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Abstract  
          The adsorption properties and characteristics of CO on Cu, Ag and Au atoms deposited on various sites 
(regular   ,   center, and  center) of the alkaline earth oxide MgO and BaO. The three members of 
morphological irregularities, terrace, edge, and oxygen terminated corner of MgO and BaO (001) surface have 
been studied by means of density functional calculations and embedded cluster model. The examined clusters 
were embedded in the simulated Coulomb fields that closely approximate the Madelung fields of the host 
surfaces. The  adsorption  properties  of  CO  have  been  analyzed  with reference  to  the  nature  of  the  oxide  
support,  pairwise  and  non-pairwise  additivity,  band  gaps,  associative  adsorption,  and  electrostatic  
potentials.  CO  adsorption  on  an  oxide  support  is  drastically  enhanced when  CO  is  adsorbed  on  a  metal  
deposited  on  this  support.  A  dramatic  change  is  found,  and  explained, when  one  compares  the  CO  
binding  energy  to   and    sites.  The  binding  of  CO precursor is  mainly  dominated  by  the 

pairwise  additive  contributions and the  non-additivity term increases with increasing the basicity 
of the oxide support (MgO  <  BaO). While the classical contributions to the electrostatic interactions are quite 
similar for the deposited metals, they are quite dissimilar when going from defect-free to defect-containing 
surfaces. 

Keywords: CO adsorption properties -Transition metals-Oxide supports- Density functional calculations 
 

1.Introduction 
 

     Metal clusters and thin films on oxides play important roles in various technological applications, such as 
heterogeneous catalysis1-7, gas sensors, corrosion-protective coatings, and microelectronic devices8-14. The 
adsorption, growth and electronic characteristics of metal ad-atoms  deposited on oxides are of special interest 
because these factors are supposed to influence the physical and the chemical properties of metal clusters and to 
help optimize a catalytic process for the desired chemical reaction and product. 
    Oxide-supported metal clusters have been extensively studied from both the experimental and theoretical 
aspects15-27.  Among the oxide supports, the MgO(001) surface, a prototype of the ionic-oxide surface, has been 
most widely investigated due to its favourable physical properties, such as its simple atomic structure, strong 
ionic bonding characteristics, and good chemical stability. The surface oxygen atoms of MgO(001) with a strong 
ionic character have valence states that are almost saturated. Recent high-level computational studies showed 
that on defect-free MgO (001) surfaces, metal ad-atoms  preferred to adsorb on top of a surface oxygen atom15-19. 
For the experimental study of the properties of metal ad-atoms  or clusters on oxides, ultra-thin oxide films 
supported by transition metals are more desirable and are widely used23,28-29. Pacchioni et al.22, based on their 
density functional theory (DFT) calculations, showed that Au adsorbed more strongly on an Mo- supported 
MgO(001) surface than on an MgO (001) surface   
     The interaction of CO with MgO (001) surface, has received a great deal of attention in the literature30-47. It is 
considered a prototypical system for adsorption studies44. Moreover, since a number of metal oxides exist 
naturally in rocks and minerals exposed to groundwater and their presence influences the mobility of pollutants, 
the adsorption properties of this oxide have a geochemical relevance. Since CO is the most common probe 
molecule in surface science that has also been extensively used to characterize different MgO samples48, we will 
examine the interaction of CO with electrons stabilized on the surface of MgO. We will consider  sites, as 
well as a single electron trapped in an oxygen vacancy (positive charge site).  
    The study of different transition metal atoms belonging to the same group (Cu Ag and Au) but have different 
valence structure can provide new information on the substrate–metal and metal–CO bonding, thus helping in 
the identification of surface defects where the metal atoms are stabilized. Cu, Ag and Au are representative of 
various transition metal atoms with complete d shell and partially filled s shell (Cu:3d104s1, Ag:4d105s1, 
Au:5d106s1). Moreover, Cu, Ag, and Au are employed as active phases in a large group of catalytic systems.       
      Although in early works the support was supposed to be inert, nowadays it is well established that even for 
the less reactive supports changes in the properties of the adsorbate occur49–65. The presence and the quality of 
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the support for small clusters have been found to be of high relevance in the final catalytic activity. Some studies 
have assigned the variation of the adsorption properties to the increase of electron density due to the excess 
electron density on the oxygen atoms on more basic supports. The variation on the basicity of the support implies 
the modification of the chemical properties, and therefore deserves further investigation.  
      In this paper we present results on the adsorption properties and characteristics of CO on Cu, Ag and Au 
atoms deposited on various sites (regular   ,   center, and  center) of the alkaline earth oxide MgO and 
BaO. The three members of morphological irregularities, terrace, edge, and oxygen terminated corner of MgO 
and BaO (001) surface have been identified. These sites are illustrated in Fig. 1. Apart from the investigation of 
the role of defects present in the support in the deposited metal properties and CO binding energies, other basic 
questions related to the characteristics of adsorbate–substrate interactions have not been fully addressed yet. We 
have therefore paid special attention to bond order conservation theory, pairwise and non-pairwise additivity, 
associative adsorption, and electrostatic potentials.  
 

2.Computational Details 
 

     Hybrid  DFT  and  embedded  cluster  models  have  been used  extensively  to  describe  the  electronic  and  
geometrical  structures  of  metal  particles  nucleated  on  regular  and defective  sites  on  metal  oxide  
surfaces66.  Sousa  et  al.67  used  a  cluster/periodic  comparison  in  the  same  computational  model  (DFT  or  
Hartree–Fock)  for  the  ionic systems  MnO,  FeO,  CoO,  NiO  and  CuO  to  establish that  embedded  cluster  
models  provide  an  adequate  representation.  They  used  a  lattice  parameter  (421  pm)  for the  bulk,  with  
no  surface  relaxation  or  rumpling  in  the defect-free  two-dimensional  system,  on  the  basis  of  a previous  
study.   
       A finite ionic crystal of 288 point charges was first constructed. The Coulomb potentials along the X and Y 
axes of this crystal are zero by symmetry as in the host crystal. The ± 2 charges on the outer shells were then 
modified by using a fitting procedure to make the Coulomb potential at the four central sites closely 
approximates the Madelung potential of the host crystal and to make the Coulomb potential at the eight points 
with coordinates (0,±R,±R) and (± R,0,±R) where R is half the lattice distance, which for MgO and BaO are 
2.105, and 2.76 respectively,, equal to zero as it should be in the host crystal. With these charges, 0.818566 and 
1.601818, the Coulomb potential in the region occupied by the central ions is very close to that in the unit cell of 
the host crystal. The Coulomb potential was calculated to be (1.748) at the four central sites (compared with 
1.746 for a simple cubic ionic crystal) and (0.0) at the previously defined eight points (compared with 0.0 for the 
same crystal).  The low coordination (001) surface sites of the MgO and BaO crystals represented in Fig. 1 were 
then generated as follows: 
(a) all charged centers with Cartesian coordinates ( X), ( Y) and (Z 0) were eliminated to generate a flat  
     surface with 176 charged centers occupying the three- dimensional space (X), ( Y), and (Z  0). 
(b) all charged centers with Cartesian coordinates ( ± X ), ( Y< -1) and (Z> 0) were eliminated to generate an   
     edge surface with 121 charged centers occupying the three-dimensional space ( ± X ), (Y  1) and (Z 0); 
(c) all charged centers with Cartesian coordinates ( X> 1), ( Y< -1) and (Z> 0) were eliminated to generate an  
      O corner surface with 81charged centers occupying the three-dimensional space ( X  1), (Y  -1) and (Z  
       0). 
The clusters of Fig. 1 were then embedded within the central region of the crystal surface. All the electrons of 
the embedded clusters were included in the Hamiltonians of the ab initio calculations. Other crystal sites entered 
the Hamiltonians either as full or partial ionic charges as demonstrated previously52. 
      MgnOn RandR RBanOn  clusters have been used to model oxygen vacancies on several morphologic sites of the 
MgO and BaO (001) surface (Fig. 1): Mg13O13 and Ba13O13 for the terrace, consisting of two layers (first layer: 
Mg4O9; second layer: Mg9O4). Mg9O9 and Ba9O9 for the edge, Mg6O6 and Ba6O6 for the corner.  
      A neutral O vacancy was represented by Mg13O12 and Ba13O12 cluster for the terrace, leading to a cavity with 
two trapped electrons, i.e. a neutral diamagnetic  center with the vacancy localized in the centre of the first 
layer. In this case, the geometrical optimization included the four central Mg and Ba atoms of first layer. Mg9O8 
and Ba9O8 for the edge, Mg6O5 and Ba6O5 for the corner. A paramagnetic center was obtained from a neutral 

 center by removing one electron from the periodic cell (Fig.1). Localization  of  the  unpaired  electron  
mainly  in  the  vacancy  region is  corroborated  by  both  quantum  chemical  calculations68  and ESR  
experiments69. 
       As far as the density functional model is concerned, density functional theory method was employed for the 
calculations of the adsorbate–substrate interactions70. The density functional theory calculations were performed 
by using Becke’s three parameter exchange functional B3 with LYP correlation functional71-72. This B3LYP 
hybrid functional is based on the exact form of the Vosko–Wilk–Nusair correlation potential that is used to 
extract the local part of the LYP correlation potential71-72. Originally the functional B included the Slater 
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exchange along with corrections involving the gradient of the density73 and the correlation functional LYP is that 
of Lee, Yang and Parr, which includes both local and non-local terms74-75. 
     The Stevens, Basch and Krauss compact effective potential CEP basis sets76-78 were employed in the present 
calculations. In these CEP basis sets, the double zeta calculations are referred to as CEP-31G, and similarly triple 
zeta calculations to as CEP-121G. Only one CEP basis set is defined beyond the second row, and the two sets are 
equivalent for these atoms. These basis sets have been used to calculate the equilibrium structure and 
spectroscopic properties of several molecules, and the results compared favourably with corresponding all-
electron calculations. The computations reported in this paper were carried out by using Gaussian 03 system79 
and the molecular orbital densities were visualized by using the corresponding Gauss View software.  
 

3.Results and discussion 
 

3.1. Adsorption of single transition metal (TM) atom on  sites 

     The  first  step  in  this  study  was  to  investigate the  adsorption  properties of  a  single  transition  metal  
atom;  Cu, Ag and Au  at  the terrace, edge, and oxygen terminated corner of MgO and BaO (001) surface. The 
ad-atoms are deposited on the regular site. The surface cluster models have been chosen in such a way that 
the stoichiometry of MgO is retained. Thus, Mg13O13 and Ba13O13 cluster for the terrace, Mg9O9 and Ba9O9 for 
the edge, Mg6O6 and Ba6O6 for the corner are selected to simulate the basic sites where a metal atom will interact 
directly above an anion. These clusters contain two layers of ions and are further embedded in a suitable 
environment. For the Mg13O13 cluster (terrace) (Fig.1) contains four cations and nine anions in the first layer and 
four anions and nine cations in the second one. Similarly, the first layer of the Mg9O9 cluster (edge) (Fig.1) 
contains three cations and sex anions, whereas the second layer contains sex cations and three anions. The first 
layer of the Mg6O6 cluster (corner) contains two cations and four anions, whereas the second layer contains four 
cations and two anions. 

           We carried out calculations of adsorption energies  per adatom at various adsorption sites. The 
adsorption energy was calculated as a difference of total energies.Here,   was defined as  

 
Where  and  are the total energies of the TM- adsorbed and the clean MgO(001) 
surfaces, respectively and  is the total energy of a free TM atom. Under this convention, a more negative 
value of the adsorption energy represents stronger adsorption.  
      The basic centre has been found to be the most reactive one versus metal adsorption in all the available 
studies for the MgO surface and therefore is likely to be the most reactive site for the whole series of alkaline 
earth oxides. In a systematic density functional study38, the adsorption of single atoms of nine transition elements 
(Cu, Ag, Ni, Pd, Au, Cr, Mo, Pt, W) on the sites has been considered. In another study16 the adsorption of 
single atoms of four transition elements (Cu, Ag, Ni, Pd) on the sites has been considered. In a more recent 
study, the adsorption of single atoms of seventeen transition elements (Cu, Ag, Au; Ni, Pd, Pt; Co, Rh, Ir; Fe, 
Ru, Os; Mn, Re; Mo, W) on the sites has been considered by Neyman et al.56. 
      Table1 represents  the  equilibrium  energetic  and  geometric parameters  for  the  adsorption  of  single  
metal  atom  on  MgO  and BaO  surfaces. The results reported in this table demonstrate that the adsorption 
energies for MgO surface on site follows the trend five coordinated surface < three-coordinated corner 
<four-coordinated step (edge) and for BaO surface on site follows the trend three-coordinated corner >four-
coordinated step (edge) > five coordinated surface.   
     For the noble metal adatoms of Cu, Ag, and Au, the adsorption energies of -0.541,-0.394 and -0.557 eV for 
MgO surfaces, and -1.619, -1.048 and -2.057 eV for BaO surfaces were obtained, respectively. As shown in 
Table1, the equilibrium heights and adsorption energies of Cu, Ag, on  of MgO surface are comparable with 
those reported by Jinwoo Park et al.20 The quantitative changes observed are basically attributed to the different 
exchange correlation potentials and basis sets employed in the calculations. The adsorption energies of the Cu, 
Ag, and Au on  sites increase with increasing the basicity of the oxide support from MgO to BaO. It  is  clear  
from  Table1  that  the  adsorption  energy  at   site  of  MgO and BaO (001)  surface,  increases  according  
to  the  order  Au  >  Cu  >  Ag. 
     The valence band of the MgO and BaO (001) surface with a highly ionic nature is well known to mainly 
consist of O 2p valence states that are almost saturated. The TM adatoms interact with the oxide surface atoms 
through the mixed bonding of the TM valence states with the 2p valence states of the surface O anion. The 
interatomic distances between the TM adatoms and the surface atoms of MgO and BaO (001), to which the TM 
adatoms were bound, well reflect the differences in interaction strength. For instance, a TM-O distance increases 
according to the order Ag < Au < Cu (see Table 1). 
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3.2. Adsorption of single transition metal (TM) atom on  sites 
 

     In the  vacancy, the two electrons of the (formal) dianion  of the MO crystal are left at the surface and 
are localized in the cavity that was previously occupied by the now missing oxygen atom. A neutral  center 
with its vanishing electron affinity is expected to exhibit adsorption properties that, to a certain extent, resemble 
those of the regular  sites of MO. Indeed, the  interaction  of  TM adatoms on  the    site  is  characterized  
by  stronger  binding  energy with  shorter  equilibrium  adsorption  distance  than  on  the  surface  site 
(Table1). The results reported in this table demonstrate that the adsorption energies for MgO and BaO (001) 
surface on site follows the trend three-coordinated corner > four-coordinated step (edge) > five coordinated 
surface. The adsorption energies are between -1.05 and -4.08 eV, and the strength of adsorption follows the order 
Au > Cu > Ag for each metal oxide support, and the order MgO < BaO for the considered surfaces.   In the case 
of the  site, the adsorbed atoms interact with the closed shells of an anion that is firmly kept in its position by 
ionic bonds with its neighbouring cations. That is quite different from adsorption on a defect  site, which is 
more like a hole with a low electron density inside that is easily polarizable. The electron density in the vacancy 
does not belong to any nucleus; the corresponding electronic states are stabilized via interaction with the vacancy 
environment, first of all with the nearest surrounding M cations. The stronger Pauli repulsions from the rigid 
MgO (001) walls are the reason why TM-  bonds are weaker than TM- bonds. These Pauli repulsions 
decrease when we go from MgO to BaO due to increasing the volume of the  cavity. Consequently, as shown 
in Table1 the binding energies of the three considered metals increase from MgO to BaO. 
 

3.3. Adsorption of single transition metal (TM) atom on  sites 
 

      The  site of MO (001), compared with the  site, exhibit a differences: removal of an electron leaves on 
unpaired electron in the vacancy which is readily available for covalent bonding with an unpaired electron of a 
metal atom adsorbate, this factor is of particular importance for the M/ complexes of Cu Ag and Au. These 

feature the most favourable electron configuration (a1)
2(a*1)

0
 and binding energies which are larger than those 

of their TM/  analogs with the configuration (a1)
2(a*1)

1. All adsorption parameters of the present series of 
different metal atoms on centers, Table 1, are more uniform than those obtained on  centers. The results 
reported in this table demonstrate that the adsorption energies for MgO and BaO (001) surface on site follows 
the trend four-coordinated step (edge) > five coordinated surface  > three-coordinated corner.  The results are less 
adsorbate dependent, with an adsorption energy that goes from 2.39 to 3.31 eV and 2.71 to 4.22 eV respectively 
for MgO and BaO terrace surfaces. Compared with adsorption on  defect, the strength of the TM- bond is 
increased for the coinage metal atoms Cu, Au and Ag; coupling of their single valence s electron with the 
electron located in the cavity results in a rather strong covalent bond. In all cases, the positive charge associated 
to the defect leads to an additional contribution to the bonding from the metal polarization.  
 

3.4. Adsorption of CO 
 

      First we have considered the adsorption properties of a CO molecule adsorbed with the C-end to the metal 
atom and the molecular axis normal to the surface plane, Fig.2. The energy characteristics of the gas-phase CO 
and M–CO are presented in Table 2. From  this  table  one  can  see  that  the  adsorption  strength  follows the  
order  Au  >  Cu  >  Ag.  The  interatomic  distances  between  TM and  C  atom  of  CO  molecule  are  shorter  
for  both  Cu CO  and  Au CO complexes  than  those  for  Ag CO complexes. 
      The  next  step  of  adsorptivity  calculations,  is  studying  the adsorption  of  CO  molecule  via  its  C  end  
on the defect free  and  defect-containing  surfaces  of  MgO  and  BaO. The adsorption energies were calculated 
from the relations:  
 

 
 

Where  is the adsorption energy of CO on top of metal (X) deposited on a particular site on the surface of 
the metal oxide support, , site is the total optimized energy of the CO/X/MO substrate surfaces for 
either defect free or defect containing,  is the optimal energy of CO and  is the optimal energy 
metal (X) of deposited on a particular site of the oxide support. The results are represented in Table 3. The 
results reported in this table demonstrate that the adsorption energies for MgO and BaO (001) surface follows the 
trend four-coordinated step (edge) > five coordinated surface  > three-coordinated corner. Several facts emerge 
from this table. First, the  adsorption  strength  of  CO/ BaO  complexes  is  stronger than  that  of  CO/MgO  at  
the  three  adsorption  sites;  ,    and  . This  can  be  attributed  to  values  of  the  band  gaps  of  BaO  
and  MgO terraces  as  that  calculated  in  Table  7b.  Moreover,  the  adsorption energies  follow  the  order    
<   <  for  CO/MgO  complexes  and the  order  <    <  for  the  CO/ BaO    complexes.  A  
second  fact  in Table 3,  is  that  on  contrary  to  the  unbounded  CO/ site  of  MgO, the  CO  molecule  is  
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highly  bounded  to  the  same  site  in  BaO surfaces. As concluded in a comparative study by Giordano et al.80 
compared  to  the  free  MCO  complexes,  the  deposition  of  MCO  on the  oxide  sites  resulted  in  enhancing  
back  donation  of  charge.  Such effect  is  more  pronounced  on    centers  where  the  electrons  trapped in  
the  cavity  are  more  easily  redistributed  over  the  CO  empty  levels. On  charged   centers  the  presence  
of  an  electric  field  counteracts the  effect  of  the  back  donation. 
 
 

3.5. Adsorption of CO/TM/MO 
 

     The  third  step  of  adsorption  properties  was  devoted  to  the adsorptivity  of  a  single  CO  molecule  via  
its  C  end  on  the  transition  metal  atoms;  Cu, Ag and Au deposited  on  the  defect-free  as  well  as  defect-
containing  surfaces  of  MgO  and BaO  surfaces. The adsorption energies were calculated from the relations:  
 

 
 

Where  is the adsorption energy of the XCO species on a particular site of the metal oxide support, 
, site is the total optimized energy of the CO/X/MO substrate surfaces for either defect free or 

defect containing,  is the minimal energy of the XCO species, and  is the energy of the oxide 
support.  The calculations have been performed within the  symmetry constraint Table 4. The results reported 
in this table demonstrate that the adsorption energies for MgO and BaO (001) surface follows the trend three-
coordinated corner > four-coordinated step (edge) > five coordinated surface.  Some general trends can be 
deduced from the analysis of the results of Table 4. Ag does not exhibit tendency to bind CO. It should be 
mentioned that the gas-phase Ag–CO complexes are unbound, Table 2. For Ag/MgO this is consistent with the 
experimental observation that all CO has desorbed from the surface for temperatures around 120 K and that IR 
spectra are very similar for CO/MgO and CO/Ag1/MgO81-82. The theoretical calculations of Giordano et al.80 also 
report that Ag1/MgO does not exhibit any tendency to bind CO. However, the situation is different for Cu and 
Au adsorbed on the oxide anions of the surfaces, Table 4. On Cu and Au, CO is strongly bound to the metal 
atoms adsorbed on oxide anions. In these cases the CO adsorption energies are increases  in  the  order  Au 
(0.87eV)  <  Cu (−0.83eV) and  in  the  order  Au  (-0.50 eV)  <  Cu (−1.09eV) at  the site  of  MgO  and  
BaO,  respectively. The strength of adsorption follows the order Cu > Au for each metal oxide support, and the 
order MgO < BaO for the considered series. In other words, the strength of adsorption increases with increasing 
the basicity of the oxide support. Thus, CO is expected to desorbed from oxide anions well above room 
temperature. The metal–CO bond strength, is considerably enhanced when the metal is supported to the oxide 
surface, Tables 2 and 4. It also increases with increasing the basicity of the oxide support. 
      Now we have considered the adsorption of CO on the metal atoms deposited on  centers. The   center is 
an anion vacancy occupying two electrons. Here, again, the calculations have been performed within the  
symmetry constraint, and some general trends can be deduced from the analysis of the results of Table 4. Ag 
exhibits tendency to bind CO. Again the adsorption energies for MgO and BaO (001) surface follows the trend 
three-coordinated corner >four-coordinated step (edge) > five coordinated surface. The adsorption energies are 
between - 0.19 and -1.20 eV, and the strength of adsorption follows the order Cu > Au >Ag for each metal oxide 
support and the order MgO < BaO for the considered series.  
      The second group of defect sites considered in this study is that of the paramagnetic  centers. These 
consist of a single electron trapped in the anion vacancy; their electronic structure has been studied in detail in 
polycrystalline MgO samples by ESR spectroscopy 83-84. On these sites, Ag does not exhibit tendency to bind CO 
relative to other metals. Despite the fact that CO is strongly bound on Au, and Cu deposited on, no clear 
trends are shown regarding the strength of binding energies. The M–CO bonding is weaker than that of the 
complex with the defect. Not surprisingly, the major differences in electronic structure caused by the positive 
charge of the vacancy are reflected on the binding properties of CO and MCO. 
 

3.6.Pairwise and non-pairwise additivity 
 

      In  studying  a  supported-metal  catalyst  system,  it  is  very  important  to quantify  the  extent  to  which  
the  support  (S:  MgO  or  BaO) affects  the  interaction  of  the  CO  ad-molecule  with  the  transition metal  
atom.  The interaction  energy   among  three  subsystems;  the  support  (S),  transition  metal  (TM),  
and  the  adsorbate  (CO) molecule  can  be  defined  as: 
 

 
where every energy on the right-hand side of Eq.(2) is calculated using geometrical parameters corresponding to 
the equilibrium geometry of S.M.CO.E(i) S.M.CO  is the energy required to separate three subsystems without 
changing their geometrical parameters. This energy can be decomposed into three pairwise components and a 
non-additive term  
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The non-additivity  term85-86 is a measure of cooperative interactions among the subsystems. The four 
energy terms on the right-hand side of Eq. (5) are calculated from the relations: 
 

 

 

 

 

In Table 5 we present total interaction energies for the S.M.CO system, pairwise energy components, and the 
non-additive energy terms as defined in Eqs. (4) – (9). Many  facts  can  be  explored  from this  table:  (i)  the  
small  values  of  magnitude  of   pairwise  component,  representing  the  interaction  energy  between  
support  (S) and  admolecule  (CO)  in  the  S-TM-CO  system  may  be  attributed  to  the  large  separation  
between  (S)  and  the  CO  ad-molecule.  This result  means  that  the  binding  of  CO  is  mainly  dominated  by  
the term.  However,  it  should  be  mentioned  that  the  smaller values  does  not  mean  that  
the  CO  is  weakly  bounded  to  the support  (S),  as  a  result  of  the  large  separation  between  CO and  the 
support (S)  considered  in  calculating  this  component,  this  is  simply  because  such  distance  does  not  
represent  the  real  equilibrium interatomic  distance  that  corresponds  to  the  global  minimum  on the  
potential  energy  surface. (ii)  The  second  fact  in  Table 5 is  that  the  term which is a measure of 
cooperative interactions among the subsystems,  increases  with  surface  defect-formation  (with all  TMs)  and  
with  increases  the  electrical  conducting  properties of  support  (MgO  <  BaO).  Consequently,  we  can  
conclude  that  the interaction  of  CO  with  TM  atom  is  essentially  influenced  by  these two  factors;  defect  
formation  and  the  electrical  conductivity  of  the support. The data in Tables2 and 5 provide further support 
for this observation by showing that the value of d(TM–C) in the TM-CO and S-M-CO systems differs 
significantly. Furthermore, the binding of CO on the TM and for the S-TM-CO system differs significantly too. 
Consequently, we can conclude that the interaction of CO with TM atom is essentially influenced by these two 
factors; defect formation and the electrical conductivity of the support. 
     We have considered the possible associative or dissociative adsorption reactions of CO at the defect-free and 
defect-containing surface sites of the title oxides:  

 

where X represents the adsorption site: . The released energy  was calculated from the relation 

 
The reactions energetic are compiled in Table 6, and it can be obviously seen that these reactions, for CO at 
different sites and supports, are all calculated to be endothermic. Namely, the assumed associative adsorption 
reactions are energetically favourable.  However, the tendency toward the dissociative behaviour increases with 
defect formation and with increasing the basicity of the oxide support, i.e., the released energy gets less positive. 
This tendency is concomitant with increasing the strength of the C.X bond in C.X–S structure, Table3. 
      The  data  in  Tables 7a–7c  represent  band  gap  calculations  as the  differences  between  the  tops  of  
valence  band  and  bottoms of  conduction  bands  of  the  defect-free  surfaces  and  as  the  differences  
between  the  HOMOs  and  LUMOs  of  the  defect-containing surfaces  for  the  TMCO  complexes  (Table 7a);  
TM/MO  (Table 7b), and  CO/TM/MO  (Tables 7c  ).  The  data  in  Table 7b  for  the  free  substrate  of MgO  
(0 0 1)  surface  show  that  the  values  of  band  gaps  decrease according  to  the  order;   (−3.78  eV)  >  
(−3.34  eV)  >   (−1.94  eV). 
      However,  upon  the  adsorption  of  TM/MgO,  it  can  be  seen  from the  data  in  Table 7b  that  there  is  a  
reduction  in  the  values  of band  gaps  for  all  metals  at  the   ,  and    sites.  The  band  gaps 
decrease  in  the  order  Au  (−2.38  eV)  >  Cu (−1.93  eV) >   Ag  (−1.83  eV)  at the  and  in  the  order  Au  
(−0.98  eV)  >  Cu (−0.71  eV ) >   Ag  (−0.68  eV) at  the   site and  in the  order  Cu  (−3.65 eV)  >  Ag  
(−3.59 eV)  >  Au  (−3.37 eV) at  the    site. 
      Moreover,  upon  the  adsorption  of  CO/TM/MgO  (0  0  1),  with the  exception  of  a  slight  increase  in  
the  case  CO/TM/MgO (TM  =  Cu, Ag  and  Au),  a  sharp  decrease  in  the  band  gaps  are observed  for  all  
TM/  and   sites.  Such  decrease  follows  the order  Au  (−1.22 eV)  >  Ag (−1.20 eV >  Cu  (−0.41  eV)  ,  
while  at  the  site  the  order  is Cu  (−0.92  eV)  >  Au (−0.82  eV)    >  Ag  (−0.78  eV) . Contrary  to  the  

and   sites,  an  increase  in  the values  of  band  gaps  is  recorded  at  the  CO/TM/sites  compared to  
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those  of  the  site  of  MgO  (0  0  1)  surface.  Such  increase follows  the  order Ag  (−3.67  eV)  >  Au 
(−3.54  eV)   >  Cu  (−3.38  eV)  for  the  site,  respectively. 
      Regarding  the  values  of  band  gaps  of  TM/BaO  (0  0  1),  Table 7b,  that  is;  a  reduction  in  the  band  
gaps  at  both  and   sites  of  TM/BaO  with  respect  to  those  of  BaO  surface. While  an  increase  in  
the  band  gaps  is  observed  for  at  the  O2−site  of  TM/BaO.  For  the  and  the  sites  the  decrease  in 
band  gaps  follows  the  and  Ag  (−0.43  eV)  >  Cu (−0.42  eV)    >  Au (−0.41  eV), the  order Au  (−1.70  eV)  
>  Ag (−1.69  eV)   >  Cu  (−1.68  eV). respectively,  while  at the  site,  the  decrease  in  the  band  gaps  
follows  order  Au  (−0.96  eV)  >  Ag  (−0.94  eV)  >  Cu (−0.87  eV) 
      However,  upon  the  adsorption  of  CO/TM/BaO  (0  0  1),  the  data in  Tables7c  show  that, at  the    
and  sites  there  is  a  reduction  in  the  band  gaps  for all  TMs.  At  the   site there  is  an  increase  in  
the  band gaps upon  the  adsorption  of  CO/TM/ BaO  (0  0  1)  for  all  metals. One  can  see  that  there  is  
nearly  a  consistency  between  the  band gap  results  and  the  adsorption  energies. 
      Fig.3,  plots  the  HOMOs,  of  the  MO  (MgO:  Fig.3a;  and  BaO:Fig.3b),  TM/MO,  and  CO/TM/MO.  
One can  recognize  the  polarization  induced  by  adsorption,  and  the  distortion  occurred  in  the   and   
centers  (s-like  shape).  The figure confirmed the results in Tables7a–7c and the adsorption properties discussed 
above.  It  is  clear  from  Fig.3a  that,  there  is  a  difference  in  the  shape  of HOMO  of  the  three  adsorption  
sites;  , ,  and  .  The HOMO for the oxygen vacancies    and has a large s-like character. The  
increase  in  adsorption  height  observed  in  Ag/MgO  (2.73 ) can contribute  to  the  Pauli  repulsion  of  the  
metal  valence  electrons with  those  in  the  p-orbital's  of  the  surface  oxygen  atom.  Therefore, the  HOMO  
of  Ag/ complex  has  the  characteristics  of  an  antibonding  orbital.  However,  upon  the  adsorption  of  
Ag/   and  Ag/ sites,  the  interatomic  distances  are  reduced  leading  to  a  larger  overlaps  between  the  
HOMO  of  MgO  and  LUMO  of  Ag  atom.  Moreover, upon  the  adsorption  of  CO/Ag/MgO,  the  Ag - S  
distance  decreases  at the  as  well  as   sites  and  increases  at  the  site.  Consequently, one  can  
recognize  the  stronger  polarization  in  both  cases;  and   site  than  that  at  the  site  of  the  HOMO  
of  MgO  and  LUMO  of  Ag of  the  complex CO/Ag/MgO. 
       A similar  behaviour  is  observed  for  the  BaO  systems (BaO, Ag/BaO,  and CO/Ag/BaO)  keeping  in  
mind  the  smaller  band  gaps of  the  BaO  surfaces.  
         It  is  necessary  to  analysis  the  bonding  mechanism  and  confirming  the  above  results  in  qualitative  
and  quantitative  aspects.  For  this reason,  the  total  charge-density  contours  in  the  (0  0  1)  plane  of  the 
free  substrate  MO  (MgO  and  BaO),  Ag/MO  (as  a  representative  for the  other  TM),  and  CO/Ag/MO  
systems  are  shown  in  Fig.4.  These contours  clearly  show  that  the  changes  in  the  charge  density  are 
restricted  to  both  the  adsorbates;  CO  molecules  as  well  as  Ag,  and the  adsorption  sites  ( , ,  and  

),  while  the  rest  of  oxide  remains unperturbed.  In  other  words,  the  charge  distribution  in  the  sub 
interface  layer  and  in  the  lower  half  of  the  interface  layer  is  nearly identical  to  that  in  the  bulk-like  
center  layer.  A  result  means  that the  bonding  has  a  very  local  nature.  It  should  however,  mentioned 
that,  the  same  behavior  was  observed  for  the  other  transition  metal atoms  (Cu,  Au). 
      It is generally accepted that the electrostatic potential plays a key role in the interactions of adsorbates with 
ionic substrates. In order to understand the possible electrostatic contributions to adsorbate–substrate 
interactions, the  electrostatic potentials  (ESP)  over  the  oxygen  anion  ( )  site  of  the  defect-free terrace  
surfaces  and  the  anion  vacant  ( and  )  sites  of  the  defect containing  surfaces of variable sizes have  
been  calculated  and  presented  in Fig.5, for both oxides (MgO and BaO). From this figure, it is observed that 
the electrostatic potential depends significantly on the cluster size, where the strength of the electrostatic 
potentials follows the order terrace > edge > corner in consistence with the results of Ferrari and Pacchioni87. 
This indicates that the electrostatic potentials of the defect free and defect containing surfaces were very 
different and the shapes of the functions were very dissimilar. On the other hand, the trend of the electrostatic 
potentials follows the order . Since the electrostatic interaction of an admolecule with the surface 
will mainly consist of electric field induced dipole and electric field derivatives-induced quadrupole moments, 
one expects that the classical contributions to the admolecule–surface interactions are quite different going from 
the defect free to the defect containing surfaces. Curve crossings that occur at about 1 Å imply that the 
electrostatic interactions are identical regardless of the nature of the surface, defect free or defect containing. 
      The alteration of bond strength of the support–MCO fragment on and sites of the oxide support 
can be understood and rationalized with simple orbital schemes that include the highest occupied molecular 
orbitals (HOMOs) and the lowest unoccupied molecular orbital's (LUMOs) of the oxide support. In Table7 we 
list the HOMOs and LUMOs of MCO fragments together with the HOMOs and LUMOs of the defect-free and 
defect-containing surfaces of the oxide supports. These data were then further represented graphically in Fig. 6. 
As shown from Table7, and Fig. 6, the reactivity of the deposited MCO fragments on the various sites of oxide 
supports increases significantly (from MgO to BaO) with decreasing the value of the energy gap (HOMO–
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LUMO) of the substrate. In other words there is a linear correlation between the strength of the support–MCO 
bond and the basicity of the crystal. For example, consider the adsorption energies of CuCO fragment on the 

site of MgO and BaO. The energy gaps HOMO –LUMO decreases from –3.34 eV for MgO, to – 0.88 eV for 
BaO. The corresponding adsorption energies (bond strengths) of CuCO fragment increases simultaneously from 
–1.29 eV on MgO, to –3.42 eV on BaO. This is applied equally well to the whole set of MCO fragments on the 
examined oxide supports. The results are in line with increasing the basicity of the oxide support, and with the 
amount of charge transferred from the anion of the oxide support to the MCO adsorbate. 
 

4.Conclusion 

      In this study, the adsorption structures and electronic properties of the CO molecule on the TM atoms (Cu, 
Ag and Au) deposited on  and  defect sites as well as on regular  of the alkaline earth oxide MgO and 
BaO (001) surfaces at  low  coordinated  surface  was  studied  by  DFT  and  the  embedded cluster  approach.   
The three members of morphological irregularities, terrace, edge, and oxygen terminated corner of MgO and 
BaO (001) surfaces have been identified. The model clusters were embedded in simulated Coulomb fields that 
closely approximate the Madelung fields of the host surfaces, and the adsorption properties have been analyzed 
with reference to the bond order conservation energy, pairwise and non-pairwise additivity, associative 
adsorption, and electrostatic potentials. The adsorption of CO on a metal in the gas-phase or on an oxide support 
is drastically enhanced when CO is adsorbed on a metal deposited on this oxide support. While Ag does not 
exhibit tendency to bind CO on the defect-free surface, on Cu and Au CO is strongly bound. The strength of CO 
adsorption increases with increasing the basicity of the oxide support so that CO is expected to desorb from 
oxide anions well above room temperature. The metal–CO bond strength, is considerably enhanced when the 
metal is supported to the oxide surface.  While Cu atoms are bound at the oxide anions of the defect-free surface, 
Au atoms are bound at the  centers of the defect-containing surface. The interaction of CO with the metal M is 
essentially affected by two factors, defect formation and basicity of the support.  The reactions, for CO at 
different sites and supports, are all calculated to be endothermic.  The oxide support surface has a considerable 
effect on the interaction of CO with the metal and its role is not restricted to supporting the metal but also 
influences the interaction of the   CO molecule with the TM atoms. The binding of CO is dominated by the E(i) 
M.CO term, and the non-additivity increases with increasing the basicity of the support. While the classical 
contributions to the adsorbate–surface interactions are quite similar for the deposited transition metals, they are 
quite different when going from defect-free to defect-containing surfaces. In the framework of the basicity of the 
support, the electrostatic potential generated by the oxide modifies the physical and chemical properties of the 
adsorbed metal and therefore its reactivity versus the CO adsorbate. 
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Table 1: 
 Calculated parameters for the adsorption complexes of Cu, Ag and Au  atoms on regular  sites as well as the 
defect (  and ) on terrace, edge, and oxygen  corner of MgO and BaO (001) surfaces.  

d(M–S):  optimal  distances in Å between  adsorbed  metals  and  surfaces  site  , De:  optimal  adsorption energies  in 
eV. 

Table 2: 
 Structural and energetic parameters of CO and MCO. d: optimal adsorption height. De: optimal adsorption energy. M: 
transition metal. 
  –De means the system is bound. 

 Terrace Edge Corner 

Oxide Metal
         

 d(M–S) De (eV)d(M–S) De (eV)d(M–S) De (eV)d(M–S) De (eV) d(M–S) De (eV) d(M–S) De (eV)d(M–S) De (eV)d(M–S) De (eV)d(M–S) De (eV)

MgO 
Cu 

1.99 
-

0.541 
1.62 

-
1.351 

1.67 
-

2.677 
2.01 

-
2.206 

1.48 
-

1.564 
1.60 

-
2.773 

1.87 
-

1.836 
1.35 

-
2.498 

1.34 
-

2.507 

 
Ag 

2.73 
-

0.394 
1.84 

-
1.045 

1.91 
-

2.393 
2.40 

-
0.573 

1.87 
-

1.260 
1.81 

-
2.550 

2.18 
-

1.211 
1.59 

-
2.221 

1.56 
-

2.292 

 
Au 

2.48 
-

0.557 
1.70 

-
2.220 

1.71 
-

3.308 
2.32 

-
2.811 

1.76 
-

2.382 
1.64 

-
3.513 

2.16 
-

1.147 
1.43 

-
3.142 

1.40 
-

3.140 
 

BaO Cu 
1.95 

-
1.619 

1.46 
-

3.086 
1.46 

-
3.225 

1.89 
-

2.288 
1.41 

-
2.834 

1.39 
-

3.037 
1.81 

-
3.065 

0.90 
-

3.149 
1.75 

-
2.285 

 
Ag 

2.33 -1.048 1.88 
-

2.576 
1.88 

-
2.713 

2.22 
-

1.426 
1.82 

-
2.420 

1.80 
-

2.612 
2.10 

-
2.329 

1.48 
-

2.714 
1.87 

-
1.978 

 
Au 

2.28 -2.057 1.66 
-

4.087 
1.65 

-
4.224 

2.20 
-

2.461 
1.60 

-
3.850 

1.58 
-

4.036 
2.10 

-
2.918 

1.30 
-

4.069 
2.06 

-
3.495 

 

C-O       

d(C-O)    1.17 
D(O)ev   -8.92 
    
M-C-O      

  CU Ag Au 

d(M-C)  1.93 4.20 2.07 

d(C-O)  1.17 1.17 1.17 
De(O)ev -7.33 -7.66 -6.90 
De(CO)ev            -0.39           -0.02 -0.40 
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Table 3:  
Calculated parameters for the adsorption complexes of CO on the regular  and defect (  and ) sites of the oxide 
supports. d: optimal adsorption height. De: optimal adsorption energy. 
  -De means the system is bound. M: transition metal. 

 

Table 4: 
 Calculated parameters for the adsorption complexes MCO on the regular and defect (  and ) sites of the oxide 
supports S. d: optimal adsorption height. De:  optimal adsorption energy.  
  M: transition metal. -De means the system is bound. 

 

  FLAT   EDGE  CORNER 

Oxide  
 

 
 

 
 

  
 

 
 

 
 

 
 

 
 

 
 

MgO                    
d(S-C)( Å)  4.11  0.56  0.94   1.51  0.57  0.94  1.40  0.31  0.55 
d(C-O)( Å)  1.17  1.32  1.24   1.20  1.31  1.23  1.20  1.28  1.24 
De(O)ev  -11.05  -6.87  -6.53   -6.14  -8.64  -9.53  -6.454  -8.548  -9.592 
De(CO)ev  -0.46  0.32  -0.37   4.71  -0.06  -0.68  3.532  0.142  -0.412 
                    
BaO                    
d(S-C)( Å)  4.23  -0.06  -0.04   1.398  0.345  0.273  1.32  0.25  0.216 
d(C-O)( Å)  1.17  1.31  1.32   1.222  1.300  1.294  1.23  1.26  1.257 

De(O)ev 
 

-7.00 
 

-6.85 
 

-6.51 
  

-5.42 
 

-9.78 
 

-9.57 
 

-6.033  
-
10.303  -9.837 

De(CO)ev  -0.16  -2.27  -2.51   3.15  -1.35  -2.06  1.249  -1.094  -1.698 
                    

  FLAT  EDGE   CORNER 

Oxide 

 

 

    
 

    
 

    

 

                 

 

                 

  
 
Cu Ag Au   Cu Ag Au   Cu Ag Au 

 
Cu Ag Au   Cu Ag Au   Cu Ag Au 

 
Cu Ag Au  Cu Ag Au  Cu Ag Au 

MgO 

  

           

 

           
                         

d(S-M)( Å) 
 

1.99 2.73 2.48 1.62 1.84 1.7 1.78 1.95 1.78 
 

1.99 2.40 1.99  1.50 1.71 1.60  1.73 1.86 1.70 
 

1.87 2.08 2.16  1.51 1.63 1.47  1.50 1.63 1.48 

d(M-X )( Å) 
 

1.83 2.32 2.09 1.89 2.17 2.09 1.99 2.31 2.23 
 

1.87 2.21 1.87  1.90 2.17 2.10  2.00 2.34 2.30 
 

1.86 2.05 1.95  1.99 2.35 2.31  2.00 2.35 2.28 

d(X-O)( Å) 
 

1.20 1.16 1.17 1.18 1.18 1.18 1.16 1.16 1.16 
 

1.19 1.17 1.19  1.18 1.18 1.18  1.16 1.16 1.16 
 

1.16 1.16 1.16  1.16 1.16 1.16  1.16 1.16 1.16 

De(O)ev 
 

-7.41 -7.46 -6.59 -8.00 -7.77 -7.76 -9.81 -10.05 -9.59 
 

-7.49 -7.45 -6.82  -8.02 -8.35 -7.76  -9.82 -10.09 -9.67 
 

-8.57 -9.13 -7.95  -8.48 -8.65 -8.42  -9.83 -10.04 -9.65 

De(CO)ev 
 

-0.83 -0.09 0.87 -1.20 -0.59 -0.54 -1.00 -0.66 -0.73 
 

0.05 4.50 3.83  -1.14 -0.65 -0.66  -0.81 -0.54 -0.55 
 

-1.74 -1.80 -1.66  -0.70 -0.43 -0.42  -0.75 -0.50 -0.51 

De(MXO)ev 
 

-1.05 -0.48 -0.37 -2.22 -1.7 -2.42 -3.29 -3.04 -3.63 
 

-1.57 -0.63 -0.69  -2.32 -1.90 -2.64  -3.20 -3.08 -3.66 
 

-3.19 -2.99 -2.40  -2.81 -2.64 -3.16  -2.88 -2.77 -3.24 
                         

BaO 
  

           
 

           
                         

d(S-M)( Å) 
 

1.94 2.12 2.15 1.25 1.52 1.60 1.58 1.92 1.65 
 

1.89 2.22 2.22  1.40 1.81 1.64  1.57 1.88 1.64 
 

1.81 2.02 2.10  1.70 2.03 1.87  1.06 1.46 1.18 

d(M-C)( Å) 
 

1.75 2.02 1.99 1.97 2.20 2.45 2.13 2.77 2.80 
 

1.86 2.04 1.95  1.97 2.97 3.02  2.14 3.15 3.09 
 

1.84 2.04 1.95  4.15 2.98 3.84  3.18 3.32 3.44 

d(C-O)( Å) 
 

1.20 1.20 1.20 1.20 1.18 1.17 1.17 1.16 1.16 
 

1.20 1.20 1.20  1.19 1.16 1.17  1.17 1.17 1.16 
 

1.17 1.17 1.18  1.17 1.17 1.17  1.16 1.16 1.17 

De( O )ev 
 

-7.49 -7.34 -6.71 -7.23 -7.81 -7.61 -9.02 -9.78 -9.53 
 

-7.53 -7.33 -6.80  -7.45 -7.89 -7.77  -8.83 -9.59 -9.31 
 

-8.29 -8.26 -7.57  -7.58 -7.55 -8.25  -8.72 -9.55 -9.42 

De(C O )ev 
 

-1.09 -0.37 -0.50 -0.53 -0.01 -0.19 -0.26 -0.17 -0.17 
 

-1.11 -0.42 -0.26  -0.33 -0.08 -0.07  -0.14 -0.10 -0.09 
 

-1.68 -0.99 -1.22  0.51 0.39 0.52  -0.06 -0.06 -0.05 

De(MCO)ev 
 

-2.32 -1.34 -1.76   -3.23 -2.57 -3.88   -3.10 -2.86 -4.00 
 

-3.01 -1.83 -2.31  -2.78 -2.48 -3.51  -2.79 -2.70 -3.72 
 

-4.36 -3.30 -3.74  -2.25 -2.31 -3.14  -2.55 -2.48 -3.44 
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Table 5: 
 Total interaction energies of the S.M.CO system E(i)PS.. .M.. .COP, pairwise components E(i)PS...MP, E(i)PS...COP, E(i)PM.. .COP and the  
non-additivity term of CO adsorbed on Cu, Ag , Au deposited 
  on the defect-free (  and defect-containing ( , ) surfaces of the alkaline earth oxide series. M: transition metal. All 
energies are given in eV. 

 

Table 6: 

 The calculated released energy ∆E  for adsorption reactions of  CO on , ,  and  sites of the oxide support. +∆E  implies 
that the reaction is endothermic.   All energies are given in eV 
 
 
 

 FLAT 
 
EDGE 

 
 CORNER 

Oxide 
 

    
 

    
 

    
 

                
 

                 

  Cu Ag Au   Cu Ag Au   Cu Ag Au 
 
Cu Ag Au  Cu Ag Au  Cu Ag Au 

 
Cu Ag Au   Cu Ag Au   Cu Ag Au 

MgO 
 

           
 

           
E(i)S..M..C
O -1.44 

-
0.50 

-
0.77 -2.60 -1.71 -2.83 -3.67 -3.06 -4.04 

 
-1.95 -0.64 -1.09  -2.71 -1.91 -3.04  -3.58 -3.09 -4.06 

 
-3.57 -3.01 -2.81  -3.20 -2.65 -3.57  -3.26 -2.79 -3.65 

E(i)S..M -0.60 
-

0.41 
-

1.64 -1.41 -1.12 -2.29 -2.68 -2.39 -3.31 
 
-2.00 -5.14 -4.93  -1.56 -1.26 -2.38  -2.77 -2.55 -3.51 

 
-1.84 -1.21 -1.15  -2.50 -2.22 -3.14  -2.51 -2.29 -3.14 

E(i)S..CO -0.46 
-

0.46 
-

0.46 0.32 0.32 0.32 -0.37 -0.37 -0.37 
 
4.71 4.71 4.71  -0.06 -0.06 -0.06  -0.68 -0.68 -0.68 

 
3.53 3.53 3.53  0.14 0.14 0.14  -0.41 -0.41 -0.41 

E(i)M..CO -0.39 
-

0.02 
-

0.40 -0.39 -0.02 -0.40 -0.39 -0.02 -0.40 
 
-0.39 -0.02 -0.40  -0.39 -0.02 -0.40  -0.39 -0.02 -0.40 

 
-0.39 -0.02 -0.40  -0.39 -0.02 -0.40  -0.39 -0.02 -0.40 

 

0.02 0.39 1.74 -1.13 -0.89 -0.46 -0.24 -0.28 0.04 
 
-4.28 -0.20 -0.48  -0.70 -0.58 -0.19  0.26 0.16 0.54 

 
-4.89 -5.32 -4.79  -0.46 -0.56 -0.16  0.04 -0.07 0.31 

                        

BaO 
 

           
 

           
E(i)S..M..C
O -2.71 

-
1.36 

-
2.17 -3.62 -2.59 -4.28 -3.48 -2.88 -4.40 

 
-3.40 -1.84 -2.72  -3.40 -2.50 -3.92  -3.18 -2.71 -4.12 

 
-4.75 -3.32 -4.14  -2.08 -1.69 -2.85  -2.63 -2.03 -0.81

E(i)S..M -1.61 
-

0.99 
-

1.67 -3.09 -2.58 -4.09 -3.22 -2.71 -4.22 
 
-2.29 -1.43 -2.46  -2.83 -2.42 -3.85  -3.04 -2.61 -4.04 

 
-3.06 -2.33 -2.92  -3.15 -2.71 -4.07  -2.88 -2.44 -3.79

E(i)S..CO -0.16 
-

0.16 
-

0.16 -2.27 -2.27 -2.27 -2.51 -2.51 -2.51 
 
3.15 3.15 3.15  -1.35 -1.35 -1.35  -2.06 -2.06 -2.06 

 
1.25 1.25 1.25  -1.09 -1.09 -1.09  -1.70 -1.70 -1.70

E(i)M..CO -0.39 
-

0.02 
-

0.40 -0.39 -0.02 -0.40 -0.39 -0.02 -0.40 
 
-0.39 -0.02 -0.40  -0.39 -0.02 -0.40  -0.39 -0.02 -0.40 

 
-0.39 -0.02 -0.40  -0.39 -0.02 -0.40  -0.39 -0.02 -0.40

 

-0.55 
-

0.19 0.06 2.12 2.27 2.48 2.63 2.36 2.73 
 
-3.87 -3.55 -3.00  1.16 1.28 1.69  2.31 1.98 2.38 

 
-2.54 -2.22 -2.07  2.55 2.14 2.72  2.33 2.12 5.08

                        

  FLAT  EDGE  CORNER 
Oxide 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
MgO                  
    10.590  7.192  6.162 8.078  5.807  7.978  7.209  5.914  6.404 
                
BaO               
    6.840  4.588  3.999 5.7947  5.658  4.731  4.505  6.432  5.362 
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Table 7a:  
Highest occupied molecular orbital's (HOMOs) and lowest unoccupied  molecular orbital's (LUMOs) of MCO  
fragments. All energies are given in eV. 

 
 

Table 7b: 
 Tops  of  the  valance  bands  (V.B.),  and  the  bottoms  of  conductions  bands  (C.B.),  of defect-free  surfaces  of  
MgO  and BaO  crystals.   
 As  well  as  the  highest  occupied  molecular  orbitals  (HOMOs) and  the  lowest  unoccupied  molecular  orbitals  
(LUMOs)  of  the defect-containing 
  surfaces  before and  after  the  adsorption  of TM/MO  systems.  All energies are given in eV. 

 
Table 7c: 
 Tops  of  the  valance  bands  (V.B.),  and  the  bottoms  of  conductions  bands  (C.B.),  of defect- free  surfaces  
of  MgO  and  BaO  crystals. 
 As  well  as  the  highest  occupied  molecular  orbitals (HOMOs)  and  the  lowest  unoccupied  molecular  
orbitals  (LUMOs)  of  the defect-containing   
surfaces  before  and  after  the  adsorption  of  CO  molecule. All energies are given in eV. 

 

 
 
 
 

 
 
 
 

 CuCO AgCO AuCO 
    
     HOMO -5.259 -5.063 -4.392 
     LUMO -2.761 -1.627 -2.859 
    

Oxide Metal 
   

  V.B.    C.B.   HOMO   LUMO HOMO   LUMO 
MgO CO/MgO -7.068 -3.779 -5.362 -3.812 -10.747 - 8.403 
 Cu -4.616 -4.211 -4.781 -3.863 -10.654 -7.273 
 Ag -4.929 -3.725 -4.591 -3.808 -10.534 -6.868 
 Au -5.000 -3.785 -4.683 -3.864 -10.613 -7.069 
 
BaO CO/BaO -4.024 -3.135 -3.806 -3.079 -7.166 -6.472 
 Cu -3.767 -3.188 -3.742 -3.118 -6.880 -5.702 
 Ag -3.743 -3.193 -3.697 -3.110 -6.777 -5.149 
 Au -3.755 -3.188 -3.650 -3.149 -6.786 -5.157 

Oxide Metal 
   

  V.B.    C.B.   HOMO   LUMO HOMO   LUMO 

MgO Free -7.061 -3.724 -5.738 -3.795 -10.518 - 6.734 
 Cu -5.817 -3.882 -4.635 -3.929 -10.766 -7.112 
 Ag -5.451 -3.617 -4.597 -3.915 -10.714 -7.119 
 Au -6.242 -3.867 -4.828 -3.890 -10.752 -7.385 
 
BaO Free -4.000 -3.118 -3.719 -3.173 -6.980 -5.115 
 Cu -4.052 -3.181 -3.610 -3.186 -6.824 -5.147 
 Ag -4.121 -3.186 -3.610 -3.180 -6.837 -5.150 
 Au -4.140 -3.181 -3.613 -3.207 -6.837 -5.147 
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Fig. 2. A representative sketch of CO adsorbed on metal oxide (up row) and on deposited metal atoms (bottom 
row) of the defect-free (left) and defect-containing (right) surfaces of oxide supports. 
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