral defect sites, a notable transfer 

of electron density from the vacancy to the adsorbed metal species contributes to 

stronger binding. The adsorption energy per atom decreases from dimers to trimers 

in line with the fact that metal-metal cohesion dominates over metal-oxide 

interaction. Based on calculated interaction energies, we conclude that dimerization 

of adsorbed coinage atoms on Fs sites is not particularly favored compared to 

dimerization on flat terraces. Dimerization on Fs
+ sites, which has not been 

considered theoretically before, is clearly unfavorable.  
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 The adsorption properties of deposited Cu4, Ag4 and Au4 species were 

studied only at the regular MgO(001) surface. In the gas phase, all three tetramers 

were calculated to exhibit a planar rhombic structure with closed electronic shells. 

Geometries of the supported tetramers were found to be similar to those in the gas 

phase, i.e. the rhombus structure experiences only minor distortions due to 

interactions with the surface. All three tetramers favor the same type of adsorption 

complex, namely upright orientation of the metal particle, perpendicular to the 

surface, with two metal centers attached to surface oxygen anions. Such an upright 

adsorption mode can be rationalized by the fact that the interaction of coinage metal 

particles on regular sites of the ionic oxide is primarily of polarization character. 

Similarly to dimer and trimer complexes, Au4 exhibits the strongest adsorption 

interaction on MgO(001), followed by Cu4 and Ag4. The propensity of small 

supported metal particles to dimerize, giving adsorbed tetramers, has been 

quantified and rationalized. 

 In general, cluster growth on oxide supports is a complicated phenomenon, 

significantly affected by the type of metal as well as of the type of sites on the oxide 

surface involved in the very first stage of the metal nucleation on supports. 

Therefore, high-level electronic structure calculations of adequate models are of 

special importance for providing and unraveling (often unique) information on the 

surface-mediated metal dimerization and further steps of the growing processes. 

 Do describe large particles of model catalysts, we studied mono- and 

bimetallic clusters with diameters of about 1 nm or more (Chapter 4).  

 Adsorbed atomic C species can be formed in the course of surface reactions 

and commonly decorate metal catalysts. We addressed C adsorption on nanoclusters 

Pd55, Pd79, Pd85, Pd116, Pd140 and Pd146 chosen as fragments of bulk Pd in the form of 

three-dimensional octahedral or cuboctahedral crystallites, which expose (111) and 

(100) facets as well as edge sites. These cluster models were shown to yield size-

converged adsorption energies of carbon atoms. We examined which surface sites 

of these clusters are preferentially occupied by adsorbed C. Surface C atoms form 

strongly adsorbed carbide species, with calculated adsorption energies of more than 

600 kJ mol–1, bearing a significant negative charge. Surface sites allowing high, 4-
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fold coordination of carbon were found to be favored overall. To avoid effects of 

adsorbate-adsorbate interaction in the cluster models for carbon species in the 

vicinity of cluster edges, we reduced the local symmetry of selected adsorption 

complexes on the nanoclusters by lowering the global symmetry of the nanocluster 

models from point group Oh to D4h. On (111) facets, 3-fold hollow sites in the 

center are energetically preferred; adsorbed C was calculated to be slightly less 

stable when displaced to the facet borders. We did not find any energy gain due to 

enhanced adsorbate-substrate interactions at regular sites near the boundaries 

(edges) of (111) facets, as anticipated in experimental studies. Our results call for 

another rationalization of the experimental findings. 

 The symmetry reduction just mentioned represents an important extension of 

the novel strategy to employ three-dimensional cluster models in studies of 

adsorption and reactivity. Indeed, on three-dimensional metal nanoclusters with 

symmetry lower than Oh, e.g. D4h, one can accommodate adsorption complexes 

which feature local C2v symmetry, rather than atoms or “up-right” linear molecules 

as done previously. In addition, these models admit low coverage, with only one 

adsorbate per (111) facet. If a locally completely asymmetric adsorbate or a 

transition state complex is to be considered, reduction to global D4 symmetry would 

suffice within the present nanocluster scheme. Such lower-symmetry studies of the 

reactivity of 3D nanoparticles are feasible with the help of the contemporary 

computer hard- and software and they will certainly soon comprise an important 

extension of the work described in this thesis. 

 Finally, we studied bimetallic cuboctahedral nanoscale clusters Pd140-nZnn (n 

= 0, 8, 24, 32) as local models of the active component of novel Pd/ZnO catalysts 

for methanol steam reforming. Such compact model clusters can provide a 

quantitatively accurate description of adsorption properties of single crystal metal 

surfaces as well as supported metal particles. By this work we extended the 

modeling strategy based on high-level electronic structure calculations of three-

dimensional metal nanoparticles to investigate bimetallic Pd-Zn species with low 

concentrations of Zn atoms. The calculated average cluster cohesive energy 

decreases gradually when the number of Zn atoms increases: each of them 



Chapter 5. Summary and Prospects 136

introduces a destabilization by ~1 eV. Zn atoms preferentially occupy positions in 

the surface layer of the clusters. A small transfer of electron density from Zn to Pd 

atoms was found. To probe how adsorption properties of bimetallic species change 

relative to those of the reference cluster Pd140, we studied complexes with CO 

molecules adsorbed on threefold hollow Pd3 sites of (111) cluster facets. CO 

adsorption energies were calculated notably smaller when Zn atoms are located in 

the subsurface layer of the clusters; on the other hand, Zn atoms in the surface layer 

affected the CO adsorption energy only slightly. Calculated CO adsorption energies 

and vibrational C–O frequencies do not correlate, reflecting the different origin of 

these properties: the former are global characteristics of adsorption systems whereas 

the latter are mainly due to local effects. 
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