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 1 INTRODUCTION 1

 1 INTRODUCTION

 1.1 Solid metal catalysts and heterogeneous catalysis

Any real solid material is terminated by surfaces. The atoms at surfaces are at 

different environment as their  bulk counterparts.  They have unsaturated valencies 

which originate mainly in the lower coordination numbers, i.e. number of bonded 

neighbour atoms. The free valencies on surface are in reach of the molecules from 

the gas or liquid phase surrounding the solid material  and may form bonds with 

them.  The  bonds  can  be  so  intense  that  the  electronic  structure  and  the  spatial 

distribution of the electron charge around the chemisorbed molecule can change its 

reactivity. This is the basic principle underlying the phenomenon of heterogeneous 

catalysis on solid surfaces [1].

A  huge  fraction  of  all  industrial  chemical  processes  involve  heterogeneous 

catalysis. Typically, the solid catalyst is situated inside a reactor, which is operated in 

continuous gas flow. Reactants enter the reactor at the inlet, react inside the reactor 

and products leave the reactor at the outlet. Under steady-state conditions, the rate of 

the catalytic  reaction inside the reactor  is  determined by the external  parameters, 

such as partial pressures, temperature, flow rate and by the nature of the catalyst. The 

basic elementary processes involved on the solid catalyst are depicted in Fig. 1.1.

The  first  elementary  process  necessary  in  heterogeneous  catalysis  is  the 

adsorption  of  at  least  one  of  the  reactants  on  a  solid  surface.  The  molecular 
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Fig.  1.1 The  principle  of  heterogeneous  catalysis.  A 
model  of  CO  to  CO2 conversion  mechanism  on  a  
supported metal particle.
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 1 INTRODUCTION 1.1

adsorption can be either non-dissociative or dissociative. The next step is the surface 

diffusion of the adsorbates and then their surface reaction to product molecules. The 

final step is desorption from surface. Surface reaction can occur either as soon as the 

adsorbed reactants are close enough to each other  for a sufficient  period of time 

(Langmuir-Hinshelwood and Eley-Rideal mechanisms) or  after  diffusion of at least 

one of the reactants to a specific active site.

Since heterogeneous catalysis is a surface phenomenon, the rate of the reaction is 

proportional  to  exposed catalyst  surface.  It  is  desirable  to  maximize  the  specific 

surface  area  of  the  catalyst.  This  can  be  achieved  by  designing  highly  porous 

materials. On the other hand, if a precious metal is the active catalyst, it is optional to 

reduce the amount of the catalyst to very thin layers. But a few monolayers (ML) of 

metals lack mechanical strength. Therefore, they are deposited on high surface area 

ceramic  supports  such  as  alumina,  magnesia,  silica  or  ceria.  Supported  metal 

catalysts  have  typically  shape  of  nanometre-sized  particles  (nanoparticles)  that 

expose  different  crystal  phases  with  various  structural  defects.  The  size  of  the 

dispersed  particles  can  have  considerable influence  on  the  overall  reactivity.  If 

nanoparticles consist of more than one component (bimetallic catalysts, for instance) 

the surface composition may be very different from that of the bulk.  Thus metal 

nanoparticles  may  exhibit  electronic  properties  and  hence  chemical  reactivity 

different from those of the bulk material.

Structure and composition of a real catalyst as well as the reaction mechanism of 

catalysis  are often highly complex. Any direct study of the catalyst  and catalysis 

under  working conditions  is  almost  unachievable task.  Therefore,  surface science 

approach have been employed in order to get closer insight into the nature of the 

catalysts and elementary steps involved in heterogeneous catalysis on solid surfaces.

The  goal  in  the  research  of  catalysts  and  catalysis  is  to  obtain  such  broad 

knowledge of the catalytic mechanism that will enable to describe and predict the 

kinetics  of  catalytic  reactions  on  the  catalyst.  It  means  to  identify  all  possible 

reaction intermediates, active sites of the catalyst, rate constants of elementary steps 

and to identify possible structural and morphological influence of the reactants on the 

catalyst. Sometimes it is sufficient to identify the rate-limiting step. Understanding 

such  step  enables  designing new  catalysts with  higher  activity.  Heterogeneous 

catalysts may create several side-products and sometimes the formation of a desired 
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molecule or  the  suppression of  the formation  of  an  undesired  molecule  becomes 

more  important  than  the  overall  reactivity.  It  is  related  to  the selectivity  of  the 

catalyst.

 1.2 Model catalysts

The surface science approach to research of catalysts by studying well defined 

single-crystal  surfaces  have  already  been  proposed  by  Irving  Langmuir  in  the 

beginning  of  20th  century.  The  strategy  is  based  on  attention  focused  on  plane 

surfaces and reactions on them. If the principles at well-defined plain surfaces are 

well understood, we should be able to extend the theory to the case of more complex 

catalysts.

The surface  science  approach  became fully  available  after  the  introduction  of 

ultra-high  vacuum  (UHV)  techniques  and  development  big  variety  of  surface 

physical  methods.  It  has,  however,  two  main  disadvantages  which  are  usually 

referred as "pressure" and "materials gap".

Most of the surface science techniques can not be operated under high-pressure 

conditions  typical  for  catalytic  reactions  used,  for  instance,  in  industry.  Reaction 

mechanisms at surfaces can be different at ultra low-pressures and we talk about the 

"pressure gap". By the "materials gap", it is meant that the properties of well-defined 

single-crystal  surfaces  may be  quite  different  from the  surface  properties  of  real 

catalyst with a complex surface structure. Moreover, both "gaps" might be tightly 

linked  together.  For  instance,  the  surface  of  a  catalyst  can  be  structurally  or 

chemically altered at high pressures. A good example demonstrating the appearance 

of the both "gaps" is  the CO oxidation on Ru catalysts  [1].  While CO oxidation 

mechanism and kinetics on Rh, Pt, and Pd are similar for supported catalysts and 

single crystals, this is not true for Ru. Ruthenium supported catalysts at atmospheric 

pressure have been found more reactive than the other metals. On the contrary, Ru 

single-crystals  have been found much less active under UHV conditions  [2].  The 

existence  of  the  pressure  gap  was  finally  explained  by  the  formation  of  a  thin 

RuO2(110) overlayer on top of the Ru(0001) surface in an oxidizing atmospheric 

pressure  and  at  elevated  temperature  [3].  The  RuO2(110)  surface  posses 

coordinatively unsaturated Ru atoms on which CO and oxygen adsorb. The adsorbed 

molecules  react  following  the  Langmuir-Hinshelwood  with  significantly  lower 
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activation energy as at the Rh(0001) surface. Later it was discovered that the most 

active supported Ru catalysts are the so-called core-shell nanoparticles with Ru metal 

core covered by an ultra-thin RuO2(110) and (100) shell [4]. The similarity between 

the single-crystal model and supported catalyst is evident and this example shows 

that it is possible to bridge the materials and pressure gap.

The materials and pressure gap can be bridged by different ways. One of them is 

systematic study with the use of different single-crystal surfaces; different bimetallic 

or multimetallic alloy surfaces; surfaces with well-defined defects; surfaces doped by 

other elements; comparative studies on supported particles with different but well 

known sizes; etc.

Some details about reaction mechanisms can be obtained by studying backward 

reactions, since they proceed through the same intermediate microscopic steps.

A useful  concept  to  study  the  chemical  properties  of  an  oxide-metal  phase 

boundary is  the so-called  "inverse  model  catalyst"  approach.  This  type  of  model 

catalyst  consists  of  metal  single  crystal  surface  decorated  by  submonolayer 

coverages of atomically ordered oxide islands.

Vapour deposited thin metal and mixed metal films on an oxide substrate can be 

considered  as  a  step  between  well  defined  model  catalysts  and  complex  real 

catalysts. The main difference between a single-crystal model catalyst and supported 

thin film is the presence of the substrate. Supported metal systems are influenced by 

the  interaction  with  the  support.  The  influence  of  the  support  might  be 

straightforward  through  the  strong  bonding  with  the  metal  atoms  or  indirect,  by 

influencing the structure and morphology of the metal films or particles. In the case 

of supported mixed films, the relations between the constituents, their influence on 

the interaction with the support and vice versa must be considered.

Thin metal films or particles vapour deposited on well-defined oxide surfaces, 

under clean UHV conditions, serve as a useful model of real catalysts. Such model 

catalysts are accessible to the surface science techniques, which make possible to 

study fundamental details of their catalytic behaviour. Besides,  under well defined 

and  controlled  conditions  typical  for  surface  science  experimental  systems,  it  is 

possible to design a catalyst with novel catalytic properties.

4
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 1.3 Bimetallic systems

Bimetallic systems with nanometre dimensions may form structures and phases 

which  have  no  bulk  counterparts.  These  materials  may  exhibit  novel  properties, 

which originate from spatial confinement to atomic dimensions, mixing of otherwise 

immiscible metals, novel heteroatomic metal-metal bonds, etc. The formation of a 

bimetallic surface or subsurface alloy can have tremendous effects on the reactivity 

of metal catalyst.

One  of  the  possible  desirable  effect  of  the  presence  of  the  second  metal 

constituent  is  the  possibility  of  having  two  different  reactions  occurring 

simultaneously  on  different  metallic  centres.  An  example  is  three-way  catalyst 

(TWC)  for  car  exhausts.  The  typical  TWC  contains  Pt-Rh  alloys,  where  CO  is 

oxidized and NO reduced [5].

Another desirable effect in a bimetallic system can be alloying which can induce 

an increase in the yield of a specific reaction by reducing the energy barrier of the 

rate-limiting step in the reaction mechanism. An example is the approximately five-

fold  increase  of  the  catalytic  activity  of  Rh  surfaces  after  alloying  with  V  in 

hydrogenation of CO (Fig. 1.2).

Alloying can open up new chemical reaction pathways or suppress undesired side 

products by altering the selectivity. Furthermore, the presence of the second metal 
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Fig. 1.2: Activity (Turn Over Frequency-TOF) and selectivity of  
bare polycrystalline Rh foil  and the Rh foil  with 2 ML of  V 
annealed  at  950 K.  Reaction  conditions:  40  mbar  CO,  360  
mbar H2, 600 mbar He, 573 K [6].
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constituent can prevent the main metal constituent from poisoning and thus from the 

deactivation of the surface. The second metal can also stabilize the surface structure 

under reaction conditions. On the other hand, the second metal constituent can have 

undesired effects, such as deactivation of the active sites of a specific reaction, or it 

can react with the gas reactants and cover the metal catalyst with an inert layer.

The  altered  catalytic  properties  can  be  often  rationalized  by  concepts  of 

"electronic"  and  "ensemble"  effects.  The  "ensemble"  requirement  for  reaction  on 

surface is usually connected with the group of active sites  on the surface  which is 

necessary  for  a  particular  reaction.  Undesired  reactions  can  be  suppressed  by 

removing or poisoning the responsible active sites. An example of the "ensemble" 

effect is complete suppression of O2 adsorption on the  3×3 R30° Sn-Rh(111) 

surface alloy at room temperature and low pressures  [7]. Molecules of O2 adsorb 

dissociatively on the clean Rh(111) surface and the dissociated oxygen atoms sit in 

three-fold fcc-hollow sites. Such sites are not available on the  3×3 R30° Sn-

Rh(111) surface alloy, where each three-fold hollow site is affected by the presence 

of a tin atom which substituted the surface Rh atom.

"Electronic"  effects  refer  to  altered  catalytic  properties which  originate  in  the 

altered electronic structure of the surface induced by metal-metal bonding. A good 

example is  the change of the strength of the CO bond with metal surface atoms 

induced by electronic changes upon alloying with other metals [8,9].

Sometimes the situation is more complex and both concepts must be considered 

simultaneously. Understanding the ensemble and electronic effects can be effectively 

exploited in the control of the activity and selectivity of chemical reactions on solid 

catalysts. The development of new heterogeneous catalysts can benefit a lot from the 

surface science studies of model catalysts such as those presented in this work.

In the case of supported mixed bimetallic films, the relations between metal A – 

metal B, metal A-support, and metal B-support interactions must be considered. An 

example  which  demonstrates  some extraordinary phenomena  on supported  nano-

sized bimetallic layers is Ni-Co ultra-thin layer deposited on oxygen terminated ZnO 

0001  surface  [10].  This  bimetallic  system  demonstrates  how  the  morphology, 

chemical composition, and structure can be significantly influenced by the bimetallic 

interaction  and  by  the  interaction  between the  constituents  and the  support.  A 

schematic  model  depicting  behaviour  of  the  bimetallic  layer  under  certain 
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experimental  conditions  is  shown in  Fig.  1.3.  It  has  been observed that  at  room 

temperature and at  low metal  coverage,  cobalt  is  partially oxidized,  while  nickel 

remains in zero valence. When the bimetallic Ni-Co layer was annealed at 773 K in 

UHV, the oxidation state of Ni and Co remained unaffected, in high contrast with 

monometallic Ni and Co layers.  The monometallic  layers treated under  the same 

conditions were extensively oxidized upon a strong interaction with the substrate. 

The  synergy  interaction  between  Ni  and  Co strongly  affected  the  metal-support 

interaction.  On  the  other  hand,  the  annealing  influenced  the  morphology  by 

stimulating  a  significant  agglomeration  and  cobalt  surface  segregation.  The 

agglomeration  was  more  pronounced  on  the  O-terminated  ZnO  surface  in 

comparison  to  Zn-terminated  surface,  which  is  another  example  of  the  support 

influence.

Due to the great importance in many industrial applications, supported Rh model 

catalyst has been investigated extensively [11-16]. A lot of studies have been devoted 

to the investigation of chemisorption properties of Rh thin films and particles on 

oxides,  which  are  very  important  in  understanding  basic  processes  occurring  on 

oxide-supported  metal  catalysts.  Gas  surface  interaction  plays  a  crucial  role  in 

7

Fig.  1.3 (Left) Schematic model of Ni-Co ultrathin bimetallic  
layer  on  0001 ZnO  substrate  and  (right)  corresponding  
valence band photoelectron spectra. From [10].
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catalytic reactivity. CO has been used widely as a probe molecule to study adsorption 

processes on various types of well ordered surfaces. It has been shown how the CO 

chemisorption  properties  depend  on  average  particle  size  or  film  thickness  and 

morphology [17].

As it  has been mentioned before,  bimetallic  systems can exhibit  chemical  and 

catalytic properties that are very different from those of the surfaces of the individual 

metals. The metal-metal surface bonding can produce significant perturbations in the 

electronic properties of a metal [9] and/or form very original structure that leads to 

some special catalytic properties. Such interaction is often exhibited between early 

(such as V) and late-transition (such as Rh) metals with a significant difference in d-

band occupation. 

In general, the magnitude of the perturbations depends on the relative position of 

the metal constituents in the Periodic table. The strongest metal-metal interaction has 

been  observed  in  systems  that  combine  late-transition  metals  with  almost  fully 

occupied valence band and metals with almost empty valence band (s,p metal and 

early-transition metals). These electronic perturbations have enormous influence on 

the  reactivity  of  metal  surface.  The  formation  of  bimetallic  bonds  is  often 

accompanied with core-level shifts in energy.

Rodriguez and Goodman showed a strong correlation between the surface core 

level shift (SCLS) at binding energy scale and CO chemisorption energy  [8]. The 

larger  the  shift  in  binding  energy  (BE)  towards  higher  values  the  lower  CO 

adsorption energy. On the other hand, a shift in binding energy towards lower values 

increases  the  strength  of  the  bond  between  the  metal  and  CO  molecule.  It  was 

observed that the shifts in the core levels usually track shifts in their valence d bands. 

Generally, the larger the shift in the core-level the larger shift of the centre-of-mass 

of the valence band. The shift of the valence band centroid to the higher BE is often 

connected with reduction of the density of states (DOS) near the Fermi level. 

In order to explain the correlation between the electronic structure perturbations 

and CO-metal bond strength change, the nature of the CO adsorption bond must be 

considered. The bonding between CO and  metal surface involves electron transfer 

from the 5σ CO orbital into the empty bands of the metal (σ-donation), and electron 

transfer  from  the  occupied  bands  of  the  metal  into  the  CO 2π∗ orbital  (π-

backdonation) [18]. A significant contribution to the metal-CO bond comes from the 
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hybridization or mixing of the metal  d band with CO 2π∗ orbital.  Several  density-

functional  theory studies  showed,  that  d-electron  states  near  the  Fermi  level  are 

responsible for the CO 2π-backbonding [9]. The weakening or strengthening of the 

CO-metal bond thereby originates in the reduction or raise of the π-backbonding.

Hammer  et.  al.  introduced a  theoretical  model  of  CO chemisorption on metal 

surfaces  and  overlayers  [19] which  rationalized  the  results  by  Rodriguez  and 

Goodman [8]. According to this model, the CO adsorption energy on metal surface 

should  be  roughly  proportional  to  the  occupancy  Nd of  the  metal  d band,  and 

inversely proportional to the separation between the d-band centroid and the CO 2π* 

orbital:

Ead
CO∝

N d

(ECO2π−E M (d ))
 (1)

 1.4 Rh–V bimetallic systems

Noble metals such as Rh, Pd or Pt are widely used as three-way catalysts in gas-

exhaust catalysis to convert toxic CO to CO2 and NO to N2 [5]. The efficiency of a 

noble metal three-way catalyst can be significantly enhanced on bimetallic surfaces 

like Pd/Rh or Pt/Rh. Despite the fact that the technology of gas-exhaust catalysis is 

on very good level  nowadays,  there  is  still  a  search  for  new materials  for  more 

efficient low-temperature NOx reduction.

 In recent years, the attention of materials science research has been extensively 

focused on new clean sources of energy. A promising technology is the production of 

electrical  power with the  help  of hydrogen fuel  cells.  Hydrogen as  gas  is  rather 

difficult and hazardous to store and transport.  Therefore, it is desirable to convert 

hydrogen into liquid products such as methanol from which it can be extracted on 

demand.  One  of  the  ways  how  to  extract  hydrogen  form  methanol  is  steam 

reforming.  Catalyst  required  for  methanol  steam  reforming  must  posses  high 

stability,  high  catalytic  activity  and  the  suppression  of  carbon  monoxide  at  low 

temperatures.  Until  now,  the  most  common  catalysts  used  in  methanol  steam 

reforming  have  been  based  on  Cu  [20].  However,  the  Cu  based  catalysts  are 

pyrophoric  and are  easily deactivated  by thermal  sintering.  Group 8–10 catalysts 

have  been  reported  as  highly  stable  but  with  lower  reactivity  and  selectivity  in 

9
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comparison with copper-based catalysts. On the other hand, bimetallic alloys of the 

8–10  catalysts  exhibited  catalytic  properties  approaching  those  of  copper-based 

catalysts.

The alloy surfaces consisting of early (such as V) and late transition metals (such 

as Rh or Pd) have become of a particular interest since a strong  d–d hybridization 

between the element with almost full and almost empty valence band can result in a 

unique electronic structure with an extraordinary influence on surface reactivity.

Several studies employing different surface science techniques have been devoted 

to Pd–V and Rh–V model systems [9,21-24].  Structure, adsorption properties and 

reactivity have been studied by means of Scanning Tunnelling Microscopy (STM), 

Auger electron spectroscopy, low energy ion spectroscopy, temperature programmed 

desorption  (TPD)  and  molecular  beam  methods  as  well  as  by  ab-initio DFT 

calculations.  It  has  been shown  that,  under  certain  conditions,  stable  subsurface 

alloys are formed with V atoms located in the second atomic layer. These subsurface 

alloys  exhibited  some  extraordinary  catalytic  properties.  Carbon  monoxide 

hydrogenation  and  methanol  dehydrogenation  were  chosen  as  model  catalytic 

reactions to probe the catalytic behaviour of the bimetallic alloys. In both cases the 

activity  was  significantly enhanced on the  alloys  in  comparison with  pure  noble 

metals. There is strong evidence that the enhanced reactivity originates mainly in the 

electronic  structure  changes  at  the  surface.  The centre  of  d-band shifts  from the 

Fermi level to higher binding energies due to a strong d–d hybridization. As a result, 

bonding of simple molecules such as CO and H2 with metal surface is weaker on the 

alloy surface and leads to an increase in the reactivity. This explanation was proposed 

on  the  basis  of  detailed  theoretical  study  of  Hirschl  and  Hafner[25,26] and 

experiments  [24] on  Pd–V surface and subsurface alloys. However, Rh–V surface 

and subsurface alloys have not been studied in this way.

Results of the previous research on Rh–V bimetallic systems will be summarised 

in  next  paragraphs.  An  excellent  review  of  the  Pd–V and  Rh–V model  system 

properties can be also found in [27].

In the beginning, it is quite informative to examine the constitution diagram for 

bulk Rh–V alloy system. The experimentally determined constitution diagram [28] 

gives six intermediate phases, which are summarised in Tab.1. Stability of fcc-based 

bulk Rh–V alloys was investigated by ab-initio calculations [29]. Three ground state 

10
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structures were derived: an L10  of RhV stoichiometry (formation energy Efor = -510 

meV/atom) and two L12 structures of Rh3V (Efor = -432 meV/atom) and RhV3 (Efor = 

-326  meV/atom)  with  ordering  energies  -163,  -153  and  -89.5  meV/atom, 

respectively.  The  calculations  indicate  that  RhV  and  Rh3V  compounds  are 

thermodynamically favoured. Structure models of these two phases are displayed in 

Fig. 1.4.

Phase Crystal 

system

Structure type Space group Space gr. 

number

Composition 

limits (at.% V; T)

γ–Rh Cubic Cu Fm-3m 225 0– ∼19; 1573 K

γ'–VRh3 Cubic L12, AuCu3 Pm-3m 221 23.0–33.5; 1573 K

ε–V3Rh5 Orthorhombic V(V0.5Rh0.5)Rh2 Cmcm 63 37.0– ∼38.5; 
1573 K

α2–(V0.88Rh0.12)Rh Tetragonal L10, AuCu P4/mmm 123 40.5–47.5; 1573 K

α3–VRh Orthorhombic α–VIr Cmmm 65 49.0–52; 1373 K

α1–VRh Unknown Unknown - - 50.0–55; 1793 K

β–V3Rh Cubic A15, Cr3Si Pm-3n 223 61.0–75.5; 1793 K

α–V Cubic W Im-3m 229 ∼84 100; 1793–  Κ

Table 1: Crystallographic data for V–Rh phases [28].

It was found that a stable V–Rh subsurface alloy can be obtained by annealing 

vanadium metal overlayers  on polycrystalline rhodium and single-crystal  Rh(111) 

substrates at a temperature of 773 K and higher [6,23]. At 423 K, vanadium is still on 

top of the surface. After annealing at 950 K, the top layer consists exclusively of 

rhodium  atoms  with  V  in  located  in  near-surface  layers.  The  structure  and 
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composition as a function of nominal vanadium coverage and temperature treatment 

were studied. It was found that the composition of the near-surface layers is almost 

independent  of the amount  of V deposits  between 1 and 2.5 ML after heating to 

950 K.  With  increasing  initial  V  coverage  excess  vanadium  is  dissolved  in  the 

rhodium bulk after the high temperature annealing.

Initial stages of the growth of V on Rh(111) at different substrate temperatures 

were characterized in the work [30]. Sub-monolayer and monolayer amount of V was 

deposited onto the Rh(111) at room temperature. Three-dimensional island growth 

with pseudomorphic first V layer was observed. The samples were annealed after the 

deposition.  Significant  diffusion  of the  V  to  subsurface  layers  was  observed  at 

temperatures higher than 673 K. At a temperature of 673 K a few small domains with 

a  (2×2)–V–Rh(111)  substitutional  surface  alloy  were  observed  by  STM.  The  V 

diffusion from the first layer to deeper layers was complete after the samples with 

0.5 ML and lower V deposits  were annealed at  823 K.  On the other  hand,  some 

amount of V remained on the surface even after the annealing at 823 K when the 

amount of deposited V was equal to 1 ML.

The  (2×2)–V–Rh(111)  surface  alloy  observed  at  673 K  disappeared  after  the 

annealing at 823 K and triangular-like features formed by Rh atoms appeared. The V 

atoms situated in the second layer induced appearance of small surface areas with Rh 

atoms  in  (2×2)  and  (√3×√3)R30 ° reconstruction.  The  heat  of  formation  of  the 

surface  and  subsurface  Rh(111)–V alloys  as  a  function  of  V concentration  was 

estimated  from  first-principles  calculations.  The  calculations  showed  that  the 

alloying is an exothermic process and the most stable structure was predicted for the 

V  concentration  of  0.25  which  corresponds  to  the  (2×2)  phase.  Models  of  the 

subsurface V–Rh(111) alloys with corresponding surface reconstruction have been 

proposed as displayed in Fig. 1.5.
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Carbon  monoxide  hydrogenation  to  higher  hydrocarbons  as  products  is  well 

known as the Fischer-Tropsch synthesis. Extensive research has been done in order 

to  explore  this  reaction.  Nowadays,  it  is  commonly used  as  a  model  reaction  to 

investigate the activity of novel catalytic surfaces. 

Hydrogen and carbon monoxide adsorption and hydrogenation of CO on Rh(111) 

and V/Rh(111) subsurface alloys were studied in works [21,31,32]. It was found that 

the  subsurface  V  slightly  reduces  hydrogen  desorption  energy  and  significantly 

reduces the desorption energy of molecular CO. The reaction rate of CO methanation 

on the alloy was enhanced at least by the factor 4 on the alloy surface as compared 

with  pure  Rh.  Two possible  explanations  were  proposed.  First,  lowering  the  CO 

desorption energy results, under identical reaction conditions, in a reduced surface 

coverage by CO molecules. Since the high surface concentration of CO inhibits the 

reaction,  lower  amount  of  adsorbed  CO  means  higher  activity. The  second 

explanation concerns an increased number of catalytically active step and kink sites 

at the alloy surface as compared with the clean flat Rh surface.

The influence of vanadium on the CO hydrogenation on Rh was studied also on 

polycrystalline Rh [6,23]. The reactivity of the surface with V on top of the Rh and 

of the V–Rh subsurface alloy was compared with the bare Rh surface and with V2O3 

islands on top of the polycrystalline Rh. The surface with the vanadium oxide was 

more reactive than bare Rh due to the enhanced activity on the oxide-metal interface. 

But the subsurface alloy exhibited even higher catalytic activity.  The activity was 

measured  at  different  CO  and  H2 partial  pressures  as  well  as  at  different 

temperatures. Under the all experimental conditions, the activity of the subsurface 

alloy was 4–5 times higher (Fig. 1.2). For instance, while the conversion of CO at 
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Fig.  1.5:  Models  of  V–Rh(111)  subsurface  alloys  with  (2×2)  (left)  and 
3×3R30 ° (right)  reconstructions  proposed  by  Konvicka  [30].  The  arrows  
indicate the direction of surface atoms lateral contraction.
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623.5 K  was  19%  on  bare  Rh  surface,  it  was  increased  to  88%  on  the  alloy. 

Moreover, a change in the selectivity was observed. Selectivity toward alkanes and 

particularly alkenes  was enhanced.  It  is  worthy to  note  that  the subsurface alloy 

remained stable without vanadium back-segregation to the surface, even under high 

pressure reaction conditions (40 mbar CO, 360 mbar  H2, He added to 1 bar). High 

initial activity exhibited also V islands on the Rh surface. However, this surface was 

deactivated rapidly by oxide and carbide formation.

Another  catalytic  reaction  studied  on  Rh–V  bimetallic  systems  was 

dehydrogenation  of  methanol  [33,34].  The  catalytic  properties  of  the  alloy  were 

compared with clean Rh(111) and Rh(111) covered with V islands. On all the clean 

surfaces only CO and H2 as reaction products were observed. The reaction pathway 

via O–H bond cleavage was not altered on the bimetallic surfaces as compared with 

pure Rh. However, it was observed that while on the clean Rh(111) surface methanol 

adsorption and dissociation ceases above 198 K, on the bimetallic surface adsorption 

and subsequent dissociation occurs up to 473 K. The dehydrogenation reaction of 

methanol  on  the  alloy  was  faster  than  on  the  clean  Rh  surface.  The  reaction 

mechanisms and pathways were the same at both bare Rh and Rh/V alloy surfaces, 

but the activation energies of individual reaction steps were different, most probably 

due  the  electronic  interaction  between  Rh  and  V atoms.  The  reactivity  was  the 

highest for V islands on Rh(111). But this surface was again deactivated fast due to 

CO dissociation.

In  conclusion,  Rh–V bimetallic  system,  especially  in  form  of  an  alloy  is  an 

interesting material not only from the point of view of fundamental research but also 

from the point of its possible applications in several heterogeneous catalytic reactions 

in chemical industry and environmentally friendly technologies.
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 1.5 The Scope

The aim of the this study was to investigate the influence of the vanadium as a 

dopant on electronic and chemisorption properties of rhodium and the influence of an 

interaction with  the gas  molecules  on the bimetallic  system. Mixed Rh–V layers 

deposited  on  polycrystalline  γ-Al2O3 were  studied  at  first.  This  bimetallic  model 

catalyst was designed as a step between well defined model catalysts and complex 

real catalysts. At such model catalyst, electronic, structural and morphological effects 

as  well  as  an  interaction  with  the  substrate  influence  the  overall  chemisorption 

properties. The properties of the bimetallic supported system were compared to the 

properties of pure rhodium and vanadium supported layers prepared under the same 

conditions. In order to estimate the role of the electronic effects and eliminate the 

influence  of  the  substrate  and morphology,  the  study is  further  focused on three 

planar Rh–V systems. These systems were prepared by vanadium vapour deposition 

on polycrystalline flat Rh foil and rhodium single-crystals with surface orientations 

(111) and (110). The system with the polycrystalline rhodium was chosen as a step 

between the mixed Rh–V supported layers and the well-defined alloys of V and Rh 

on the rhodium single-crystal surfaces.  Well-defined Rh(111) and Rh(110) surfaces 

were chosen since  they enable  studying surface atomic and electronic structure by 

means of surface physics techniques such as low energy electron diffraction (LEED), 

x-rays photoelectron diffraction (XPD) and angle-resolved ultraviolet spectroscopy 

(ARUPS).

The main method used to study the V–Rh bimetallic systems was photoemission 

spectroscopy. The standard laboratory x-rays photoelectron spectroscopy (XPS) was 

used to elucidate the electronic structure and chemical composition. Angle-resolved 

photoemission  diffraction,  LEED  and  STM  methods  were  used  to  observe  and 

analyse the atomic structure of the ordered V–Rh alloys. Photoemission spectroscopy 

induced by synchrotron radiation was used to study the top-most surface layers, the 

interaction with gas molecules and to map the electronic structure of metal valence 

bands. Chemisorption properties were also studied by means of TPD. The activity 

towards CO and O2 gas molecules was investigated.
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 2 SURFACE ANALYSIS METHODS

A brief description of the surface sensitive methods used for the purposes of this 

work is given in this  chapter.  Among these methods,  photoemission spectroscopy 

was used most extensively. Some aspects of photoemission spectroscopy techniques, 

which are not so common, are described in more details.

 2.1 Photoelectron Spectroscopy (PES)

Photoelectron or photoemission spectroscopy is an experimental method which 

provides  qualitative and quantitative information about  chemical  composition and 

electronic  structure  of  the  measured  substances.  PES  is  mostly  utilized  in  the 

investigation of solid phase surfaces. Apart from the chemical composition PES also 

provide information about  the surface atomic  structure and morphology.  All  PES 

techniques are based on the photoelectric effect. In the photoelectric effect, electrons 

(called photoelectrons) are emitted from matter due to absorption of energy from 

electromagnetic radiation of the frequency sufficiently high to overcome the surface 

energy barrier.  In a  first  approximation,  the photoemission of an electron can be 

considered as a one particle excitation leaving the electronic structure of the atom 

unchanged. In the so-called three-step model,  a PES experiment is separated into 

three independent processes. In the first step, a photon is absorbed and an electron is 

excited. In the second step, the excited electron travels through the sample to the 

surface. In the third step, the electron escapes through the surface energy barrier into 

the  vacuum.  In  the  vacuum,  the  photoelectrons  are  detected  and  their  energy 

distribution is measured. The relation between the energy distribution of the detected 

photoelectrons and the energy levels in solid sample is schematically shown in Fig.

2.1.
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In the case of a metal sample, the Fermi level EF is at the top of the valence band, 

separated from the vacuum level Evac by work function W. If a photon with energy hν 

is  absorbed  by a  core  level  at  binding  energy  EB,  the  photoelectron  has  kinetic 

energy: E k=h ν−EB−W  in the vacuum over the sample. When the electron energy 

analyser and the sample are grounded, their Fermi levels are at the same energy. The 

detected kinetic energy Ek
a is then determined by the analyser work function Wa:

E k
a=h ν−EB−W a  . (2)

The detected energy distribution is unique to each element and it depends on the 

chemical state of the element. This is the first important feature of the PES method.

The second important feature  of PES, with excitation energies not significantly 

higher than 1 keV, is the surface sensitivity. In order to detect a photoelectron from 

the  core-level  typical  for an  element,  the  photoelectron  must  reach  the  detector 

without overcoming any inelastic collision. The inelastic mean free path (IMFP) of 

photoelectrons with kinetic energy 50–1000 eV is equal to a few Å, which implies 

the sensitivity to only a few surface layers.

Nowadays, there exists large variety of PES techniques. Their detailed description 

can be found in several textbooks [18,35]. Here only those used in the present work 

will be mentioned.
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Fig.  2.1: Basic principle of photoemission spectroscopy. Relation  
between  electron  energy  levels  in  a  solid  metal  and  the  kinetic  
energy distribution of the detected photoemitted electrons. Binding  
energy EB in solid metals is referred to the Fermi level EF.
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 2.2 X-ray Photoelectron Spectroscopy (XPS)

In XPS (also known as ESCA – Electron Spectroscopy for Chemical Analysis), 

samples are irradiated with soft x-rays. Mg Kα and Al Kα x-rays are usually used. 

Their  energies  and  the  line  widths  of  the  non-monochromatic  radiation  are 

summarised in Table 2.

Excitation radiation Energy(eV) FWHM(eV)

Mg Kα1,2 1253.6 0.70

Al Kα 1486.6 0.85

Table 2: The most common x-ray radiation used in laboratory XPS [35].

Due to the photo-ionisation cross section, XPS is appropriate for obtaining spectra 

of core-levels. A typical energy resolution about 0.2 eV allows to identify not only 

the  elements  present  in  the  sample  but  also  their  chemical  state.  The  surface 

sensitivity of XPS spans from a few Å to several tens of Å in dependence of the 

kinetic  energy  of  photoelectron,  studied  material  and  overall  geometry.  Table  3 

illustrates the information depth of XPS on the example of some materials used in 

this work. The information depth can be as deep as 9 nm. On the other hand, in case 

of  molecular  adsorption  or  thin  layer  deposition,  XPS  is  sensitive  to  amounts 

equivalent to fractions of ML.

Core-
level/Material Ekin(eV)a IMFP (Å)b d37% 

c(ML)d d95%(Å)e d95% (ML)

Rh 3d5/2 / Rh 946 13 6 39 18
O 1s / Al2O3 722 20 10 60 30
Al 2p / Al2O3 1179 29 15 87 45

Table 3: Surface sensitivity of XPS.
a Kinetic energy of photoelectrons excited by Mg Kα radiation.
bInelastic Mean Free Path calculated with the use of TPP-2M formula [36].
cThe depth from which come 37% of the signal in the case of pure flat Rh
sample in normal emission geometry.
dThe unit of depth (ML) corresponds to the (111) interlayer distance in Rh
 single-crystal and (100) interlayer distance in γ-Al2O3 single-crystal.
eThe depth from which come 95% of the signal (d95%=3d37%.).
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 2.3 X-ray Photoelectron Diffraction (XPD)

XPD is  a  technique which  exploits  anisotropy  in  the  intensity  of  the 

photoelectrons caused by the scattering of photoelectrons on atoms near the emitting 

atom,  emitter.  The  scattering  results  in  diffraction  patterns  (sometimes  called 

holograms), which carry structural information about the surface. The most important 

characteristics  of this  technique are following.  First,  thanks to  the photoemission 

process,  the  method  is  element  and  chemical  state  sensitive.  That  allows 

investigation  of  the  positions  of  each  of  the  constituent  of  the  studied  surface 

separately. Second, the structural information is local, i.e. diffraction patterns depend 

on atomic positions near the emitting atom. Third, the technique is surface sensitive 

in the typical kinetic energy range (100–1400 eV) of the photoelectrons. Therefore, it 

is often used to analyse crystal surface reconstructions, thin film growth, adsorbate 

positions and orientation or site determination of doped atoms.

In an XPD experiment, photoelectron angular distribution over a large solid angle 

is measured. One of the common detection methods is the combination of an angle-

resolved energy analyser with a sample manipulator that can sweep emission angles 

θ and φ, as shown in Fig. 2.2(a). This method was used in this work and the obtained 

diffraction data are projected in the manner showed in Fig. 2.2(b).

The theoretical prediction of XPD patterns is well developed nowadays and it can 

be  used  in  quantitative  analysis  of  the  surface  structures  by  fitting  theoretical 
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Fig.  2.2: (a) Geometry of the XPD experiment, showing the polar  
axes around which the samples were rotated. (b) Definition of the  
emission angles in the XPD diagrams.
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calculations to experiment. At high kinetic energies, direct structural information can 

be derived from a forward-scattering along the directions towards the nearest atom 

neighbours [37].

The simplest approach describing the photoelectron diffraction is single scattering 

cluster model schematically illustrated in Fig. 2.3. A photoelectron is emitted from a 

core level and it is propagating as a spherical wave. In single scattering approach, 

only one scattering event is considered on the way to the detector.

The unscattered  wave  φ0 interfere  with  various  scattered-wave components  φj. 

which results in the anisotropy of the photoelectron intensity:

I k ≈|0∑
j
 j |

2≈0
2∑

j
0

* j0 j
*∑

j
∑

k
 jk

*

, (3)

where k is the electron wave vector. If we consider photoemission only from an s-

core  level;  linearly  polarized  X-rays;  inelastic  exponential  intensity  decay factor 

exp −L /2e ; vibrational effects expressed by Debye-Waller factor Wj  ; the Eq.(3) 
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Fig. 2.3: The basic process involved in XPD. Only single scattering is  
indicated for simplicity. An electron is excited from emitter atom. A  
part  of  the  excited  electron  wave  φ0 is  scattered  by  surrounding  
atoms.  The  unscattered  wave  φ0 and  the  scattered  waves  φj are  
interfered.  The  angular  distribution  of  the  electron  forms  the  
diffraction pattern.
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can be rewritten as:

I k ≈| ⋅k exp−L0/ 2e
∑

j
⋅r j /r j∣ f j j , r j∣W j exp −L j /2e exp i [kr j1−cos  j j j , r j] |

2 ,(4)

where ε represents polarisation direction;  λe inelastic attenuation length;  L is the 

total  length  of  some  path  under  the  surface;  rj position  vector  of  j  atom in  the 

considered cluster; f j j , r j is scattering factor with an amplitude ∣ f j  j , r j∣ and 

a phase shift  j  j , r j  which are functions of the scattering angle θj and distance rj 

to scatterer  j. The structural information is contained in the last exponential factor, 

with the path difference between φ0 and φj being given by rj(1-cosθj).

Equation  (4)  can  be  further  generalized  to  include  multiple  scattering.  More 

detailed theoretical approach to XPD can be found in [38-40].

The photoelectron diffraction patterns can be treated also as electron holograms. 

The  unscattered  photoemitted  electron  wave  can  be  considered  as  well-defined 

reference wave and the ensemble of all waves scattered by surrounding atoms as the 

object wave [40,41]. In holographic analysis of XPD, real-space image (which is in 

fact the atomic environment of the photo-emitter)  is calculated with the use of a 

reconstruction algorithm. However, most of the reconstruction algorithms are based 

on multi-energy format which requires energy-tuneable light source.  On the other 

hand,  a  promising  reconstruction  algorithm for  single-energy hologram has  been 

proposed by T. Matsushita et al.[40] recently.

Apart from the cluster model approach to XPD there exits also dynamical Bloch 

wave approach to  photoelectron diffraction  [42,43], sometimes called as  Kikuchi-

band  theory  or  electron  channelling. In  an  XPD  experiment,  the  outgoing 

photoelectrons  are  scattered  by  the  crystal  and  detected  as  a  plane  wave  at  the 

detector. By using the reciprocity principle, the diffraction from a point source inside 

a crystal is equivalent to the problem of electron beam, incoming from the detection 

direction,  that  is  diffracted  by the  crystal  and  results  in  a  certain  electron  wave 

probability density at  the emitting atoms positions.  The higher  the density at  the 

atoms positions  is,  the  higher  photoelectron intensity is  observed. A Bloch wave 

approach is used to calculate the electron probability density inside the crystal. This 

approach is suitable for the single crystal substrate emission at high kinetic energies 

at which surface reconstruction and relaxation is becoming insignificant [44].

Nowadays, the cluster model approach is widely used and several free program 

21



 2 SURFACE ANALYSIS METHODS 2.3

packages are available to simulate experimental XPD patterns (for instance, EDAC 

[45] or TmCoCa software [46]).

One of the ways how to quantitatively determine geometrical parameters of the 

surface structure measured by XPD is the comparison of model simulations with an 

XPD diffraction experiment.

A  degree  of  agreement  between  the  experiment  and  theory  in  an  electron 

diffraction  experiment  is  usually  quantified  by  reliability  R-factors.  Geometrical 

parameters of the chosen model are varied until minimum of the reliability factor is 

found. Several approaches has been used in  R-factor analysis of XPD experiments 

[47-49]. Here we adopted method introduced by Saiki et al.  [48]. In this method, 

prior  to  R-factor  analysis,  theoretical  diffraction  curves  are  normalized  to  have 

anisotropy as close as possible to that of experiment before a direct comparison. This 

normalization reduces influence of several non-ideal surface effects.

The normalization procedure is as follows. Since the anisotropy in XPD is larger 

for azimuthal scans at larger polar emission angles, data sets in each azimuthal scan 

are normalized separately. First, experimental diffraction curve Iexp in the azimuthal 

scan is rescaled to have values I*
exp between zero and one:

I exp
* n=

I expn−I exp
min

I exp
max−I exp

min , (5)

where  n  stands for the channel  in  the azimuthal scan;  Iexp
max (Iexp

min)  stands for 

maximum (minimum) experimental value in the scan.

Next, the average value of the both rescaled experimental and original theoretical 

azimuthal curve Ith is set to zero:

I exp
** n=I exp

* n− I exp
* , (6)

I th
**n=I th n−I th , (7)

where the mean values are equal to:

I exp
* =1

n∑n
I exp

* n , (8)

I th=
1
n∑n

I th n . (9)

The rescaled theoretical azimuthal curve is then forced to have the same area as 

the rescaled experimental curve:
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I th
#= I th

**n Aexp
** /Ath

** , (10)
where

Aexp
** =∑

n
∣I exp

** n∣ , (11)

Ath
**=∑

n
∣I th

**n∣ . (12)

From equations (5) and (6) implies:

I expn= I exp
** nI exp

*  I exp
max−I exp

min I exp
min . (13)

Thus, the final normalized theoretical intensity Ith
N is given by:

I th
N n= I th

# nI exp
*  I exp

max−I exp
minI exp

min . (14)

The difference between the calculated and normalized theoretical  intensities is 

illustrated in Fig. 2.4.

A suitable R-factor for such normalized intensities is defined as [48]:

R1 z =
∑

n
∣I expn−I th

N n , z ∣

∑
n
∣I expn∣

, (15)

where  z  represents structural parameter(s) used in the chosen theoretical model. 

The reliability factor  R1 is defined for one azimuthal scan. For a set of azimuthal 

diffraction data summed reliability factor Rs is defined as:

RS  z =
1
m∑m

R1m , z  , (16)

where m is the number of azimuthal scans at different polar angles taken for the 

23

Fig. 2.4 (a) XPD intensities measured as a function of azimuthal and polar angle. (b)  
Calculated  theoretical  intensities.  (c)  Theoretical  intensities  normalized  by  the  
procedure described in the text.
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measured surface structure. From the definition of the  R-factor it is clear that the 

smaller the R-factor, the better the agreement between experiment and theory.

 2.4 Synchrotron Radiation Photoelectron Spectroscopy (SRPES)

SRPES is a technique in which the photoemission is stimulated by synchrotron 

radiation. The main advantage of SRPES is the possibility to tune photon energy over 

a  wide  range.  Another  important  advantage  is  high  radiation  intensity  and, in 

combination  with  an  appropriate  monochromator,  high  energy  resolution.  The 

possibility to choose a photon energy allows tuning the information depth, since the 

IMFP of a photoelectron depends on its kinetic energy, which is determined by the 

energy of  excitation  radiation.  In  most  materials,  IMFP has  minimum at  kinetic 

energies between 50–100 eV. The information depth at such energies is equivalent to 

a few surface monolayers.

Another  phenomenon  commonly  used  in  SRPES  is  the  dependence  of 

photoionisation cross section on photon energy ([50-52], Fig. 2.5). The cross section 

is  different  for  different  elements  and  energy  levels,  which  can  be  used  in 

suppression of the signal from one of signals in case of an overlap.

In the present work, SRPES technique was employed in the investigation of the 

surface and subsurface Rh–V alloys, in the mapping of their valence band electronic 

structure and in the investigation of core and molecular orbitals of adsorbed CO and 

O2 molecules.
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Fig. 2.5: Calculated atomic cross sections for photoionisation  
of Rh 4d and V 3d energy levels and their ratio. The data are  
taken from [50][51][52].
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 2.5 Angle Resolved Ultraviolet Photoemission Spectroscopy 

(ARUPS)

Photoemission with photon energies lower than 100 eV is known as Ultraviolet 

Photoelectron Spectroscopy (UPS). The valence band photoionisation cross-section 

for  UV radiation  can  be  several  orders  higher  than  for  x-rays  radiation (see,  for 

instance, Fig. 2.5). This makes the UPS method appropriate for detailed valence band 

measurements.  Typical  range  of  the  kinetic  energies  of  photoemitted  electrons 

provide  sensitivity  to  a  few surface  layers  and  allow  studying the  valence  band 

structure at surfaces. The valence band structure at surfaces is very sensitive to the 

processes on surfaces such as adsorption, chemisorption or chemical reactions.

In  one-electron  approximation,  the  energy states  of  electrons  in  metal  single-

crystals are characterized by single-electron energies E and wave vectors k (the wave 

vector of Bloch states in a crystal). Relation  E(k) is called band structure. In PES, 

transitions  between  states  in  occupied  and  empty  bands  are  measured.  These 

transitions  are  vertical  in  a  reduced zone scheme and thus  often  called  as  direct 

transitions. In UPS regime, the spectra are determined by direct transitions. Angle-

resolved  UPS  with  high  energy  and  momentum  resolution  analysers  and  with 

tuneable photon energy sources, such as synchrotron, can provide very direct k-space 

images of valence band electronic structure of crystalline materials with considerable 

details.

The experimental  geometry and the  method of  acquiring  ARUPS data  can  be 

identical with the XPD method as described in Sec. 2.3 and illustrated in Fig. 2.2(a).

In  contrast  with  XPD,  in  ARUPS  the  intensity  of  outgoing  photoelectrons  is 

measured not only as a function of emission angles θ and φ, but also as a function of 

their kinetic energy Ek (for simplicity, other parameters such as light polarisation or 

electron spin are not considered here). Applying energy and momentum conservation 

laws, the measured quantities can be transformed to the energy and momentum of the 

electrons inside the crystal, i.e., to the electronic structure E(k).

In a rigorous analysis, an additional information about the final states must be 

given in order to get the band dispersion relations of the initial electronic states. It is 

also worthy to notice that in the case of ARUPS we are not dealing with ground state 

of the studied material.

Fortunately, several approximations which significantly simplify the extraction of 
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the dispersion relations from ARUPS data have been proofed to work excellently, 

especially at metal crystal surfaces.

According to the three-step model (Sec. 2.1 ), only photoelectrons with the energy 

sufficient to overcome the surface barrier can be detected. Once the work function W 

is  known,  the  final  Ef and  initial  state  Ei energies  are  obtained  from  energy 

conservation law:

E f=E ih , (17)
E f=E kW . (18)

In photoemission, the initial energy is commonly presented as the binding energy 

EB with respect to the Fermi level:

∣E i∣=EB=h−E k−W . (19)
In a typical ARUPS experiment, the momentum of the photons can be neglected. 

Photoelectron  which  is  propagating  to  a  detector  must  overcome  the  interface 

between  the  sample  and  vacuum.  Thus,  the  electron  wave  is  refracted  and  the 

surface-perpendicular component of its wave vector is not conserved. However, the 

transition of the electron through the surface leaves the surface-parallel component of 

the wave vector conserved:

p ||

ℏ =K ||=k ||G|| , (20)

where p|| is the parallel component of the free electron momentum in vacuum; K|| 

and k|| are the parallel components of the electron wave vector outside and inside of 

the crystal, respectively; G|| is the parallel component of a reciprocal lattice vector.

The component of the wave vector parallel to the surface K|| is equal to:

p ||

ℏ
=K ||=[cos

sin]sin2m
ℏ2 Ek , (21)

where angles  φ,  θ defines the emission direction relative to the sample surface 

(see Fig. 2.2).

The surface-perpendicular  component  K⊥ of  the  electron  wave vector  remains 

undetermined because there is no direct relation between crystal momentum  ℏ K⊥ 

and measured quantities  p|| and  p⊥.. Additional knowledge is necessary in order to 

determine its value.

The  transformation  given  by  equations  (19)  and  (21)  does  not  give  the  true 

dispersion  relation  E(k),  but  only  E(k||).  On  the  other  hand,  the  difference  may 
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disappear when 2D surface structures, such as surface states, are measured.

The detected photoemission intensity I at certain kinetic energy Ek is proportional 

to:

I Ek , h∝∑
i , f
∣M fi k i ,k f ∣

2E f k f −E ik i −h E k−E f− (22)

where  Ef and  Ei are  energies  of  the  final  and  the  initial  state,  respectively; 

∣M fi k i ,k f ∣
2 is  the  transition  matrix  element  of  the  interaction  operator  and  δ-

functions express the energy conservation law.

In case  of  valence  band photoemission  from a polycrystalline  sample  in  XPS 

regime, the momentum information is blurred and constant matrix element |Mfi|2 and 

the density of final states can be assumed. The energy distribution below the Fermi 

level is then proportional the density of occupied states DOS(Ei):

I Ek , h∝∣M fi∣
2 DOS E i E k−E f . (23)

The density of states is defined as:

DOS E = 1
23

∫ dS E

∣∇k E∣ , (24)

where dSE is an element on the surface of constant energy and ∇kE is the gradient 

of the energy.

For a particular photon energy hν, energy distribution of the joint density of states 

(EDJDOS) is defined as [18]:

EDJDOS E i , h= 1
23

∑
i , f
∫ dl fi

∣∇ k E f k×∇ k E ik∣
, (25)

where dlfi is an element of the line that is produced by the intersection of the 

surfaces Ei and Ef=Ei + hν.

It can be shown [18], that angle-integrated measurements over large solid angle 

result  in energy  distribution  curve  that  is  proportional  to  the  EDJDOS  in  UPS 

regime.

Deeper  understanding  of  the  electronic  structure  obtained  by  ARUPS  can  be 

achieved  by  comparing  experimental  results  with  theoretical  studies,  if  they  are 

available. Theoretical studies based on DFT theory are of great importance because 

they can predict not only dispersion relations of the electronic surface states and the 

corresponding density of states but also provides charge density distributions of the 

surface  states.  DFT calculations  allow  to  resolve  the  electronic  structure  of  the 

surface on an atomic level. The charge distribution tells us about the character of the 
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bond, whether the electrons in surface states have bonding or anti-bonding character 

and  their  space  distribution  together  with  their  binding  energy  are  of  immense 

importance in explaining and predicting interaction with adsorbed gas molecules and 

chemical reaction on surfaces.

 2.6 Temperature Programmed Desorption (TPD)

In  TPD,  also  known  as  Themal  Desorption  Spectroscopy  (TDS),  the  sample 

surface is exposed to a gas or mixture of gases at  first.  Then, the temperature is 

ramped  in  a  defined  way,  while  the  molecules  desorbing  from  the  surface  are 

detected. The dependence of the amount of desorbed molecules on temperature or 

time is called thermal desorption spectrum. From one or series of thermal desorption 

spectra it is possible to determine kinetic parameters such as order of desorption, 

desorption  energy  or  pre-exponential factor.  Furthermore,  TPD  spectra  carry 

information about the adsorption sites, surface coverage by the molecules, chemical 

reactions on surfaces, etc.

In UHV systems, the desorbing molecules are often detected in the form of partial 

pressures  by  a  mass  spectrometer.  At  sufficiently  slow  temperature  ramp,  large 

pumping speed S and absence of re-adsorption the desorption rate of a monitored gas 

is directly proportional to its partial pressure [53]:

r t=
pd


VkT

A
, (26)

where pd is the partial pressure after subtraction of the equilibrium value, V is the 

UHV chamber  volume,  A the  area  of  the  desorbing surface,  k is  the  Boltzmann 

constant, T sample temperature and τ =V/S. The number of desorbed molecules n can 

be obtained from a thermal desorption spectrum by integrating:

n∞=∫
0

∞

r t dt= S
AkT ∫0

∞

pd dt . (27)

In TPD, relative coverage is defined as:

relt =
nt 
n∞
=
∫

t

∞

pd dt

∫
0

∞

pd dt
. (28)

The rate  of desorption  r(t) from one site  is  well  described by Polanyi-Wigner 

equation [53]:
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r t=−dn
dt
=nhh nexp−E D n

kT  , (29)

where  n represents  the  number  of  adsorbed  molecules,  h is  the  order  of  the 

desorption, νh pre-exponential factor, ED activation energy of the desorption.

Several techniques how to analyse TPD spectra have been developed [54]. In case 

of first order desorption, linear temperature ramp (T=βt+T0) and if the dependence of 

the  kinetic  parameters  on  the  surface  coverage  can  be  neglected,  P.A.  Redhead 

derived  a  formula  to determine desorption  energy from  the  position  of  peak 

maximum [55]:

E D=RT m[ ln T m−3.46] , (30)

where Tm is the temperature at which TDS spectrum has its maximum, R is the gas 

constant. The Redhead formula gives desorption energy in kJ/mol units.

In the present work, TPD and analysis by means of the Redhead formula, with the 

pre-exponential factor 1013
, were used in the investigation of CO desorption from the 

Rh(111) and V–Rh(111) surfaces.

 2.7 Low Energy Electron Diffraction (LEED)

Low energy electron diffraction is a common surface science technique used to 

study symmetries and atomic arrangement on crystal surfaces. In typical LEED set-

up, solid crystal surface is irradiated by electrons with the kinetic energy range 20–

500 eV. The de Broglie  wavelength of  such electrons  is  lower than typical  inter-

atomic distances and the attenuation length at a solid surface is near its minimum. 

That makes the technique surface sensitive. The electrons, elastically backscattered 

from the surface,  form a Fraunhofer  diffraction  pattern.  The LEED pattern is  an 

image of the surface reciprocal mesh. Patterns with sharp spots imply the existence 

of well-ordered surfaces and provide direct information about the symmetry of the 

surface. The true surface structure can be of lower symmetry, however. The distance 

between  points  in  a  reciprocal  lattice  is  inversely  proportional  to  the  distance 

between points in true lattice. The larger the periodicity of the surface structure the 

smaller  distances  between  diffraction  spots  in  the  LEED pattern.  The  true  atom 

arrangement  on the  surface  can  not  be  determined from one LEED pattern.  The 

atomic  surface  structure  can  be determined only from the  energy dependence  of 

LEED beam intensities, from the so-called I(V) curves.

29



 2 SURFACE ANALYSIS METHODS 2.7

The LEED technique was used in this work to study at the Rh(111) and Rh(110) 

surfaces, to monitor the quality of the surfaces and surface reconstructions stimulated 

by the alloying with vanadium.

 2.8 Scanning Tunnelling Microscopy (STM)

STM is a surface sensitive technique which, under certain circumstances, enables 

to see surface topography with atomic resolution. The method is based on the effect 

of  quantum  mechanical  tunnelling  through  an  energetic  barrier.  In  STM,  an 

atomically sharp metal tip approaches a surface to a distance of a few Ångströms. 

The space between the tip and surface represents the width of the barrier in vacuum. 

The  height  of  the  barrier  is  given  by  the  tip  and  surface  work  functions.  At 

sufficiently low distances, the equilibrium of the Fermi level between the surface and 

tip is established due to the tunnelling effect.  If a voltage  U is  applied on tip or 

sample, electrons from occupied states are tunnelling into unoccupied states of the 

other  surface.  The  tunnelling  current  is  exponentially  decreasing  with  increasing 

distance between the tip and surface. Usually the tip scans the surface in a constant 

current mode, when the tunnelling current is kept constant through a feedback loop 

by moving the tip position over the surface. In Tersoff and Hamann approximation 

[56], the tunnelling current is also proportional to the local density of states at the 

Fermi level of the sample.  Thus,  the tip follows not only the surface topography 

during the scanning but also places with a constant density of states on the surface.
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 3 EXPERIMENTAL SYSTEMS

In this chapter, experimental systems, at which the experiments were carried out, 

are described briefly and only those parts that were relevant from the point of view of 

the performed experiemts. Detailed description of procedures for the cleaning and 

preparation  of  the  samples  and  other  experimental  details  will  be  given  in  the 

correspondent parts of Chapter 4 .

 3.1 XPS/TPD experimental system

The  first  experimental  system  XPS/TPD  was  situated  at  the  Department  of 

Surface and Plasma Science (DSPS) in Prague. The UHV system combined XPS and 

TPD techniques, which allowed to study surface reactivity and chemical composition 

in situ. The system was employed in the investigation of the properties of thin Rh–V 

layers supported by γ-Al2O3 and V–Rh bimetallic systems prepared by V deposition 

onto polycrystalline Rh.

The base pressure of the XPS/TPD system was lower than 2×10-8 Pa.  For the 

purposes of XPS, the system was equipped with a double anode non-monochromatic 

x-rays source of Al Kα and Mg Kα radiation and an Omicron EA125 hemispherical 

analyser with five-channel detector.  As far as TPD is concerned, the apparatus was 

equipped  with  a  Leybold  Inficon  quadrupole  mass  spectrometer  placed  in  a 

differentially pumped chamber. This chamber was connected with the main one by a 

3 mm orifice. The samples were being held in front of it at a distance about 3 mm. 

Samples, of a typical size of 10×10×0.5 mm, were placed on a copper holder which 

could  be  heated up to  1000 K.  Temperature  was monitored  by a  chromel-alumel 

thermocouple fixed near  the front  side of  the holder.  The feedback loop enabled 

linear heating in the range of 300–773 K with the rate of 1.2 K/s. The gases were 

introduced into the chamber through thin stainless tubes terminated with a double 

diaphragm. The gas flow was regulated by sapphire valves.

The XPS/TPD system was further equipped with Ar+ ion gun for sample cleaning. 

The ion gun was able to accelerate the Ar ions up to the energy of 3 keV. At the 

energy of 1 keV, the ion-current density on the sample surface was about 1 µA/cm2. 

For  metal  deposition,  two  microelectron  bombardment  evaporation  sources 

(MEBES) [57] were installed. The evaporation rate was measured by a quartz crystal 
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film thickness monitor. A more detailed description of the apparatus is given in [58].

 3.2 XPS/XPD/LEED experimental system

The second UHV experimental system XPS/XPD/LEED, situated at the DSPS in 

Prague  was  employed  to  investigate  atomic  structure  of  the  V–Rh(111)–(2×2) 

subsurface alloy by means of XPD. The system, with base pressure 2×10-8 Pa, was 

equipped with a hemispherical electron energy analyser Specs Phoibos 150, an Al X-

ray source; an Ar+ ion gun; a movable manipulator controlled by stepping motors; 

and LEED optics. The angle-resolved XPS spectra were recorded by rotating the 

sample manipulator around two axes. The angle between the x-rays incidence and 

analyser  axis was 68°.  The sample holder  could by heated up to  1200 K.  For V 

deposition, the MEBES evaporation source from the XPS/TDS system was installed. 

More details about the system as well as about the data acquisition and processing 

for the purposes of XPD are given in [59].

 3.3 STM experimental system

STM measurements on Rh(110) substrate were performed at the DSPS in an UHV 

system which was equipped with a home-built STM microscope, LEED optics and a 

preparation chamber with facilities for in-situ sample cleaning and preparation. The 

base pressure was better than 2×10-8 Pa. The preparation chamber contained Ar+ ion 

gun,  which could produce ion current  with the density of  about  1 µA/cm2 at  the 

sample position and a Tectra  electron beam evaporator for V deposition from wire. 

The sample could be heated by heat conduction up to 1200 K from a small oven on 

which it was placed. The thermocouple fixed near the sample back-side. Over the 

sample  holder,  a  quartz  crystal  microbalance  for  film  thickness  monitoring  was 

placed. More detailed description of the system can be found in [60].

 3.4 XPS/LEED/TPD experimental sytem

TPD  measurements  on  Rh(111)  and  V–Rh(111)–(2×2)  were  performed  at 

XPS/LEED/TPD apparatus at the Department of Chemical Engineering, University 

Patras, Greece. For sample treatment and preparation, the system was equipped with 

a Ribere/Cameca  argon  ion  gun  and  a  manipulator  with  sample  stage  allowing 

programmed sample heating and cooling in temperature range 150–1120 K. For V 

deposition, the MEBES evaporation source was installed. For the implementation of 
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XPS, a Leybold EA-11 hemispherical electron energy analyser in combination with a 

Specs/XR-30  dual  anode,  non-monochromatic  X-ray  source  (Mg Kα  and  Al Kα) 

were used.  For  TPD, a Balzers quadrupole mass  spectrometer  was mounted in a 

differentially-pumped, internally fitted cell,  which ended up in a 1.5mm diameter 

nozzle facing the sample to which the the whole assembly could be brought to a 

desired  distance.  The  system  was  further  equipped  with  a  reverse  view  LEED 

facility.

 3.5 Materials Science Beamline (MSB)

The MSB is an experimental facility situated at  Elettra synchrotron in Trieste, 

Italy.  The  system  was  used  to  perform  high-resolution  core-level  photoemission 

spectroscopy and valence band mapping by means of ARUPS at V–Rh(111) and V–

Rh(110) bimetallic systems.

The beamline uses radiation from a bending magnet at the Elettra storage ring. 

The bending magnet radiation is mostly linearly polarised in the horizontal direction. 

A plane grating monochromator, based on SX-700 design concept  [61], allowed to 

tune the photon energy in a range of 22-1000 eV with the resolving power typically 

higher than 1000. The resolving power is naturally better at lower photon energies in 

the case of the used monochromator. During the experiments presented in this work 

an UHV chamber optimised for several PES techniques was situated at the end of the 

beamline. In  front  of  the  UHV  chamber,  a  golden  mesh,  through  which  the 

monochromatic radiation entered into the chamber, was placed. The photoemission 

current measured on the mesh was used to normalise the recorded photoemission 

spectra to the intensity of the incident photon flux. Apart from SRPES, XPS excited 

by a dual anode x-rays source (Al Kα and Mg Kα) was available at the beamline 

station.  For  the  detection  of  photoelectrons,  a  Specs  Phoibos  150  hemispherical 

electron energy analyser was utilized. Its axis  was inclined 60° from the beamline 

axis. The samples were mounted on a holder allowing rotation of samples around two 

axis. Furthermore, the sample holder allowed heating and cooling of the samples. 

The  Rh crystals  used  in  the  present  work  were  heated  by heat  conduction  from 

tantalum wires between which they were mounted. Temperature of the single-crystals 

was  measured  by  a  thermocouple  attached  to  the  back  side  of  the  crystals.  In 

addition,  the  chamber  was  equipped  with  a  rear  view  LEED  optics;  MEBES 
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evaporators  for  metal  deposition;  Ar+ sputtering  gun  and  gas-inlet  lines  with 

precision leak valves. Some more details about the beamline and end station can be 

found elsewhere [62].
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 4 RESULTS AND DISCUSSION

Results presented in Sections 4.1 , 4.2 and some results in Sec. 4.3 are based on 

the following original publications:

1. PIS, I, NEHASIL, V, LADAS, S AND SYMIANAKIS, E. Adsorption of CO on V-

Rh(111)(2×2) surface. In WDS'08 Proceedings of Contributed Papers:  

Part III - Physics (eds. J. Safrankova and J. Pavlu). Prague: Matfyzpress, 

2008, 634-637. ISBN 978-80-7378-025-8.

2. PÍŠ, I, MATOLÍN, V AND NEHASIL, V. XPS and TPD investigation of CO 

adsorption on mixed Rh–V layers supported by gamma-alumina. Applied 

Surface Science. 2011, 258, 908-913.

3. PÍŠ, I, SKÁLA, T, CABALA, M, ŠUTARA, F, LIBRA, J, ŠKODA, M, MATOLÍN V AND 

NEHASIL, V. Structural, electronic and adsorption properties of V–Rh(111) 

subsurface alloy. Journal of Alloys and Compounds. 2012, 543, 189-196. 

 4.1 Rh–V layers supported by γ-Al2O3

 4.1.1 Introduction

Real heterogeneous catalysts with precious metals have typically shapes of nano-

particles, which are deposited on high surface ceramic supports. Vapour deposited 

thin mixed metal films on a flat oxide substrate can be considered as a step between 

will defined model catalysts and complex real catalysts. The goal of the experiments 

with Rh–V layers supported by γ-Al2O3 was to investigate the influence of vanadium 

on CO adsorption and desorption properties of the supported Rh thin film and an 

influence of CO molecules on the bimetallic system.

Electronic and chemisorption properties of the mixed Rh–V layers deposited on 

polycrystalline γ-Al2O3 were investigated by means of XPS and TPD spectroscopy of 

CO molecules. The CO desorption from the mixed film was compared with the CO 

desorption from pure Rh layer  prepared under  the same conditions as  the mixed 

films. In addition, the growth and electronic properties of pure vanadium layer on γ-

Al2O3 was measured by means of XPS, so that the role of an interaction between the 

support and vanadium atoms could be estimated. The overall thickness was chosen to 

be sub-monolayer in order to assure the preparation of non-continuous thin layers. 

The evaporated amount of Rh and V was 0.6 and 0.2 ML, respectively. The chosen 
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ratio between the evaporated metals  was based on the diploma thesis  [63]  of the 

author. It was observed, that if the atomic concentration ratio between Rh and V in 

the non-continuous supported thin films is equal or lower than one, then vanadium 

carbides  and  oxides  are  formed  rapidly  and  the  overall  bimetallic  system  is 

deactivated  towards  the  interaction  with  CO  molecules.  In  order  to  observe  the 

bimetallic interaction, two samples,  equal in the composition,  were prepared.  The 

difference was in the order of the metal deposition.

 4.1.2 Experimental

The experiment  was performed at  the XPS/TPD facility at  the Department  of 

Surface and Plasma Science in Prague. Samples were prepared by vapour deposition 

of Rh and V metals onto the polycrystalline  γ–Al2O3 surface at room temperature. 

The metals were evaporated from two MEBES sources. The purity of the metals was 

99.9% and 99.8%, respectively. The evaporation rate for both metals, estimated by a 

quartz  crystal  film  thickness  monitor,  was  0.2 ML/min  (1 ML  is  meant  as  an 

equivalent to the number of Rh atoms in one monolayer of Rh(111), i.e. 1.597×1019 

at./m2).

The polycrystalline γ–Al2O3 substrates were prepared from GFM 99.999 % Al cut 

into  a  plate  10×10 mm2,  0.5 mm  thick.  The  Al  plates  were  mechanically  and 

chemically polished and oxidized in air at a temperature of 873 K for 24 hours. This 

procedure  forms  50–100 nm  thick  polycrystalline  γ–Al2O3 film  with  an  average 

micro-crystal size of 0.1 µm and lattice constant 0.79 nm [64]. After the introduction 

into the UHV chamber, the alumina substrates were cleaned by heating at 800 K for 

5 minutes and Ar+ sputtering at room temperature for a few minutes.

Two  samples  with  mixed  Rh–V thin  layer  were  prepared  by vacuum vapour 

deposition at room temperature of the substrate. The evaporated amount of Rh and V 

was  0.6 ML and  0.2 ML,  respectively.  After  the  deposition  of  the  both  metals, 

annealing  at  a  temperature  of  795 K  for  5  minutes  followed.  After  that,  the 

experiments with CO adsorption and desorption were performed. The pure Rh layer 

on  γ-Al2O3 was  prepared  in  the  same  way as  the  mixed  layers.  The  evaporated 

amount of Rh was again 0.6 ML.

To study the growth of pure vanadium on γ–Al2O3, gradual deposition of 0.1, 0.3, 

0.6, 1.0, 1.5, 3.0, and 6.0 ML of V on a clean γ-Al2O3  substrate was performed. The 

36



 4 RESULTS AND DISCUSSION 4.1.2

growth and chemical state was monitored by XPS.

XPS measurements were performed with Mg Kα line. To compensate charging 

effects during the XPS measurements, photoelectron binding energies were referred 

to Al 2p3/2 peak, which BE was set to be at 75 eV. Al 2p3/2, O 1s, C 1s, Rh 3d and 

V 2p core level peaks were measured.

Exposures to CO gas in TPD experiments were performed by a CO molecular 

beam  directed  to  the  samples  at  partial  pressure  of  1.2×10-6 Pa  and  at  room 

temperature.

 4.1.3 Growth of V on polycrystalline γ -Al2O3

There have been several studies devoted to the growth of V on alumina surfaces 

[65-67]. In order to compare the behaviour of vanadium on the gamma-alumina used 

in this work with previous studies, the growth of vanadium on the γ–Al2O3 substrates 

without Rh was measured.

The  vanadium was  evaporated  gradually  on  a  clean  γ–Al2O3  support  at  room 

temperature as described above. 

Many experiments with V on alumina films showed strong V substrate interaction. 

There have been studies investigating the interaction of vanadium atoms with  α–

Al2O3 (0001) surface  [66] and with thin (5Å) film of alumina grown on NiAl(110) 

[65].  STM images  of  V metal  deposits  on  Al2O3/NiAl(110)  at  room temperature 

showed the growth of V layer in Vollmer-Weber (3D islands) mode and the XPS 

measurements indicated the V grows in simultaneous multilayer mode on  α–Al2O3 

(0001).  The  V  clusters/particles  were  thermally  stable  up  to  800 K  due  to  a 

considerable interaction with the alumina substrate. Similar temperature stability of 

V clusters was also observed by Wiltner  et  al.  [68] on vanadium film grown on 

Al2O3/NiAl(111).  The  growth  and  chemical  state  of  V  deposited  on  the 

polycrystalline γ–Al2O3  in this work was investigated by means of XPS, measuring 

the spectra of V 2p, O 1s, and Al 2p3/2 core levels. The evolution of V 2p and O 1s 

spectra with increasing evaporated amount of vanadium are shown in Fig. 4.1. 
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The inset in  Fig. 4.1 displays the dependence of photoelectron intensities on the 

evaporated  amount  of  vanadium.  The  Al 2p3/2 signal  was  decreasing  with  the 

deposited amount of V until it was near to the detection limit. Simultaneously, the 

V 2p  signal  was  increasing  until  the  saturation  of  the  signal  was  observed.  The 

dependence of the intensities on the deposited amount of V can be approximated by 

exponentials  rather  well.  That  indicates  a  3D islands  growth  mode,  which  is  in 

accordance  with  the  vanadium  growth  mode  on  α–Al2O3 [66] and  on 

Al2O3/NiAl(110) [65]. The different decrease of the intensity of O 1s and Al 2p peaks 

was caused by the adsorption of oxygen on V from the ambient atmosphere. With 

increasing  amount  of  deposited  V,  a  new state  at  the  energy of  530 eV in  O 1s 

spectrum appeared. This state was attributed to the vanadium oxides [69]. Owing to 

the  high  reactivity  of  vanadium  toward  oxygen  molecules  and  the  rather  low 

deposition rate of vanadium, an oxygen contamination is to be expected [70], even 

though the pressure during the vanadium evaporation was below 2×10−9 mbar.

The increasing V 2p intensity in Fig. 4.1 is accompanied with a simultaneous shift 

of the peak toward lower binding energies. The energy 512.4 eV at high coverages 
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Fig.  4.1:  V 2p and O 1s spectra from vanadium grown on  γ–Al2O3. The 
correspondent amount of deposited vanadium was (from bottom to top):  
0.1, 0.3, 0.6, 1.0, 1.5, and 3.0 ML. The inset shows the intensities of the  
photoemission peaks as a function of the deposited amount of vanadium.  
The intensities are related to the maximum values in the sequence.
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corresponds to metallic overlayer of vanadium [69]. The reason of the higher binding 

energies  at  lower  coverages  can  be  two-fold.  The  previous  studies  showed  that 

vanadium grows on alumina surfaces in form of small isolated particles in the initial 

stage  of  deposition  under  the  conditions  similar  to  this  experiment.  Our  XPS 

measurements indicate the same growth mode. In such case, final state effects must 

be considered. They are interpreted as Coulomb energy shifts due to particle size 

effects. The second reason of the energy shift to higher values can be a formation of 

vanadium oxides and suboxides at low coverages as it was observed on the other 

alumina  surfaces.  A submonolayer  coverage  of  vanadium  on  5 Å  thick  alumina 

grown  on  NiAl(111)  [65] was  accompanied  with  formation  of  Vx+ cations  with 

1<x<2 and NEXAFS measurements  [66] showed formation of V2O3 on  α-Al2O3 at 

submonolayer coverage regime. 

 4.1.4 Thin Rh layer supported by polycrystalline γ -Al2O3

As a reference to the mixed Rh–V layers, a pure rhodium thin film was studied at 

first. The submonolayer amount of Rh (0.6 ML) was evaporated onto the γ-alumina 

surface  at  room  temperature.  The  sample  was  heated  at  795 K  for  5  minutes 

subsequently.  Such  sample  treatment  leads  to  a  creation  of  Rh  particles  by 

coalescence  [11,12]. After the sample preparation, 3 cycles of CO adsorption and 

TPD were  performed.  The  samples  were  exposed  to  a  3L dose  of  CO at  room 

temperature  in  each  cycle,  which  corresponded  to  a  saturation  exposure.  The 

corresponding TPD peaks are displayed in  Fig. 4.2(a). The differences between the 

TPD spectra of each cycle are a result of a stabilization of the Rh layer by annealing 

and exposure to CO. Two pronounced CO desorption peaks at 480 and 400 K were 

detected. The TPD spectra are also in good agreement with previous studies of CO 

desorption  from  Rh  particles  [13,71,72].  The  previous  studies  showed  how  the 

relative ratio between the low and high temperature peak depends on the size of Rh 

particles. The relative proportion of CO in each desorption state was only weakly 

dependent on particle size larger than 3nm, while  particles with the average size 

lower  then 3 nm exhibited higher  relative intensity of  the desorption  peak at  the 

lower temperature. Thus, it can be assumed that the average size of the Rh particles 

prepared here was higher than 3 nm. The change in the TPD profiles with number of 

the TPD cycle indicates further changes in the size or structure of the Rh supported 
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particles. The decrease of the desorption energy of CO, i.e. shift of the desorption 

maximum to lower temperature, can be assigned to thermally induced ordering of the 

particles and reduction of the defects on them. A small desorption peak was detected 

at temperatures around 690 K. It corresponds to the recombination of adsorbed C and 

O atoms into CO molecules.

 4.1.5 Mixed thin Rh-V layers supported by polycrystalline γ -Al2O3

Two samples of the same metal composition but with different order of the metal 

deposition  were  prepared.  In  one  case,  the  rhodium was  evaporated  at  first  and 

vanadium afterwards  (sample  marked  as  V/Rh/γ–Al2O3).  In  the  second  case,  the 

order of the deposition was reversed (Rh/V/γ–Al2O3). The evaporated amount of Rh 

and V was the same in both cases (0.2 ML of V and 0.6 ML of Rh). After the XPS 

characterization of the room temperature deposits, the samples were annealed at a 

temperature of 795 K for 5 minutes, in the same way as it had been done with the 

reference Rh thin film. Then TPD measurements followed.

The samples were annealed prior to TPD measurements because of two reasons. 

First, the temperature was raised up to 795 K during the TPD, which is in case of the 

Rh on alumina surface connected with structural changes of possible Rh clusters. 

Second, according to the previous research on Rh–V systems [21,34] the annealing 

should stimulate the formation of a V–Rh alloy which is more stable against  the 

deactivation caused by the formation of vanadium oxides and carbides.

Both samples were exposed to 3L of CO at room temperature before each TPD. 
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Fig.  4.2:Temperature-programmed CO desorption  spectra  from (a)  Rh layer,  (b)  
mixed V-Rh layer, where Rh was deposited at first, and (c) mixed Rh-V layer, where V  
was deposited at first. At each sample, three subsequent TPD measurements were  
performed after dosing 3L CO. The dotted, dashed, and solid line correspond to the  
first, second, and third cycle, respectively.
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The CO adsorption-desorption cycle was repeated three times. TPD spectra of CO 

desorption are plotted in Fig. 4.2. Interestingly, the two bimetallic samples, with the 

same  composition  but  different  way  of  preparation,  showed  very  different  TPD 

spectra. While the bimetallic sample V/Rh/γ–Al2O3 (Fig. 4.2(b)) showed TPD profile 

similar  in  shape to the profile  from Rh/γ–Al2O3 sample (Fig.  4.2(a)),  the sample 

Rh/V/γ–Al2O3 revealed  a  pronounced  relative  increase  of  the  low-temperature 

desorption states. The differences can be a consequence of the  electronic changes 

induced by alloying or/and in the different morphology of the bimetallic layers. On 

the other hand, the TPD spectrum of the former sample (Fig. 4.2(b)) which is slightly 

shifted  to  higher  temperatures  in  comparison  to  Rh/γ–Al2O3,  indicates  that  the 

morphology effect could prevail in this case. The lower amount of the CO molecules 

desorbed from the mixed layers could be also related to the different morphology. 

However, a partial deactivation of the bimetallic systems (as indicates XPS shown 

further)  can explain the decreased desorption peak intensity,  too.  The differences 

between the first and the subsequent TPD spectra are the evidence of a stabilization 

of the deposited layers, most probably due to the increased temperature during the 

TPD  measurement.  CO  adsorption  stimulated  changes,  however,  can  not  be 

excluded, as well.

The photoemission spectra revealed a pronounced electronic interaction between 

the  deposited  metals.  The  influence  of  the  deposition  of  one  metal  on  the 
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Fig.  4.3:  XPS spectra of V and Rh from mixed Rh-V layers on γ-Al2O3. (a): V 2p3/2 

spectra from the sample, where 0.2 ML of V was evaporated at first and 0.6 ML of  
Rh  afterwards.  (b):  Rh  3d  spectra  from  the  sample  where  0.6 ML  of  Rh  was 
evaporated at first and 0.2 ML of V after.
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photoemission spectrum of the second metal is demonstrated in Fig. 4.3. Fig. 4.3(a) 

displays V 2p3/2 spectrum of the Rh/V/γ–Al2O3 sample before and after the deposition 

of Rh and  Fig. 4.3(b) displays Rh 3d spectrum of the V/Rh/γ–Al2O3 sample before 

and after the deposition of V. The Rh 3d spectrum is shifted about -0.3 eV by the 

interaction with V and V 2p3/2 spectrum is shifted about +1 eV by the interaction with 

Rh. The lower intensity of the V 2p3/2 peak after the deposition of Rh is the result of 

the attenuation of the V 2p3/2 signal by the Rh layer. The Rh 3d peak area in  Fig.

4.3(b) decreased only slightly after the vanadium deposition. Although the amplitude 

of the Rh peak increased, the peak became narrower and the overall area of the peak 

is  lower.  The rather  small  decrease of  the Rh 3d area indicates that  some of the 

vanadium was  not  deposited  directly  on  the  rhodium layer  but  also  on  alumina 

substrate between the Rh clusters. The decrease of the Rh 3d peak width and the 

energy shifts in XPS spectra of both elements are indications of an alloying with a 

charge transfer from the vanadium to the rhodium.

The photoemission spectra of the mixed Rh-V layers after the metal deposition 

and after  the  post-annealing  are  compared in  Fig.  4.4.  By comparing  the V 2p3/2 

spectrum of the Rh/V/γ–Al2O3 sample in Fig. 4.3(a) and Fig. 4.4(a) one can see that 

the  annealing  resulted  in  additional  energy shift  of  the  vanadium peak to  higher 

binding  energies  from 513.6 eV to  514.0 eV.  That  might  be  the  consequence  of 

temperature stimulated mixing and further alloying of the Rh–V layer. Due to the 

possible Rh coalescence at the used temperature range  [11,12], it is likely that the 

mixed thin films formed bimetallic particles. This assumption is supported also by a 

decrease of both Rh 3d and V 2p3/2 peak areas after the annealing, which is typical for 

temperature stimulated coalescence. The decrease can be seen when comparing the 

spectra of V/Rh//γ–Al2O3 in Fig. 4.3 with those in Fig. 4.4. V 2p3/2 spectra from both 

samples, just after the V deposition, were almost identical. Rather different V 2p3/2 

intensities  between  the  bimetallic  layers  (Fig.  4.4(a))  imply  a  different  depth 

distribution  of  V  atoms,  which  might  be  also  connected  with  the  different 

morphology  of  the  two  Rh-V  layers.  Nevertheless,  the  different  photoemission 

spectra of the bimetallic samples after the metal deposition and annealing can be 

correlated with the different CO adsorption properties.
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The lower amount of desorbed CO molecules from the bimetallic layers can be 

understood by V 2p3/2 XPS spectra taken before and after the TPD measurements. 

Both samples exhibited very similar changes in the spectra, thus  Fig. 4.5 displays 

spectra only from one of the two samples. The peak is broadened at binding energies 

higher  than  515 eV,  which  is  an  indication  of  the  presence  of  vanadium oxides 

(515.7 eV for V2O5, 517.4 eV for V2O3 [73]). Further annealing of the samples at 

elevated temperatures led to a reduction of the high-energy states.  The vanadium 

oxides had to be formed soon after the first exposure to CO by reaction of adsorbed 

CO with vanadium atoms that remained on the surface. The formation of the surface 

vanadium oxides deactivated the surface as far as CO adsorption at room temperature 

is concerned.
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Fig. 4.4:A comparison of V 2p3/2 (a) and Rh 3d (b) XPS spectra from the two mixed  
Rh-V layers, which differed in the order of the metal deposition. The spectra were  
taken after the annealing at the temperature of 795 K for 5 minutes.
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Fig. 4.5: V 2p3/2 spectrum of the V/Rh/γ-Al2O3 sample taken 
before and after the experiments with CO adsorption and  
temperature-programmed desorption.
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Another notable feature in the TPD from the mixed films (Fig. 4.2) is the presence 

of relatively intensive β-peak (about 2-times more intensive in comparison with pure 

Rh layer). The increased extent of the CO dissociation can be a consequence of the 

electronic interaction between the two metals, but it could be also a consequence of a 

different morphology of possible bimetallic particles.  It  is known, that in case of 

supported pure Rh clusters, the amount of dissociated CO molecules depends on the 

cluster  size  [74].  Nevertheless,  the  presence  and  relatively  high  extent  of  CO 

dissociation on the mixed Rh–V layers  might  play an important  role  in  catalytic 

reactions on a real catalyst.

 4.1.6 Conclusions

Gamma-alumina supported mixed bimetallic Rh–V thin films,  with the overall 

thickness  of  0.8 ML,  were  prepared  under  ultra-high  vacuum  conditions.  Their 

electronic and chemisorption properties were compared with pure Rh and V thin 

films.

XPS measurements showed that the vanadium deposited on the polycrystalline γ-

Al2O3 substrate grows in 3D islands growth mode. There are indications of a notable 

interaction between the substrate and vanadium at the interface.

The pure Rh thin film without vanadium exhibited behaviour typical for supported 

Rh nano-particles. If vanadium is added, an alloy is forming and the CO desorption 

properties of the thin metal layer are different in comparison with pure Rh layer. The 

influence of the vanadium strongly depends on its distribution within the bimetallic 

layer. Relative increase of  desorption from  weaker bounded CO molecules on the 

bimetallic  film  and  pronounced  increase  of  CO  dissociation  was  observed.  The 

altered  chemisorption  properties  could  be  the  result  of  electronic  as  well  as 

morphological effects.

 4.2 V on polycrystalline Rh foil

 4.2.1 Introduction

The study of V–Rh bimetallic system prepared by V vapour deposition on the 

clean polycrystalline Rh surface was chosen as a step between the quite complex V–

Rh non-continuous layers supported on γ–Al2O3 and well defined V–Rh(111) and V–

Rh(110)  systems.  The  main  purpose  of  this experiment  with  polycrystalline  Rh 
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substrate was to probe the electronic influence of the vanadium on the chemisorption 

properties  of  rhodium and  find  experimental  conditions  appropriate  for  alloying. 

Electronic  structure  of  the  bimetallic  system was  studied  by means  of  XPS,  CO 

chemisorption properties by TPD spectroscopy.

 4.2.2 Experimental

The  experiment  was  performed  at  the  XPS/TPD  experimental  system.  The 

vanadium was deposited  onto  the  surface  of  a  high  purity Rh foil  (99,99 %)  by 

evaporation from V wire (purity 99.8%) placed in MEBES. The surface of the Rh 

foil was cleaned by 0.5 keV Ar+-ion sputtering followed by annealing up to 975 K. 

Two samples  were  prepared.  In  both cases,  1 ML of  V was evaporated with the 

evaporation rate of 0.2 ML/min. The samples differed in the substrate temperature 

during the deposition.  The temperature of the Rh foil  was held to  be 295 K and 

795 K,  respectively.  After  the  vanadium  evaporation,  the  sample  prepared  at  a 

temperature of 795 K was held at the elevated temperature for another 5 minutes and 

the sample prepared at 295 K was post-annealed to 795 K for 5 minutes. The samples 

were characterized by means of XPS employing Al Kα X-rays source. The exposure 

to CO was done at the partial pressure of 1.2×10-6 Pa at room temperature.

 4.2.3 XPS characterization

The V 2p XPS spectra recorded after the V deposition and annealing are displayed 

in  Fig. 4.6. Although the deposited amount of V was the same in both cases, the 

intensity of V 2p peak is lower in the case of deposition at a temperature of 795 K. It 

is because of diffusion of V atoms to the subsurface region of Rh and formation of a 

stable  subsurface  alloy  at  elevated  temperatures,  as  was  reported  in  [6,23].  CO 

chemisorption  behaviour  also  confirmed the  difference  in  the  V presence  on  the 

surfaces of the two samples, as it will be shown further. The spectra in Fig. 4.6 were 

fitted by Doniach-Sunjic functions  [35,75] convoluted with Gauss function and the 

fitting parameters except the peak amplitude were kept at the same values for both 

samples. The binding energy of 513.3 eV of the main V 2p3/2 core level peak is about 

1 eV shifted  to  higher  values  in  comparison with  pure vanadium,  which  is  most 

probably the consequence of the alloying with the rhodium. On the sample prepared 

at RT a small V 2p3/2 peak at a binding energy of 514.6 eV appeared. Its presence is 

most  probably  related  to  formation  of  surface  suboxides  and  carbides  during  or 
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shortly after the V deposition.

The electronic interaction between the vanadium and rhodium can be observed at 

valence band spectra, which are shown in Fig. 4.7. In the figure, valence band spectra 

measured by Al Kα x-rays excitation are displayed. Thanks to the polycrystalline 

nature of the sample and high excitation energy (Sec. 2.5 ), the photoemission profile 

of the valence is proportional to the density of occupied electron states. According to 

theoretical calculations [76], pronounced local maxima in the bulk density of states 

are  predicted  at  5.3,  2.6,  and  1.2  eV binding  energy.  In  addiction,  an  increased 

density of states at the Fermi level at topmost layer is predicted. These theoretical 

assumptions  are  in  good agreement  with the valence band spectrum measured at 

clean polycrystalline Rh surface. The intensity of the valence band decreased after 

the  deposition  of  vanadium  due  to  the  decreased  average  concentration  of  the 

rhodium within the XPS information depth. Nonetheless, what matters more is the 

change of the shape of the valence band. The deposition of the vanadium at the room 

temperature  changed  the  valence  band  profile  only  slightly,  while  a  pronounced 

change of the valence band shape appeared after the V deposition at the elevated 

substrate temperature. This supports the assumption that the vanadium deposited at 

the high temperature diffused into the rhodium bulk and formed the subsurface alloy. 
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Fig.  4.6:  V 2p  photoemission  spectrum  after  the  deposition  of  1 ML  of  
vanadium on the surface of the polycrystalline Rh foil at room temperature  
(bottom) and at the Rh foil annealed at 795 K (top). Solid lines correspond to  
V 2p doublets (see the text), the dashed line to Rh 3p1/2 core level.
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The  electronic  interaction  between  the  vanadium and  rhodium atoms  caused  the 

changes  in  the  valence  band  structure.  In  both  cases,  the  vanadium  shifted  the 

valence band centre of mass by 0.06 eV to higher binding energies. The shift of the 

valence band centroid towards higher BE is typically correlated with the weakening 

of  the  CO-metal  surface  bond  (see  Introduction).  The  weakening  of  the  bond 

confirmed TPD spectroscopy of CO molecules, as described in the following chapter.

 4.2.4 Interaction with CO

CO molecule thermal desorption experiments were performed on the clean Rh 

surface at first.  All TPD measurements on the foil were repeated several times to 

demonstrate  the  reproducibility.  Since  the  plain  Rh  foil  was  annealed  at  a 

temperature of 975 K before the experiment, the surface can be considered as plain 

with low defect density. The obtained TPD spectrum (Fig. 4.8), which followed after 

dosing 3L CO, was in a good agreement with previous studies  on the plain Rh foil 

[13]. According to single crystal studies, the two TPD states at 480 K and 400 K have 

been  identified  as  being  due  to  CO  molecules  desorbing  from  on-top  and 

hollow/bridge sites, respectively [71,77].

While  CO  molecules  adsorbed  very  well  on  the  clean  Rh  surface  at  room 
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Fig.  4.7: Valence band spectra measured with Al Kα X-ray source. Black curve:  
spectrum recorded from the clean polycrystalline Rh foil; red curve: after the V  
deposition (1 ML) at the substrate temperature of 795 K; blue curve: after the V 
deposition (1 ML) at the substrate temperature of 295 K. The straight lines mark  
positions of the local maxima in the calculated bulk density of states of rhodium  
(according to [76]).
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temperature, there was observed no adsorption, nor desorption of CO on the sample 

with V evaporated at room temperature. The reason was a fast deactivation of the 

superficial  vanadium  deposit.  The  superficial  vanadium  atoms  reacted  with 

molecules  from the  ambient  vacuum and  the  surface  was  covered  by vanadium 

oxides and carbide soon, which was accompanied by a significant increase of O 1s 

and  C 1s  photoemission  spectra.  Such  surface  became  deactivated  as  far  as 

adsorption of CO at room temperature was concerned. On the other hand, the surface 

of the second sample, with vanadium deposited at elevated temperature, contained 

much less oxides and carbides and a significant CO adsorption and desorption was 

observed (Fig. 4.8). That proved the presence of V mainly under the surface.

The TPD peak of CO desorption was shifted to lower temperatures by about 18 K 

due  to  the  V doping  (Fig.  4.8).  This  shift  in  the  temperature  of  the  maximum 

corresponds to the lowering of the desorption energy by about 5 kJ/mol, using the 

Redhead formula (Eq.(30), Sec. 2.6 ). The shape of the TPD spectrum was changed, 

as well. The higher extent of the desorption around a temperature of 400 K indicates 

a relative increase of the desorption from hollow and bridge sites.

Another difference between CO desorption profiles from rhodium and rhodium 
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Fig. 4.8: TPD spectra of CO from the clean polycrystalline Rh foil (dashed curve)  
and from the Rh-V subsurface alloy (solid curve). Both surfaces were exposed to 3L  
of CO before the desorption measurements and the adsorption/desorption cycles  
were repeated in order to show the quality of the reproducibility. The inset displays  
the high-temperature part of the TPD spectra, where recombination peak at 690 K 
appeared.
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modified by V appeared at higher temperature, shown in the inset in  Fig. 4.8. The 

peak around 690 K corresponds  to  the  so-called  recombination  or  β-peak,  which 

results from the recombination of C and O atoms on the surface to CO molecules. 

The appearance of the β-peak is the evidence of partial dissociation of the adsorbed 

CO molecules. The origin of the dissociation could be related to a presence of small 

vanadium clusters which could be left on the surface. Such case is, however, unlikely 

as they would be deactivated soon, while  the  β-peak was observed repeatedly.  A 

surface  roughening  and  increased  concentration  of  surface  defects  on  the  alloy 

surface can be the reason of the here observed CO dissociation

 4.2.5 Conclusions

This  experiment  with  V  deposited  onto  polycrystalline  Rh  showed  that  the 

influence of the vanadium on the CO adsorption and desorption properties of the 

bimetallic  system strongly depends on the sample treatment.  The surface is  soon 

deactivated if V remains on the top of the surface. On the other hand, the subsurface 

vanadium influences the chemisorption properties of the superficial rhodium atoms. 

The  strength  of  the  CO  bond  with  the  rhodium  is  lowered  on  the  alloy.  The 

photoemission  spectroscopy  indicates  that  the  nature  of  the  change  is  in  the 

electronic changes in the metal surface valence band.
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 4.3 V on Rh(111)

 4.3.1 Introduction

Among all the V–Rh bimetallic systems studied in this work, the greatest attention 

was given to  the  V–Rh(111) model  system. The goal  was to  prepare an ordered 

surface or subsurface alloy and to study the electronic influence of the vanadium on 

the rhodium and its interaction with gas molecules. This model system enabled us to 

focus on the electronic effects, while the possible morphological effects could be 

practically  excluded.  Experimental  conditions  which  lead  to  formation  of  a  V–

Rh(111)–(2×2) subsurface alloy with long range ordering were found and attention 

was further focused on this alloy. The homogeneity of the ordered alloy at large scale 

allowed to use standard far field photoemission techniques to analyse the structure at 

atomic level and to measure the valence band electron energy dispersion relations. 

That allowed estimating the atomic structure on the atomic scale level and applying 

ARUPS method to study the valence band electronic structure in detail.

The first section of this chapter is devoted the characterisation of the V–Rh(111) 

subsurface alloy by means of SRPES from core levels. In the next two sections, the 

interaction with CO and O2 molecules is studied by means of SRPES. In case of CO, 

TPD measurements were performed, as well. The subsequent section is devoted to 

the surface atomic structure determination by means of XPD. The last  section is 

focused on the valence band electronic structure investigated by means of ARUPS.

 4.3.2 Experimental

The  first  experiments  were  carried  out  at  the  Materials  Science  Beamline  at 

Elettra synchrotron in Italy. During this experiment, the conditions which lead to the 

formation of V–Rh(111)–(2×2) subsurface alloy were found. Later, the experiments 

with  the  V–Rh(111)–(2×2)  alloy  were  carried  out  at  XPS/XPD/LEED  and 

XPS/LEED/TPD experimental facilities. At the former facility, atomic structure by 

means of XPD was investigated and at the latter facility, CO adsorption properties by 

means of TPD were studied. In each UHV system, more or less the same procedures 

were followed to prepare the V–Rh(111)–(2×2) subsurface alloy. Each experimental 

apparatus was equipped with XPS and LEED. These techniques were used to ensure 

the same V–Rh(111)–(2×2) alloy was prepared as far as the structure and surface 
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composition was concerned. 

The clean Rh(111) surface was prepared by 2 keV Ar+–ion sputtering, followed by 

annealing at 1173 K for several minutes, and by heating in O2 at 973 K for 5 minutes. 

Then the crystal was flash-heated to 1273 K. This procedure was repeated until the 

Rh(111) surface was clean. The cleanliness of the Rh(111) surface was checked by Al 

Kα XPS in combination with LEED.

V–Rh  alloys  were  prepared  by  vanadium  evaporation  in  vacuum  onto  clean 

Rh(111) at 823 K. The residual gas pressure during the evaporation was about 2×10-7 

Pa. Vanadium metal was evaporated from a vanadium wire placed in a MEBES cell. 

The evaporation rate was approximately 0.1 ML/min. Here, 1 ML of V is meant to be 

equal to 1 ML of Rh(111), i.e. 1.597×1019 atoms/m2. In most of the experiments, the 

same  evaporation  source  was  used.  Its  evaporation  rate  was  calibrated  in the 

XPS/TPD system by means of a quartz crystal microbalance.

The V–Rh(111)–(2×2) subsurface alloy was prepared by the deposition of 2.5 ML 

of V at a substrate temperature of 823 K and by annealing in steps up to 1023 K 

when a sharp (2×2) LEED pattern occurred. Another bimetallic sample was prepared 

by the deposition of 0.4 ML of V at a substrate temperature of 823 K. No LEED 

surface structure different from (1×1) was observed on this sample.

The  first  SRPES  measurements  were  carried  out  at  the  MSB  beamline.  The 

photoelectrons excited by synchrotron radiation were collected in normal emission 

geometry at 300 K. A photon energy of 382 eV was employed for exciting Rh 3d and 

C 1s core levels and a photon energy of 640 eV was used to excite the V 2p and O 1s 

core levels. Valence band spectra were measured at photon energy 50 eV. The total 

energy resolution (analyser and monochromator) was 0.08, 0.4 and 0.7 eV at 50, 382 

and 640 eV, respectively. Adsorptions of CO and O2 were performed at the partial 

pressure of 2.7×10-6 Pa at 300 K. The samples were exposed to 10 L of CO, which 

was sufficient to achieve a saturation coverage at  the clean Rh(111) surface.  The 

adsorbed CO molecules were removed from the surfaces by a flash-heating to 673 K. 

Then, exposure to 11 L of O2 at 300 K followed.

The CO TPD measurements were carried out at the XPS/LEED/TPD facility at 

the Department of Chemical Engineering, University of Patras. The exposure to was 

performed at the partial pressure of 7×10-6 Pa at a temperature of 193 K. The TPD 

spectra were obtained with linear heating rate 1 K/s.
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X-ray  photoelectron  diffraction  measurements  were  carried  out  at the 

XPS/XPD/LEED apparatus  in  Prague,  utilizing  Al  Kα (hν =  1486.6  eV)  x-rays 

source.  The  angle-resolved  XPS  spectra  were  recorded  by  rotating  the  sample 

manipulator.  The  polar  angle  between  the  surface  normal  and  the  direction  of 

outgoing (detected) electrons was changed from 0 to 70°. Azimuthal angle range was 

84°. Three-fold and mirror crystal surface symmetry was applied in order to get full 

azimuth XPD patterns.

Valence band maps measured by means of ARUPS were obtained at the MSB 

beamline.  Photon  energies  35  and  55 eV were  used.  The  energy resolution  was 

determined by measuring the width of the Fermi  level  at  room temperature.  The 

width was measured to be 225 meV. Since the intrinsic width of the Fermi level at 

RT is 100 meV, the instrument resolution was about 200 meV. Angle-resolved UPS 

spectra were obtained by rotating the sample manipulator. The polar angle between 

the surface normal and the direction of detected photoelectrons was changed from 0 

to 70°. The azimuthal angle rotation was done in the range of 80°. The acceptance 

angle of the analyser was 4°.

 4.3.3 SRPES characterization
Photoemission spectra from vanadium after the deposition of 0.4 ML and 2.5 ML 

of V at 823 K are displayed in  Fig. 4.9(a and b) together with the LEED patterns 

obtained after the deposition. Shortly after the deposition of 2.5 ML of V, the sample 

was  annealed  at  1023 K and  the  corresponding  spectrum and  LEED  pattern  are 

displayed in  Fig. 4.9(c). After the deposition of 0.4 ML of V, LEED pattern was 

identical  with  LEED  from  clean  Rh(111)  (not  shown),  no  long-range  surface 

reconstruction was observed. On the other hand, a weak (2×2) LEED superstructure 

appeared after the deposition of 2.5 ML of V and this pattern became sharp after the 

annealing.  In  the  experiment  with  V on polycrystalline  Rh as  well  as  in  studies 

[23,34] it  was observed that the deposition of V at elevated temperature leads to 

diffusion of vanadium into Rh.  The higher  V 2p intensity after  the deposition of 

2.5 ML V corresponds  to  a  higher  vanadium  concentration  on  the  surface.  The 

annealing  at  1023 K stimulated  further  diffusion  of  vanadium into  the  bulk  and 

resulted in V 2p peak almost identical with the one at the sample with 0.4 ML V. The 

binding energy of the V 2p3/2 peak was 512.7 eV, which is about 0.5 eV higher value 

in comparison with metallic vanadium.
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In  Fig. 4.10, Rh 3d5/2 core-level spectra from the clean Rh(111) and V–Rh(111) 

alloy surfaces are compared. Photoemission at 382 eV photon energy is extremely 

surface sensitive due to the low kinetic energy of Rh 3d5/2 electrons (about 76 eV). 

Thus, the component from the topmost surface layer can be distinguished readily. 

The Rh 3d5/2 spectra of the pure surfaces, as well as those ones after the exposure to a 

saturation dose of CO, were decomposed into the bulk (denoted as  B) and surface 

(denoted as S and Sa) components iteratively. The CO adsorption influenced only the 

Rh atoms of the topmost layer which helped to identify the surface components as it 

will be shown further. For the decomposition of the measured spectra, Shirley-type 

background [35]  and Doniach-Šunjić line shapes  [35,75] convoluted with Gaussian 

profiles  were  used.  Binding  energy  values  are  accurate  within  0.05 eV.  Energy 

positions of the peaks in Fig. 4.10 and their relative areas are listed in Table 4, where 

the relative areas of the bulk (B) and surface (S and Sa) components are referred to 

the bulk and surface component of the clean Rh(111) crystal. The binding energies of 

the bulk (307.15 eV) and surface (306.67 eV) component on Rh(111) are in good 

agreement with values reported, for instance, in [78].
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Fig. 4.9: V 2p photoemission spectra (measured using a photon  
energy  of  640  eV)  from  the  V–Rh(111)  surface  after  the  
evaporation of (a) 0.4 ML of V, (b) 2.5 ML of V and (c) after the  
annealing  the  latter  one  at  1023  K.  LEED  patterns  from the  
surfaces are shown on the right.
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After the deposition of 0.4 ML of V at the elevated temperature a new surface 

component (denoted as  Sa) at 306.89 eV appeared. A small clean rhodium surface 

component S was present, too. Table 4 shows that the sum of the relative intensities 

of the surface components S and Sa on the alloy equalled 96% of the intensity of the 

clean Rh surface component. That indicates the topmost layer practically vanadium 

free.  Therefore,  the  Sa component  was  ascribed  to  Rh  in  the  first  layer  directly 

influenced  by  the  subsurface  vanadium.  The  same  surface  component  Sa was 

identified also on the Rh surface after the deposition of 2.5 ML of V (Fig. 4.10(c)). 

The overall low intensity of Rh 3d5/2 spectrum just after the 2.5 ML V deposition was 

caused  by the  attenuation  by vanadium presented  on  the  surface  as  was  already 

indicated  by  V 2p  photoemission.  Further  annealing,  which  stimulated  the  V 

diffusion  and  (2×2)  LEED appearance,  caused  the  increase  of  the  Rh 3d5/2 peak 
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Fig. 4.10: Rh 3d5/2 core-level photoemission spectra of (a) the clean Rh(111) and (b–
d) V–Rh(111) alloy surfaces. The spectra were decomposed into bulk component (B),  
surface component (S) and surface component correspondent to Rh atoms with a bond  
with vanadium (Sa).
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intensity to the value obtained after the deposition of 0.4 ML V. The same surface 

component Sa was present and in addition, relatively intense clean surface component 

S appeared. This probably reflects some heterogeneity on the surface and presence of 

clean  surface  areas.  The  sum  of  the  relative  areas  of  both  surface  components 

corresponded to 97% of the clean Rh(111) (see Table 4) surface component, which 

again indicates almost vanadium free topmost layer.

Sample Peak Peak position 
(eV) 

Rel. peak area 
(%) 

Rh(111) B 307.15 100

S 306.67 100

0.4 ML V–Rh(111) B 307.19 78

S 306.67 17

Sa 306.89 79

2.5 ML V–Rh(111) B 307.19 62

S 306.67 3

Sa 306.89 29

V–Rh(111)–(2×2) B 307.20 72

S 306.67 56

Sa 306.89 41

Table 4: Binding energies and relative intensities of the Rh 3d5/2 components at Rh(111) and 
V–Rh(111) subsurface alloys measured at a photon energy of 382 eV and displayed in Fig.
4.10. Peaks denoted by B are bulk components and their intensity is related to the intensity  
of the bulk component on clean Rh(111). Similarly, peaks denoted by S and Sa correspond to  
surface components with intensities related to the surface component of clean Rh(111).

The  valence  bands  of  clean  Rh(111)  and  the  V–Rh(111)  subsurface  alloys 

obtained at  a photon energy of 50 eV are presented in  Fig. 4.11.  The spectra are 

dominated by the contribution from rhodium valence band states due to the high 

Rh 4d photoionisation cross-section at the used photon energy. The modifications of 

the valence band photoemission profile upon alloying were similar  on both alloy 

surfaces. A shift of the valence band centre-of-mass toward higher binding energy 

was  expected  as  it  is  common  for  late-transition  metals  [9] and  as  it  has  been 

observed on the polycrystalline rhodium substrate (Fig.  4.7) and on a similar V–

Pd(111) subsurface alloy  [24]. However, no shift of the centroid to higher binding 

energy was observed in this case. On the other hand, a considerable reduction of 
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valence states in low energy (0–1.5 eV) valence band region occurred. The valence 

band electronic structure of the V–Rh(111)–(2×2) will be studied in detail by means 

of ARUPS in a a next chapter.
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Fig.  4.11:  Valence band photoemission spectra measured at  a photon  
energy  of  50  eV.  Dotted  curve  corresponds  to  clean Rh(111),  dashed  
curve  to  the  0.4 ML  V–Rh(111)  subsurface  alloy  and  the  full  curve  
corresponds to the 2.5 ML V–Rh(111)–(2×2) subsurface alloy.
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 4.3.4 Interaction with CO 

After  the  preparation  of  clean  Rh(111)  and  the  V–Rh  subsurface  alloys,  the 

surfaces were exposed to 10 L of CO. After such exposure, the CO adsorption on 

clean  Rh(111)  is  saturated  at  300 K  [79].  The  influence  of  the  adsorbed  CO 

molecules on the Rh 3d5/2 core-level spectra is demonstrated in  Fig.  4.12.  On the 

Rh(111) surface, with the adsorbed CO, a good fit was obtained with bulk component 

and  two  components  at  307.43  eV  (t)  and  306.78  eV  (h).  These  CO-induced 

components  have  been  assigned  [78] to  Rh  atoms  underneath  single  on-top  CO 

molecule (component t) and to Rh atoms underneath the CO molecules adsorbed in 

three-fold  hollow sites  (component  h).  The  same components  were  also  used  to 

decompose  the  spectra  of  the  V–Rh subsurface  alloys  after  the  exposure  to  CO. 
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Fig.  4.12:  Rh 3d5/2 photoemission spectra 
before  (circles  and solid  lines)  and after  
the exposure to 10 L of CO (squares and  
dashed  lines).  The  components  
corresponding  to  the  emission  from bulk  
(B) and surface (S, Sa) atoms are displayed  
together  with the  components induced by  
the CO adsorption. The component t is due  
to the emission from the surface Rh atoms  
with CO in on-top sites and the component  
h is  due  to  the  emission  from the  atoms  
with  CO  molecules  in  three-fold  hollow  
sites.

Fig. 4.13: C 1s photoemission spectra of (a)  
Rh(111) and (b, c) V–Rh(111) alloy surfaces  
after the dose of 10 L of CO at 300 K. The 
component  t corresponds to CO molecules  
adsorbed in on-top sites and the component  
h to CO molecules in three-fold hollow sites  
on the (111) surface.
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Because of the lack of energy resolution for such high number of components, the 

decomposition is less reliable, especially because of the overlap between  Sa and  h 

components.  Nevertheless,  the  trend  in  the  intensity  ratio  between  t and  h 

components is in good agreement with C 1s spectra displayed in Fig. 4.13. The C 1s 

spectra  consisted  of  two  components  which  corresponded  to  CO in  on-top  sites 

(286.03 eV) and in hollow sites (285.44 eV) [78]. The total area of C 1s spectrum is 

proportional to the CO surface coverage. Taking this into account, the CO coverage 

on the alloy surfaces decreased to 33% (Fig. 4.13(b)) and 42% (Fig. 4.13(c)) of the 

value on clean Rh(111) (Fig. 4.13(a)). Moreover, the adsorption in three-fold hollow 

sites was suppressed more than the adsorption in on-top sites. No significant changes 

have been observed in the V 2p signal apart from a small decrease of the intensity 

after the CO adsorption. That indicated an interaction of the adsorbed CO molecules 

solely with rhodium.

The  influence  of  the  subsurface  vanadium  on  Rh–CO  bond  strength  can  be 

deduced from the energy difference between 4σ and 5σ/1π CO molecular levels. 

They are presented in Fig. 4.14. According to studies [80-82] 4σ and 5σ/1π energy 

difference is correlated with CO bond strength and it is inversely proportional to the 

CO–metal  bonding  interaction.  It  has  been  found  that  the  4σ–  5σ/1π  energy 

difference increases with the decreasing CO adsorption energy. An increase of the 

energy difference by 0.1–0.2 eV on the alloy surfaces, as compared with the clean 

Rh(111),  can  be seen in  the figure.  The increase in  the molecular  orbital  energy 

separation indicates a weakening of the CO-Rh bond at the V–Rh(111) alloy surface.
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Fig.  4.14:  Photoemission  spectra  of  4σ  and  
5σ/1π orbitals  of  CO molecules adsorbed on  
the  clean Rh(111)  and V–Rh(111)  subsurface  
alloys.  The  spectra  were  recorded  after  
exposure to 10L of CO at 300 K.
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The weakening of  the CO–Rh bond was confirmed by the TPD spectroscopy, 

summarized in Fig. 4.15. In the figure, TPD spectra of CO desorption from the clean 

Rh(111) and  V–Rh(111)–(2×2) subsurface alloy are compared. The series of TPD 

curves  correspond  to  different  initial  CO  doses.  All  the  exposures  to  CO  were 

performed at a substrate temperature of 193 K. The CO desorption peaks between 

510 K and 480 K were observed at lower exposures on both surfaces. A peak around 

420 K was formed at higher CO coverages. The high-temperature peak is assigned to 

CO molecules in on top sites and the molecules desorbing at lower temperatures are 

assigned to CO in hollow and bridge adsorption sites on the clean Rh(111) surface 

[77].

The high-temperature peak was shifted to lower temperatures by about 15 K on 

the V doped surface. The desorption activation energies of the high temperature TPD 

peak are plotted as a function of relative CO coverage on the right of Fig. 4.15. The 

energies are calculated by the Redhead analysis (Eq.(30), Sec. 2.6 ) and the relative 
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Fig. 4.15
Left: TPD spectra of CO measured at clean Rh(111) (upper left) and  V–Rh(111)–
(2×2) alloy (lower left). The spectra were obtained after the dose of 0.3, 1, 3 and 10  
Langmuirs of CO at the substrate temperature of 193 K. The character A is assigned  
to the adsorption from the ambient atmosphere.
Right:  Plotted  desorption  energies  of  the  high-temperature  desorption  peak  as  a  
function  of  relative  CO coverage.  The  coverage is  evaluated with respect  to  the  
saturation coverage at the clean Rh(111) surface.
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coverage is evaluated with respect to the saturation coverage at the clean Rh(111) 

surface after the exposure to 10 L dose of CO. The desorption energy Ed was lowered 

by about 4 kJ/mol on the V doped surface. The relative intensity of the desorption 

peak around 420 K,  which has been assigned to  the desorption from hollow and 

bridge sites, significantly increased in reference to the desorption peak from on-top 

sites. The same change was observed in TPD spectra on polycrystalline Rh doped 

with V as well as on the mixed Rh–V layers γ-Al2O3. Since the C 1s spectra from CO 

adsorbed at RT showed that adsorption in on-top sites on the subsurface alloy is more 

preferable than in hollow sites, the increased desorption from hollow sites must be 

the result of changed CO intermolecular interaction and diffusion barriers between 

the different adsorption sites. In addition, presence of a new type of low-energy CO 

adsorption sites on the subsurface alloy is indicated by the CO desorption between 

300 and 350 K after the exposure to 10 L of CO. The new desorption peak could be 

from the adsorption positions directly affected by the subsurface vanadium or from 

new positions that could arise from the (2×2) surface reconstruction.

 4.3.5 Interaction with O2

The both V–Rh alloy surfaces with 0.4 and 2.5 ML of V were exposed to 11 L 

dose of O2 at 300 K. After that the samples were flash heated to 673 K. Interaction of 

the surfaces with oxygen was observed by measuring O 1s, V 2p and valence band 

spectra, which are displayed in Fig. 4.16.
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Spectra on the top and bottom of the Fig. 4.16 correspond to the alloy formed after 

the deposition of 0.4 ML of V and the alloy with (2×2) reconstruction, respectively. 

The spectra showed that the interaction between the adsorbed oxygen and the V–Rh 

alloy surface was very similar on both samples. The O 1s spectra showed that there 

were some traces of oxygen even before the exposure to O2. After the exposure to 

11 L of O2, an asymmetric O 1s peak with its maximum at 529.7 eV appeared. This 

BE corresponds to dissociated oxygen atoms adsorbed on Rh surface in threefold fcc 

hollow sites [79,83]. The asymmetric shape of the peak is related to an interaction of 

some adsorbed oxygen with the subsurface vanadium as indicated V 2p3/2 spectra 

after the exposure. A new state around 515 eV appeared in the V 2p3/2 spectra. The 

new state  can  be  assigned  to  a  vanadium oxide  [83],  which  indicates  vanadium 

surface segregation induced by adsorbed oxygen already at the low temperature of 

300 K. Finally, the samples were shortly heated to 673 K after the 11 L O2 dose. The 

O 1s peak became narrower and it was shifted to 529.9 eV BE after the flash. Its total 

area remained unchanged. The V 2p3/2 spectrum was narrowed as well, shifted to a 

BE  of  513.5  eV  and  its  area  increased  by  about  60%.  Obviously,  the  higher 

temperature stimulated interaction between the adsorbed oxygen and the subsurface 

vanadium which caused back-diffusion of the subsurface vanadium to the surface 
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Fig.  4.16:  O 1s, V 2p3/2 and valence band photoemission spectra of the 0.4 ML V–
Rh(111) (top) and 2.5 ML V–Rh(111)–(2×2) (bottom) alloy. Dotted curves correspond  
to the surfaces before the O2 dose, dashed curves to the surfaces after the 11 L O2 

dose and solid curves after the heating at 673 K.
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and creation of a vanadium sub-oxide. Simultaneously with the changes in the O 1s 

and V 2p3/2 core level spectra, a prominent feature around 6 eV in the valence band 

appeared. The position of the feature is in coincidence with O 2p states of adsorbed 

oxygen. However, at the photon energy of 50 eV, valence states of rhodium dominate 

[52] and the O 2p signal is low on pure rhodium. The increase of the intensity of the 

states  at  6 eV BE after  the  heating  is  assigned  to  O 2p–V 3d  hybridization  and 

resonant photoemission close to the photon energy of 50 eV [84]. The estimation of 

the exact oxidation state of an ultra-thin vanadium oxide layers is difficult due to the 

influence  of  the  interfacial  bonding  and  the  proximity  of  the  underlying  metal 

surface. It modifies both the initial and final state in the photoemission process [85]. 

The V 2p3/2 measured at a BE around 515 eV could indicate formation of a (2×2)–

V2O3/Rh(111)  structure  with  corresponding  V 2p3/2 at  a  BE  of  514.6 eV  [86]. 

However, other stable vanadium oxide phases with V 2p3/2 between 514 and 515.4 eV 

BE have been observed. Temperature reduction of highly oxidized 7×7 R19.1 °

–VO3 monolayer on Rh(111) [87] results in oxide phases with VO3, V11O23, V11O21, 

and V2O3 stoichiometry. Any of these vanadium oxides or a multiple phase vanadium 

oxide could be formed. Annealing of the alloy with the adsorbed oxygen stimulates 

further  vanadium surface segregation and formation of a surface vanadium oxide 

under the given experimental conditions. The binding energy of the V2p3/2 peak was 

shifted  to  a  value  of  513.2  eV  and  could  be  assigned  to  the  "wagon  wheel"–

VO/Rh(111) structure with V2+ oxidation state [87].

Some other changes in the valence band spectra appeared during the oxidation of 

vanadium.  The  states  localized  around  2.2 eV  significantly  decreased  and  the 

intensity of the states near the Fermi level relatively increased. The shape of the low 

energy region of the valence band became more comparable with the clean Rh(111) 

surface. The reaction between the oxygen and vanadium caused a degradation of the 

Rh–V  heteroatomic  bond.  A strong  bonding  of  the  adsorbed  oxygen  with  the 

bimetallic surface was confirmed by exposure to 10 L CO at temperatures 300, 363 

and 423 K. No reduction was observed in contrast to the total clean-off reaction of 

the  adsorbed  oxygen  with  CO  under  the  same  conditions  on  the  clean  Rh(111) 

surface.

The sample with the (2×2) reconstruction and after the oxidation was heated up to 

1173 K  in  steps.  The  sample  was  cooled  down  to  300 K  after  each  step  and 
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intensities  of  V 2p3/2,  O 1s  and  Rh 3d5/2 core-levels  were  monitored  by  XPS 

stimulated by Al Kα radiation (Fig. 4.17). The oxygen was reduced systematically 

with increasing temperature, while the intensity of vanadium remained practically 

constant up to a temperature of 1023 K. A significant decrease of vanadium signal 

was observed at 1073 K, and it continued at higher temperatures. This decrease was 

caused by dissolution into the rhodium substrate.
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Fig. 4.17: The development of the integrated intensities of the V  
2p3/2, O 1s and Rh 3d XPS peaks during the heating of the V–
Rh(111)–(2×2) alloy up to 1173 K. 



 4 RESULTS AND DISCUSSION 4.3.6

 4.3.6 Atomic structure of V–Rh(111)–(2x2) alloy 

In  order  to  get  an  insight  into  the  local  atomic  structure  of  the  alloy  which 

revealed the (2×2) LEED pattern, an XPD experiment was performed. Rh 3d5/2 and 

V 2p3/2 peak areas were measured as a function of emission angle using Al Kα X-ray 

radiation.  The  correspondent  diffraction  patterns  are  displayed  in  Fig.  4.18.  The 

pattern on the top, recorded on the clean Rh(111) crystal, is a typical XPD pattern of 

an fcc(111) surface.  Scattering of photoelectrons on the nearest  neighbours  of an 

emitting atom is responsible for the so-called forward-scattering (FS) peaks denoted 

by numbers in the ( 011 ) plane in Fig. 4.18. The atomic arrangement of the emitter 
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Fig. 4.18: . X-ray photoelectron diffraction (XPD) patterns of pristine Rh(111) (top)  
and V–Rh(111)–(2×2) subsurface alloy (bottom).  The patterns were obtained by  
plotting emission angle dependence of Rh 3d5/2 and V 2p3/2  integrated intensities.  
Main FS peaks in  ( 011 ) plane are indicated by numbers 1–4 in the XPD from  
clean Rh(111) and the corresponding emitter–scatterer geometry is sketched on the  
right. The photoemission spectra were measured using Al Kα X-ray radiation.
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and the scatterers in the FS peaks is sketched on the right of the pattern. After the V–

Rh(111)–(2×2) alloy was formed, the XPD of Rh 3d5/2 showed a pattern very similar 

to the one from the clean Rh(111). Despite it was more blurred, the main features 

such as FS peaks were preserved. The FS peaks were also apparent in the V 2p3/2 

XPD  pattern  which  was  a  clear  evidence  of  the  Rh–V  alloy  with  V  atoms  in 

substitutional positions in the Rh crystal lattice. The presence of FS peak in normal 

direction  (denoted  by number  4)  in  the  vanadium pattern  also  indicated  that  the 

vanadium atoms were located in substitution positions at least down to the fourth 

layer from the surface.

While there was clear evidence of V atoms in substitutional positions in Rh single 

crystal lattice, it was not so obvious which of the possible substitutional V–Rh alloys 

was formed. Previously a (2×2) and (√3×√3)R 30° structures (but only with small 

domain  sizes  of  several  Å)  have  been  reported  [30,31] and  the (√3×√3)R 30°

structure  have  been  considered  as  the  most  stable  [21].  However,  our  electron 

diffraction measurements show that the formation of the (2×2) structure is favoured 

under the used experimental conditions. As far as the bulk Rh–V alloys is concerned, 

three ground state fcc structures were derived: an L10 of RhV stoichiometry and two 

L12 structures of Rh3V, as was summarised in Sec. 1.4  . The structure of the (111) 

plane of Rh3V alloy has hexagonal configuration with a V–(2×2) superstructure (Fig.

1.4),  which corresponds to the (2×2) pattern observed by LEED. In addition,  the 

decrease of the Rh 3d5/2 core-level intensity by about 25% (see  Table 4) is also in 

good agreement with the suggested stoichiometry. Calculations of Wolverton  et al. 

[29] indicate that the RhV structure is thermodynamically the most stable. However, 

the  calculations  have  been  done  for  bulk  and  the  situation  is  often  different  at 

surfaces. Indeed, the minimum of the energy of formation of a V impurity in the 

layers close to the Rh(111) surface at the total V-concentration of 0.25 was predicted 

by ab-initio calculations [30]. All these indications are pointing to Rh3V compound 

alloy of L12 structure with the vanadium free topmost (111) surface layer.

The experiment with CO adsorption as well as XPS from surface states strongly 

indicates that the topmost layer of the V-Rh alloy was vanadium free. Therefore, the 

(2×2) structure observed by LEED must be a result of a reconstruction of the surface 

Rh atoms. Previously, Konvicka et al. have studied V–Rh(111) subsurface alloy with 

submonolayer  amount of V by STM  [30].  Triangle-like features ordered in (2×2) 
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structures  of  small  domain  sizes  were  observed.  A model  of  the  surface  atom 

reconstruction has been proposed Fig. 1.5. According to this model, V atoms in the 

second  layer  induced  a  strong  lateral  contraction  of  the  Rh  atoms  above  the 

subsurface vanadium atoms forming the triangles in the topmost layer.

However, our XPD measurements did not confirm the proposed lateral contraction 

on the surface. The atoms in the triangles correspond to the first neighbours to V sites 

in the second layer of fcc structure. Any strong lateral contraction would shift the 

corresponding FS peaks (labelled as number 1 in  Fig. 4.18) to lower polar angles. 

The polar-angle dependence of Rh 3d5/2 and V 2p3/2 peak areas in [112 ]  azimuth is 

displayed in Fig. 4.19. One can see that the FS peak in [110] direction from both Rh 

and  V  in  the  alloy  was  shifted  by  about  2  degrees  to  a  higher  polar  angle  in 

comparison to the clean Rh(111) substrate.

In order to quantitatively analyse the surface reconstruction of the V–Rh(111)–

(2×2) alloy, the experimental XPD data were compared with theoretical calculations 

and analysed by means of reliability factors described in Sec. 2.3  . The XPD data 

were simulated by EDAC code (Electron Diffraction on Atomic Clusters)  [38] for 

core level  photoelectron diffraction simulations.  Multiple  scattering cluster  model 

approach was used considering a hemispherical cluster. At first, several parameters of 

the cluster model had to be estimated. The parameters can be categorized into two 

main  groups.  The  first  group  contains  structural  parameters  which  characterize 

66

Fig.  4.19 Polar  emission  angle  dependence  of  Rh  3d5/2  and  V  2p3/2 

integrated  intensities  in  [112 ]  azimuth.  The  vertical  line  at  35.3°  
corresponds to the FS on the nearest neighbour in the [110] direction at  
an ideal fcc(111) surface.
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positions of the atoms in the studied crystal structure. The second group consists of 

inner code parameters such as geometry of the beam and analyser, energy and angle 

scanning  parameters,  initial  core-state  quantum  numbers  and  multiple-scattering 

parameters. In the here presented R-factor analysis, only structural parameters were 

varied. Before that, all the inner parameters had to be determined. The geometry of 

the beam and analyser as well as the energy and scanning parameters were set to be 

the same as in the experiment. Parameters such as IMFP, inner potential, and Debye 

temperature were estimated from literature. 

Inelastic mean free path IMFP for photoelectrons from Rh 3d5/2 and V 2p3/2 core 

levels  was  calculated  (using  TPP-2M  formula  [36])  to  be  15 Å  and  13.7 Å, 

respectively. Debye temperature was set to be 197 K [88]. The inner potential was 

estimated  to  be  11 eV.  This  value  was  estimated  from  theoretical  study  of  the 

Rh(111) surface valence band electronic structure [76,89]. It have been found out that 

a deviation of 4 eV from the inner potential and 70 K in Debye temperature did not 

have effect on the values of the structural parameters which led to the best match 

between experimental and theoretical XPD data. 

Other  parameters  such  as  the  cluster  size,  number  of  emitters,  order  of  the 

multiple-scattering  and  maximum  orbital  quantum  number  lmax were  optimised 

concerning the CPU calculation time. At the same time, their effect on the structural 

parameters was checked as well.

The effect of the cluster size is illustrated in Fig. 4.20. The figure shows Rh 3d5/2 

XPD from the clean Rh(111) surface. On the left, experimental pattern (Fig. 4.20(a)) 

is displayed. The other patterns are calculated by EDAC code for two different sizes 

of the cluster. The pattern (b) was calculated using cluster of 1000 atoms, the pattern 

(c)  is  the  result  obtained  at 200 atoms  cluster.  It  is  clear  that  the  larger  cluster 

simulation match the experimental pattern better than the smaller cluster simulation. 

In fact, cluster of the size of about 2000 atoms should be considered according to the 

calculated IMFP of the electrons with the kinetic energy of 1179 eV. However, CPU 

time needed to calculate XPD for  such large cluster was several hours, while the 

calculation for 200 atoms cluster took  less than one hour. Moreover, all the main 

XPD features remained. The reason is in the relatively high kinetic energy (about 

1 keV)  of  the  emitted  photoelectrons.  At  high  kinetic  energies,  the  diffraction 

patterns are dominated by forward scattering spots at low-index directions as a result 
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of scattering on the nearest and next-nearest neighbour atoms  [37]. Therefore, the 

geometrical reconstruction of the surface atoms have a significant influence on the 

XPD patterns and clusters of the size of 200 atoms, which correspond to 6 atomic 

layers, turned out to be sufficient to find structural parameters with the best fit to the 

experiment.

As far as the other inner parameters is  concerned, it  was found that  multiple-

scattering of the order of 5 and the maximum orbital quantum number lmax = 12 were 

sufficient to find the best structural parameters. On the account of emitters, emitters 

in the second, third and fourth layer were considered. The effect of emitters from the 

top surface layer was negligible due to the reduced back-scattering at  the kinetic 

energy of 1 keV.

The  model  of  the  atomic  cluster  used  to  refine  the  structural  parameters  is 

illustrated in Fig. 4.21. The hemispherical cluster consists of 200 atoms arranged in 6 

layers. The arrangement of the V atoms corresponds to Rh3V alloy with L12 ordering. 

The  structural  parameters  were  varied  until  the  best  fit  between  the  theory  and 

experiment  was found by means of  the  R-factor  analysis  (Sec. 2.3  ).  The varied 

structural parameters are depicted in  Fig. 4.22.  The parameters correspond to the 

inward (parameter zj) and lateral (parameter dj) contraction of the op layer Rh atoms 

over the second layer V atoms; the relaxation of the rest of the Rh top layer atoms 

(parameter z1); and relaxation of the V atoms in the second layer (parameter zv).
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Fig.  4.20:  Measured  (a)  and  simulated  (b,c)  XPD  patterns  obtained  at  Rh(111)  
surface. 
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Fig.  4.21 Ball model of the hemispherical cluster of atoms used in the EDAC code  
simulations of the measured XPD diffraction patterns. (a) Side view, (b) top view.  
Red balls represent V atoms, blue Rh atoms. The cluster consists of 200 atoms in 6  
layers. Yellow ball corresponds to the V emitter in the second layer.

The values of the RS-factor were the most sensitive to the parameters zj and dj (see 

Fig. 4.22). The dependence of the RS-factor on these two parameters while keeping 

the others (z1, zv) constant, is shown in Fig. 4.23 and Fig. 4.24. The RS-factor values 

were  calculated  using  Eq.(16)  given  in  Sec. 2.3  .  Figure  4.23 displays  RS-factor 

values  for  the  XPD  results  for  the  emission  from  the  Rh  atoms  while  keeping 

parameters  z1 and  zv at  values  2.2 Å and  0 Å,  respectively.  The minimum is  at  
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(b)(a)

Fig. 4.22: Illustration depicting structural parameters (zj, zv, z1, and dj) varied in  
the proposed  model  of  the  (2×2)  surface  reconstruction  of  the  V-Rh(111)  
subsurface alloy. All lengths are given in Å. The length 2.196 Å corresponds to the  
inter-planar distance in bulk Rh crystal.

V – Rh(111) – (2×2) subsurface alloy

[111]

[1 12]

Surface

1st layer Rh atom
2nd layer Rh atom

5.378

zj

x 

ydj

[1 12]

Side view, (110) plane Top view, (111) plane z 

0

2.196

-2.196

-4.392

zjz1

zv

1st layer relaxed Rh atom
V atom



 4 RESULTS AND DISCUSSION 4.3.6

zj =1.75 Å and  dj  =1.65 Å. Values  of  dj ,  which are lower than 1.55 Å (this  value 

corresponds to an unreconstructed surface), represents the lateral inward contraction 

of the Rh atoms over the subsurface vanadium atoms, the larger values mean shift in 

the  opposite  direction.  In  case of  parameter  zj,,  values  lower  than  2.196 Å mean 

inward shift of the atom positions.

Figure 4.24 shows the same as Fig. 4.23 but the values correspond to XPD from 
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Fig.  4.24:  RS-factor  values  as  a  measure  of  the  agreement  between  
experimental and theoretical XPD pattern for V 2p3/2 photoemission from 
the V–Rh(111)–(2×2) surface.  Two structural parameters zj and dj were 
varied in the theoretical model, while the other two z1 and zv were kept  
constant.
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vanadium atoms. The values of RS-factor in this graph were calculated while keeping 

parameters  z1 and  zv kept at values 2.2 Å and -0.3 Å, respectively.  In case of XPD 

from vanadium, the minimum of the RS-factor correspond to zj=2.0 Å and dj=1.75 Å. 

The both graphs with R-factor values indicate that the R-factor analysis of the XPD 

patterns  from  rhodium  and  vanadium  give  different values  of  the  structural 

parameters. On the other hand, they agree in the directions of the shift of the new 

positions of the surface Rh atoms. The same trend was also found in the case of the 

other two parameters z1 and zv. The discrepancies in the exact values of the structural 

parameters were included into the values of uncertainty.

The inward relaxation of the Rh atoms over the subsurface vanadium was found to 

be 0.3 ± 0.2 Å. As far as the lateral contraction is concerned, the simulations indicate  

that the contraction is not above the subsurface vanadium atoms but in the opposite 

direction, as indicated in Fig. 4.22. The simulations further indicate inward relaxation 

of the second layer vanadium atoms by 0.2 ± 0.1 Å.

The  proposed  model  of  the  V–Rh(111)  subsurface  alloy  with  (2×2)  surface 

reconstruction is drawn in  Fig. 4.25. Some experimental and calculated intensities 

are compared in Fig. 4.26.
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Fig.  4.25:  Ball model of the V–Rh(111) subsurface alloy with  the  (2×2) surface 
reconstruction. The small arrows in the picture on the right indicate the direction  
of lateral displacement of the Rh surface atoms. The rhombus indicates surface 
unit cell. All lengths are given in Å.
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Fig.  4.26:  Comparison  of  multiple-scattering  cluster  model  simulations  with  
experimental  photoelectron diffraction in  some azimuthal  (a,  b,  c)  and polar  (d)  
angle emission  scans of Rh 3d5/2 photoemission. Circles and squares represent raw 
experimental data from Rh(111) and V–Rh(111)–(2×2), respectively. Dotted lines are  
theoretical calculations for non-reconstructed Rh(111) surface and the solid lines are  
theoretical simulations for the V–Rh(111)–(2×2) structural model described in the  
text and in Fig. 4.25.
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 4.3.7 Valence band structure of V–Rh(111)–(2x2) subsurface alloy

The  TPD  spectroscopy  at  the  V–Rh  subsurface  alloys  showed  a  shift  of  the 

desorption peak maximum toward lower temperature by about 15–18 K as compared 

with the desorption peak from the clean Rh surface (see Sec. 4.3.4  ,  Fig. 4.15 and 

Sec. 4.2.4 , Fig. 4.8.) The high-resolution SRPES measurements of Rh 3d core level 

showed a shift in the surface component binding energy by +0.22 eV upon alloying 

with V (Sec. 4.3.3  ,  Table 4). These changes are in excellent agreement with the 

correlations noticed by Rodriguez and Goodman (See Introduction). On the other 

hand, no or only a small d-band shift to higher binding energies was observed in the 

valence band spectra. This observation indicates that the model proposed by Hammer 

et al. probably can not fully describe the mechanism of the CO adsorption on the V–

Rh alloy. In order to get more insight into the bonding between CO molecules and 

the V–Rh alloy surface atoms, the valence band electronic structure was measured by 

means of angle-resolved UPS spectroscopy.

The  ARUPS  experiment  was  performed  at  the  MSB  beamline  at  Elettra 

synchrotron  using  photon  energies  of  35  and  55 eV.  The  valence  band  of  pure 

Rh(111) was mapped and the influence of the CO adsorption on the valence band 

was measured as well. Then the V–Rh(111)–(2×2) subsurface alloy was prepared by 

the procedure described before. Again, the valence band structure of the surface was 

measured and the influence of CO adsorption was recorded.

At the used experimental  parameters,  the valence bands measured at  the alloy 

were dominated by the photoemission from rhodium. On one hand, it was due to the 

no presence of the vanadium in the top most layer and the L12 structure of the Rh3V 

alloy with the vanadium concentration of 25 at.% in subsurface layers. In addition, 

the relative photoemission cross-section for the valence Rh 4d is approximately 5-

times higher than for the valence V 3d at 35 eV photon energy and more than twice 

at 55 eV photon energy (Fig. 2.5, Sec. 2.4 ).
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In  Fig. 4.27 valence band spectra from Rh(111) and V–Rh(111)–(2×2), taken at 

several different emission angles, are compared. The alloying induced three general 

changes. The valence band became narrower, the intensities of peaks close to the 

Fermi  level  were significantly reduced and the  peaks  in  the  region 2-5 eV were 

shifted to lower binding energies.

By summing up the valence band spectra from sufficiently large solid angle, one gets 

the valence band spectrum averaged through a significant part of the Brillouin zone 

and the measured energy distribution is proportional to the  joint density of states 

(Sec. 2.5  ). In  Fig. 4.28, measured angle-integrated valence band (VB) spectra are 

shown together with theoretically calculated electron densities of states according to 

[76]. The theoretical calculations show DOS in the bulk and in the first four surface 

layers. Any direct comparison between the measured spectrum and theoretical DOS 

must be made with caution. The measured VB spectrum is proportional not only to 

the  DOS of occupied states but also to the  DOS of unoccupied states. Moreover, it 

depends on the matrix transition elements which affect the measured valence band 

intensity profile. This effect is clearly demonstrated by the different profiles of the 
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Fig.  4.27: Valence band spectra of the  clean Rh(111) (dashed curves) and the V-
Rh(111)-(2×2)  alloy  (solid  lines)  taken  at  different  polar  emission  angles  along 
directions − M , − M ' , − K  in SBZ (see Attachment). Spectra were obtained  
at a photon energy of 55 eV.
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valence  band  measured  at  the  two  different  photon  energies  (Fig.  4.28(a,b)).  In 

addition, the IMFP of the photoelectrons from the valence band (~3-4 Å according to 

the TPP 2M formula [36]) is equivalent to the depth shorter than twice the Rh(111) 

interlayer distance (d111
Rh = 2.2Å). It means that the measured valence band profile is 

the result of a weighted average from about 6 surface layers with the most significant 

contribution from the first two. This relatively high surface sensitivity can explain 

why the shape of the valence band of Rh(111) is rather similar to the theory. For 

instance, the maxima at 4.8 and 2.5 eV BE are in good agreement with the maxima 

predicted  on  the  top-most  layer.  Moreover,  the  relatively  high  intensity  near  the 

Fermi level is also in good agreement with the theory, which shows increased density 

of states at the top layers in comparison with the bulk.
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Fig.  4.28:  Angle-integrated valence band spectra of clean Rh(111) and V-
Rh(111)-(2×2) surface measured at a photon energy of (a) 55 eV and (b) 35  
eV. (c) Calculated layer-resolved electronic densities of states in the first four  
top layers of Rh(111) and in the bulk. Taken from  [76].  The blue lines are  
guidelines  for  the  comparison  between  measured  valence  bands  and  
theoretical densities of occupied electronic states.
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What matters is the difference in the integrated valence band spectra between the 

clean  Rh(111)  and  V–Rh(111)–(2×2)  alloy.  The  same changes  appeared  on  both 

spectra measured at two different photon energies. That indicates that the changes are 

related more likely to the change of the density of states than to matrix transition 

elements. The alloying induced a shift of the central peak maximum by about 0.3 eV 

to lower binding energy and simultaneously the density of states at the Fermi level 

was reduced noticeably. The centroids of the valence bands (between -1 and 6.5 eV) 

were  slightly  shifted  to  higher  binding  energy  by  about  0.01 eV  and  0.02 eV, 

respectively.  The shift of the centroids was rather small.  According to the theory,  

which  explains  correlations  between  CO  adsorption  energy  and  valence  band 

structure (see Introduction), the lower the CO adsorption energy, the larger the shift 

of  the centroid to  higher  binding energy.  The case of  the  V–Rh surface  alloy is 

apparently different  and further  analysis  is  necessary to  understand its  somehow 

peculiar behaviour.
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Fig. 4.29: Valence band maps of the (a) Rh(111) and (b) V–Rh(111)–(2×2) surfaces  
measured at a photon energy of 55 eV along the high-symmetry − K  and − M  
directions.
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From the measured EDC curves, valence band maps were created with the use of 

the transformation described in Sec. 2.5 . The valence band maps of the Rh(111) and 

V–Rh(111)–(2×2), measured at 55eV photon energy, are compared in Fig. 4.29. The 

valence bands measured under the given conditions are a mixture of surface and bulk 

states  and  detailed  analysis  is  necessary  to  understand  the  electronic  changes 

stimulated by subsurface alloy formation. Further understanding can be achieved by 

comparing them with theoretically calculated dispersion relations. According to the 

author's  knowledge,  the  theoretical  calculations  for  V–Rh(111)  have  not  been 

reported yet. On the other hand, theoretical calculations of the ground state electronic 

structure  of  Rh(111)  surface  are  available.  There  have  been  several  theoretical 

approaches used to calculate and predict surface electronic structure of Rh single-

crystal surfaces [76,89-92]. The most precise calculations are those of Eichler et al. 

[76,89],  shown in  Fig. 4.30. In the theoretical study, the structural and electronic 

properties of the Rh(111) surface were investigated by self-consistent ab-initio local-

density-functional calculations. As for the electronic structure, authors calculated the 

electronic  density  of  states,  surface  dispersion  relations  and  charge-density 

distributions of some ground state surface states.

It is worthy to note, that the calculations have been done for the ground state, 

while the experimental electronic structure is influenced by final states of the photo-

excited multi-electron system and selection rules of the photoemission process. Some 

surface  states  can  be  missing  due  to  zero  matrix  element  of  the  photoemission 

transition.  On the contrary,  some surface states can be missing in  the theoretical 

prediction in consequence of the criterion chosen to distinguish surface states from 

bulk  states.  Any  comparison  between  an  ARUPS  experiment  and  theoretical 

prediction of the ground-state electronic structure must be made cautiously and the 

both approaches should be considered as complementary.
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The surface states or resonances presented in this work were identified by doing 

two experimental tests. First,  the valence band spectra of the clean surfaces were 

measured at two different excitation photon energies (35 and 55 eV). Second, the 

surfaces were exposed to 10 L of CO gas dose, which results in a CO saturation 

adsorption at 300 K on a clean Rh(111) surface. After the CO saturation adsorption, 

the valence band spectra were measured again.

Due to the nature of surface states, photoemission from them is generally very 

sensitive to a modification of surface. Adsorption of gas molecules on surface often 

quench the surface photoemission features or shift them in binding energy. Carbon 

monoxide molecules strongly quench the Rh(111) surface features as it was already 

observed on the Rh 3d5/2 spectrum surface component shown in  Fig. 4.12, in Sec.

4.3.4 .

Thus, the valence band maps measured before and after the exposure to CO were 

compared  and  a  significant  decrease  in  the  intensity  after  the  CO  adsorption 

indicated surface character of the corresponding valence band peaks. However, some 

bulk features can also exhibit sensitivity to surface modification. Therefore, another 

test to identify the surface states was done.

 The other test was based on a comparison between the valence band measured at 

the two different photon energies. Dependence of the binding energy of the electronic 

bands  on  the  momentum  normal  to  the  surface  was  checked.  Due  to  the  two-
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Fig.  4.30:  Theoretical  and  experimental  dispersion  relations  of  
electronic surface states on Rh(111). Surface states, calculated by A.  
Eichler et al. [89], are represented by black dots. Red dashed lines  
corresponds to surface states determined in this work. The projected  
band-structure of the bulk is shown by grey shaded areas.
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dimensional character of surface features they should display none or just a little 

dispersion with k⊥. In other words, the peak positions of surface states in the valence 

band maps projected to the surface Brillouin zone (SBZ) should be the same at the 

both photon energies.

This method used to identify surface states has, however, limitations. In some 

cases, surface states are not distinguished in this way. There might be low matrix 

element of the transition or strong overlap between surface and bulk states.

The valence band maps of Rh(111) and V–Rh(111)–(2×2) along the  − M  and 
− K  directions are compared in Figures 4.31 and 4.32. In each of the figures, the 

first row corresponds to the valence bands measured at 55 eV photon energy. As far 

as  the  grey colour  scale  is  concerned,  it  is  the  same for  both  surfaces  and dark 

colours correspond to low intensities, while bright colours to high intensities. The 

same applies for the third row, where valence band maps obtained at 35 eV photon 

energy are displayed.  The images in the second and fourth row are result  of the 

subtraction of the VB maps measured after the CO adsorption from those before the 

adsorption. The bright colours in these images indicate states which were quenched 

by the CO adsorption. The brighter the colour is the stronger decrease in the intensity 

after the CO adsorption appeared. The dashed lines in the figures highlight bands of 

surface states determined as outlined above.
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Fig.  4.31: Valence band maps of the Rh(111) and  V–Rh(111)–(2×2) surface as a  
function of  k|| in  − M  direction. The images in the second and fourth row were  
obtained by subtraction of the VB maps after the CO adsorption from those before  
the adsorption. The red lines mark surface states.
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The surface state  bands identified on Rh(111) in  this  work are in  rather  good 

agreement with the previous experimental measurements published in [93], as shown 

in  Fig.  4.33.  The  origin  of  the  differences  between  the  two  experimentally 

determined  surface  dispersion  relations are,  most  probably,  due  to  the  different 
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Fig.  4.32: Valence band maps of the Rh(111) and  V–Rh(111)–(2×2) surface as a  
function of  k|| in  − M  direction. The images in the second and fourth row were  
obtained by subtraction of the VB maps after the CO adsorption from those before  
the adsorption. The red lines mark surface states.
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photon energies and adsorbing molecules. While Wei et al [93] used photon energies 

24, 32, 42 and 60 eV and H2 adsorption, energies 35 and 50 eV and CO adsorption 

were employed  in  this  work.  Another  difference  was  in  the  energy and  angular 

resolution (120 meV, 1° in [93], 200 meV, 2° in this work).

Quite a good agreement was found also between the measured surface state bands 

and the theoretical predictions of Eichler et al.  [89], as already shown in Fig. 4.30. 

Three filled states at   point at binding energies 5.9, 3.2, and 2.6 eV were predicted 

by the theory. An evidence of a surface state at a BE of 5.8±0.2 eV was found in this 

work. The dispersion relation of the correspondent surface band is marked as band 

S10 in Fig. 4.31. Similarly, the band S7 corresponds to the surface state band predicted 

at a BE of 2.6 eV at   point. Our measurements gave a value of 2.5±0.2 eV. There 

are also signs of surface states at 3.2 eV BE but the experimental evidence is not 

unambiguous in this case. Other strong surface states were predicted at M  point. An 

empty surface state  at  0.9 eV above the Fermi level  and a filled surface state  at 

4.8 eV BE were predicted by the theory. Despite the fact that empty states are not 

accessible to ARUPS technique, the empty state at the M  point can be extrapolated 

from the band S2, which intersects the Fermi level before the M  point. According to 

the  ab-initio calculations  [89],  the  empty states  around  the  M  point  show anti-

bonding character. The spacial charge-density distribution of the anti-bonding states 

is sticking out the surface plane and therefore they are expected to play an important 

role in surface reactions. Indeed, they are strongly quenched after the CO adsorption, 
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Fig.  4.33: Surface states on Rh(111) determined experimentally by Wei et al.
[93]  (dots) compared to the theoretical results of  J.  Feibelman [90] (solid  
curves). The red curves correspond to the dispersion relations determined in  
this work.
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which is the result of charge donation from the  d-band to the empty 2π*  molecular 

orbital, the lowest unoccupied molecular orbital (LUMO) of the CO molecule. As far 

as the states at  the lower BE at the  M  point is concerned, there is  a noticeable 

quenching by CO adsorption  observed at  5.3±0.5 eV  BE  in  the  VB measured  at 

55 eV  photon  energy  (band  S11).  The  quenching  of  the  states  at  the  same  BE, 

measured also at 35 eV photon energy (Fig. 4.34), confirms the surface character of 

these states.

At the K -point, four occupied surface states at 4.1, 2.6, 1.1 and 0.2 eV binding 

energy have been predicted [76]. Clear experimental evidence of surfaces states was 

found at 0.05 ± 0.05 eV, 2.1 ± 0.2 eV and 4.0 ± 0.3 eV binding energies (Fig. 4.35). 

Surface character also exhibited the states in bands  S14–S17 in the  − K  direction 

(Fig. 4.32). Strong decrease of their intensity after the CO adsorption indicates their 

contribution to the CO 2π* backbonding.
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Fig. 4.34: Difference VB spectra at Rh(111) at M  point measured 
in the  azimuth in the SBZ. The difference spectra were obtained  
by subtracting the VB spectra measured after the CO adsorption 
from those before the adsorption.
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Despite the calculated dispersion relations generally provide a good match to the 

experimental results of this work, some experimental bands do not span as far as 

predicted.  One  of  the  reasons  might  be  the  dependence  of  the  matrix  transition 

elements  on  the  sample  position  orientation  (the  sample  was  rotated  during  the 

ARUPS measurements and the incident radiation was linearly polarised), which can 

hinder the photoemission transition from surface states. On the other hand, a few 

surface  bands,  determined  experimentally,  were  not  marked  in  the  calculated 

dispersion relations. The reason might be simply in the criteria which were applied to 

distinguish surface bands.

The  formation  of  the  V–Rh(111)–(2×2)  subsurface  alloy  induced  significant 

changes in the valence band electronic structure as can be seen in figures  4.31 and 

4.32. When comparing the surface bands of the Rh(111) with the V–Rh(111)–(2×2) 

surface, one can see that some of them disappeared or were significantly quenched 

(such as band S9 in − M  direction or S15  – S18 in − K  direction), some of them 

noticeably changed their  dispersion relations (S2  in  − M  direction),  others were 

slightly shifted in binding energy (S7, S11) and some new surface states appeared. The 

most pronounced changes concern bands S7 (  ), S2 ( − M ) and S15 – S18 ( − K ). 

While the bands  S2,  S14  –  S17 were dominant features at the clean Rh(111) surface, 

they almost disappeared at the alloy surface. On the contrary, the intensity of the 

band  S7 increased at the alloy surface and the whole band was slightly shifted to 

lower binding energies ((Fig. 4.36(a),  Table 5). The largest changes in the  − M  
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Fig.  4.35:  Difference  VB spectra  at  Rh(111)  at  the K  point  
measured in the T  azimuth in the SBZ.  The difference spectra  
were obtained by subtracting the VB spectra measured after the 
CO adsorption from those before the adsorption.
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direction overcame S2 band. The strong quenching of the states of the S2 band upon 

CO adsorption (Fig. 4.36(b)) indicates the donation of the electric charge into the 

LUMO of CO, exactly is it was observed at the clear Rh(111) surface. Therefore, it is 

likely that it is the same surface state band but with different dispersion relation and 

most probably with significantly decreased density of states at the alloy surface. This 

decrease of the charge available for the  hybridisation and mixing with the CO 2π* 

orbital  might  be the reason of the observed weaker  CO molecular bond with Rh 

surface atoms. The same can be assumed in the case of some others surface states, 

for instance, in bands S3,, S15 – S18 which intensity was significantly reduced upon the 

alloying with vanadium and which apparently contributed to the π backdonation. The 

interaction of these states with CO molecules as well as the influence of vanadium is 

demonstrated in (Fig. 4.36(c)) on the band below the Fermi level at the K  point.

The estimated binding energies of the surface states at the high symmetry points 

of the SBZ are summarized in  Table 5 and compared with theoretically predicted 

values for clean Rh(111).

 M K
Theory Rh(111) V–Rh Theory Rh(111) V–Rh Theory Rh(111) V–Rh

– – 0.05±0.05 – 0.05±0.05 0.05±0.05 0.2 0.05±0.05 0.05±0.05
– – 0.6±0.1 – – 1.2 ± 0.2 1.1 – –

2.6 2.5± 0.2 2.3±0.2 4.8 5.3± 0.5 – 2.6 2.1±0.2 2.1±0.2
3.2 – – 4.1 4.0±0.2 3.7±0.3
5.9 5.8 ± 0.2 5.6 ±0.4

Table  5:  Binding  energies  of  the  surface  states  at  high  symmetry  points  of  the  

Rh(111) SBZ. The theoretical values, taken from [76], concerns pure Rh(111) surface.  

The binding energies are given in eV units.
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In  summary,  the  high-resolution  ARUPS  measurement  at  the  clean  and  CO 

covered Rh(111) surface proofed to be very sensitive to surface states within the 

chosen  experimental  parameters.  The  dispersion  relations  of  the  surface  states 

measured  at  Rh(111)  are  in  good  agreement  with  theoretical  predictions.  The 

pronounced  decrease  of  their  intensity  after  the  CO  adsorption  indicates  charge 

transfer  from the  surface  states  to  the  hybridized  and mixed  bonds  with  LUMO 

orbital  of  adsorbed  CO  molecules.  The  surface  states,  most  influenced  by  CO 

adsorption,  were  those  close  to  the  Fermi  level  in  a  BE  range  of  0-2 eV.  That 

indicates that  their  hybridization with CO LUMO orbital  represents  an important 
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Fig. 4.36: Comparison between VB spectra of the pure Rh(111) (on the left) and V–
Rh(111)–(2×2) subsurface alloy (on the right) at some k-points of the SBZ before  
(black curves) and after the CO adsorption (blue curves). The red dashed lines mark  
surface states. Spectra were measured at 55 eV photon energy.
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contribution to the CO-metal bond strength. The DFT study of Eichler et al. gave 

evidence of  anti-bonding character  of  those states  and charge-density distribution 

spanning  out  of  the  surface  plane.  That  rationalizes  the  interaction  with  CO 

molecules observed at valence band spectra. It also indicates that the depletion of 

their  density  and  alternation  of  their  dispersion  relations  upon  alloying  with 

vanadium is the main reason of the decreased adsorption energy of the CO molecules 

on the metal surface. Despite the overall centre-of-mass of the valence band was not 

shifted to higher binding energies, the density of states close to the Fermi level was 

reduced significantly and hence the CO-metal surface bond was reduced. The V–

Rh(111) subsurface alloy is an example of the bimetallic system where the shift of 

the valence band centre is not correlated with the CO adsorption energy.

A similar correlations between CO adsorption and the electronic structure, which 

can  not  be  described by standard  model  of  Hammer,  were  predicted  also  for  V-

Pd(111) surface and subsurface alloys, i.e. for a system which is, by its composition 

and structure, very close to here studied V–Rh(111) alloy. A detailed theoretical study 

of  the  V–Pd(111)  alloys  have  been  done  by  Hirschl  and  Hafner  [25,26].  The 

theoretical study confirmed the poisoning effect of the vanadium impurity on the CO 

adsorption,  which  was  confirmed  also  experimentally  on V–Pd(111)–

3×3R30 °  subsurface alloy  [24]. Moreover, it also showed that the model of 

Hammer is not fully applicable for the Pd–V alloys due to the strong local influence 

of the vanadium dopant.  The influence of a vanadium impurity decreased rapidly 

with distance. The formation of the V–Pd surface and subsurface alloys caused shifts 

in the d-band of neighbouring Pd atoms towards higher BE, which is qualitatively in 

agreement  with  the  model  of  Hammer.  However,  it  turned  out  that  the  d-band 

position alone allows no predictions of the CO adsorption energy. Orbital-resolved 

analysis of the  d-band density of states lead to a conclusion that vanadium dopant 

affects mainly those d-orbitals which are pointing in its direction. We can assume a 

similar  d-d hybridization between the subsurface vanadium and surface Rh atoms. 

The  hybridisation  is  accompanied  by  a  localization  of  the  Rh  valence  d-band 

electrons to the bimetallic bond with V in the second layer which resulted in the 

reduction of the density of states at the surface.

On the other hand, some surface states remained on the V–Rh(111) subsurface 

alloy, they were shifted to lower binding energies and their intensity even increased. 
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In the frame of the theoretical model of Hammer, such changes yield to a stronger 

CO-metal bond. This might explain why the decrease of the CO-Rh surface bond 

strength is no so high as that of CO-Pd surface modified by subsurface vanadium.

Apart from the reduced interaction with CO molecules,  the reduction of states 

observed at the top of the  d-band is also in a correlation with the surface atomic 

reconstruction.  The  detailed  theoretical  study  of  the  Rh  (111),  (100),  and  (110) 

surfaces [76] showed that the inward relaxation of the top layer (-1.7±0.2, -3.8±0.2, 

and 9.8±0.6 %) is caused by the de-population of the anti-bonding states at the top of 

the  d-band.  The  formation  of  the  V–Rh(111)–(2×2) subsurface  alloy  was 

accompanied by a pronounced depopulation of the anti-bonding states at the Rh(111) 

surface which explains the inward relaxation of the top layer by 14 ± 9 % determined 

from the XPD measurements.

 4.3.8 Conclusions

The  photoemission  from  the  V 2p  and  Rh 3d5/2 core  levels  showed  that  the 

deposition of 0.4 ML of V at 823 K results  in the formation of V–Rh subsurface 

alloy. This result was expected, since diffusion of V into Rh subsurface region was 

observed on the polycrystalline Rh (Sec. 4.2 ) under similar experimental conditions. 

The formation  of  a  subsurface alloy on Rh(111) crystal  was already observed at 

0.3 ML of V [21,30,31] deposited at a substrate temperature of 823 K. In the present 

work, it was showed that the deposition of a higher amount of V (2.5 ML) at the 

same temperature and further annealing also lead to the formation of the subsurface 

alloy. Our observations indicate that both alloys with 0.4 and 2.5 ML of V exhibit 

very similar electronic structure and CO and O2 adsorption properties.  Decrease of 

the Rh 3d5/2 intensity indicates the atomic concentration of V in the subsurface region 

was 22– 28%. Electron diffraction measurements showed that the formation of the 

(2×2) structure is  favoured under the used experimental conditions.  The obtained 

results  indicate  formation of alloy with Rh3V composition and L12-type structure 

ordering. Since RhV ordered bulk alloy is predicted as the most stable phase, Rh3V 

subsurface alloy is an example of the influence of the presence of surface on metal 

mixing.

CO  adsorption  on  the  subsurface  alloy  surfaces  confirmed  that  there  was  no 

vanadium on  the  surface,  otherwise  formation  of  vanadium oxides  and  carbides 
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would be observed after the exposure to CO gas  [6,31]. The subsurface vanadium 

influences CO adsorption indirectly, however, through the interaction with rhodium. 

The adsorption capacity of the surface decreased and the adsorption in three-fold 

hollow sites was suppressed more than in on-top sites. The CO-metal surface bond 

was  weakened.  Carbon monoxide  desorption  peak  profile  was  changed,  as  well. 

Thermo-desorption  of  CO  indicates  changed  intermolecular  interaction,  surface 

diffusion barriers and appearance of new adsorption positions for weakly bounded 

CO  molecules.  The  new  adsorption  site  is  probably  connected  with  the  surface 

reconstruction.  According  to  the  reconstruction  derived  from  the  photoemission 

diffraction (Fig. 4.25), there are two different on-top sites and several hollow and 

bridge sites, with or without V as the next-nearest neighbour.

Detailed valence band measurements, which were very sensitive to surface states, 

showed that the valence electrons in the states near the Fermi level are participating 

in  the  bond  between  the  metal  surface  and  adsorbed  CO  molecules.  A strong 

depletion  of  these  states  was  observed upon the  alloying,  which  can  explain the 

weakening of the CO-metal surface bond and lower CO adsorption capacity of the 

V–Rh alloy surface.

When comparing TPD from the V–Rh(111) model system (Fig. 4.15) and from the 

Rh/V/γ-Al2O3 sample (Fig. 4.2(c)), one can see, in a temperature range up to 550 K, 

very similar changes at the bimetallic surfaces as compared with pure Rh surfaces. 

Thus, it  can  be  assumed  that  the  same electronic  effects  are  responsible  for  the 

altered chemisorption properties on both V–Rh(111) alloy and mixed Rh/V supported 

layer. On the other hand, no evidence for CO dissociation on the studied V–Rh(111) 

subsurface  alloy  was  found  under  the  used  experimental  conditions.  The  CO 

dissociation  would  be  manifested  in  C 1s  signal  at  lower  binding  energies.  This 

indicates  that  the  increased  CO  dissociation,  which  was observed  on the non-

continuous thin Rh–V layers supported by γ-Al2O3, was not a result of an electronic 

effect but more likely due to an altered morphology or amount of step and kink sites 

on the bimetallic particles as compared with pure Rh layer on the same substrate.

While no direct interaction between the adsorbed CO molecules and subsurface 

vanadium  was  observed,  a  considerable  interaction  between  the  vanadium  and 

adsorbed  oxygen  occurred.  The  second  vanadium state  observed  at  ~515 eV BE 

indicates formation of an ultra-thin vanadium oxide on the alloy surface. That means 
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vanadium  surface  segregation  induced  by  adsorbed  oxygen  already  at  a  low 

temperature of 300 K.

 4.4 V on Rh(110)

 4.4.1 Introduction

It has been outlined in Sec. 1.1 that real heterogeneous catalysts have typically a 

shape of small nanoparticles terminated by low-index planes. Therefore, properties of 

V–Rh(110) bimetallic system were investigated.

The second well  defined model  bimetallic system was prepared by V vacuum 

vapour deposition on Rh(110) single-crystal  substrate.  Similarly as in the case of 

Rh(111) substrate it was desirable to obtain an ordered alloy in order to apply integral 

methods such as ARUPS.

Among the low index surfaces at fcc structure, the (110) surface belongs to the 

most opened surfaces with coordination number 7 (compare with 9 on (111) surface). 

The presence  of  surface  brings  conditions  which  might  lead  to  unexpected  alloy 

structures, such as Rh3V L12 structure observed on the Rh(111) surface. Different 

conditions at the Rh(110) surface might lead to new structures and reconstructions. 

Indeed, such unexpected reconstruction was observed as will be shown further.

Based on the experience with V–Rh(111) system, 2 ML of V were evaporated 

onto Rh(110) at a substrate temperature of 823 K. The sample was further annealed 

until a (2×1) reconstruction appeared. Annealing at even higher temperature induced 

(1×2) missing-row reconstruction. In the following chapters, the atomic structure is 

investigated by means of LEES, XPD and STM. Tentative models of the alloys and 

surface  reconstructions  are  given.  Study of  the  electronic  structure  by means  of 

SRPES is  following.  Valence band structure of  the alloy with (1×2) missing-row 

reconstruction was mapped. In the end, adsorption of CO on the surface with the 

missing-row reconstruction was investigated by means of SRPES.

 4.4.2 Experimental

Photoemission measurements were performed at  the MSB beamline at  Elettra 

synchrotron  and  STM  measurements  on  the  home-built  STM  facility  at  the 

Department of Surface and Plasma Science in Prague.

The Rh(110) substrate from MaTecK, GmbH (99.9% purity) was cleaned by 1–2 
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keV Ar+–ion sputtering, followed by annealing and heating in O2 at 973 K for several 

minutes. The procedure was followed by annealing in vacuum at 1123–1273 K. The 

cleaning cycle was repeated several times. The cleanliness and quality of the Rh(110) 

surface was checked by Al Kα x-ray photoemission and LEED.

Two monolayers of vanadium were evaporated onto the clean Rh(110) surface 

while keeping the substrate at a constant temperature of 823 K during the deposition. 

Vanadium  metal  was  evaporated  from  a  cell  using  a  principle  of  high  energy 

electrons  bombardment  of  a  vanadium wire  of  a  99.8% purity.  The residual  gas 

pressure  during  the  evaporation  was  about  3×10-7 Pa.  After  the  V deposition,  the 

sample was annealed at 973 K for 20 minutes and later at 1073 K for 10 minutes. In 

order to reduce the adsorption from the residual atmosphere, the sample was being 

flashed  to  873 K  if  necessary.  The  same  sample  preparation  procedure  was 

performed in the both experimental UHV systems. The STM system was equipped 

with a quartz crystal microbalance to calibrate the V evaporation rate. The rate was 

determined to be 0.36 ML/min, where 1 ML of V contains the same number of atoms 

as one the Rh(110) plane, i.e. 0.979×1019 atoms/m2.

The core-level photoemission spectra, measured at the MSB, were collected in 

normal emission geometry. Photon energies 380 and 651 eV were employed to excite 

Rh 3d, C 1s and V 2p, O 1s core levels, respectively.

Valence bands were mapped by means of angle-resolved UPS spectroscopy at the 

MSB with the same experimental setup as was used for Rh(111) single crystal (Sec.

4.3.2 ) by rotating the sample holder around two axes. The polar angle θ between the 

surface normal and the direction of detected photoelectrons was changed from 0 to 

70° in the plane determined by the beamline and analyser axis. The azimuthal angle 

rotation was done in the range over 90°. Photon energies 35 and 55 eV were used. 

The acceptance angle of the analyser was 4° and the instrument energy resolution 

was about 200 meV. The obtained ARUPS curves were transformed into the valence 

band maps I(Ei, k||) with the photoemission intensity I as a function of the initial state 

energy Ei and the surface parallel wave vector of the initial state k||. The initial state 

energy  Ei of  an  electron  in  the  valence  band was  determined using  Eq.(19),  the 

correspondent  surface  parallel  wave  vector  of  the  initial  state  from  Eq.(21).The 

kinetic energy  of the electrons outgoing from the Rh(110) surface was calculated 

using a sample work function W=4.96 eV [94].
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XPD measurements performed at the MSB beamline were done with Al Kα x-

rays source.

At the MSB, the samples were exposed to CO at a partial pressure of 2.7×10-6 Pa 

and a substrate temperature of 300 K. The CO dose was 10 L, what is sufficient to 

achieve a saturation coverage at clean Rh(110) [95,96].

 4.4.3 Atomic structure and composition

Vanadium was evaporated onto the clean Rh(110) substrate in the same manner as 

it was done on the Rh(111) substrate when the V–Rh(111)–(2×2) subsurface alloy 

was formed. Two monolayers of V were evaporated onto Rh(110) while keeping the 

substrate  temperature  at  823 K.  Subsequent  vacuum  annealing  at  elevated 

temperatures resulted in surface structures with LEED patterns shown in Fig. 4.37.

The annealing at a temperature of 973 K resulted in a LEED pattern with strong 

(2×1) and faint  (1×2) diffraction spots (Fig. 4.37(b)).  Further annealing at 1073 K 

created  a  LEED  pattern  correspondent  to  (1×2)  surface  superlattice  only  (Fig.

4.37(c)).  It  was  proofed  in  previous  chapters  that  under the  used  experimental 

conditions, vanadium is diffusing into rhodium and forms a subsurface alloy with V 

located  in  subsurface  layers.  Deposition  of  2.5 ML on  Rh(111)  substrate  at  an 

elevated  temperature  of  823 K  and  subsequent  annealing  at  973 K  leads  to  the 

formation  of  V–Rh(111)–(2×2)  subsurface  alloy  with  Rh3V composition  and  L12 

structure (Sec. 4.3.6 ). The similar ordered alloy formation could be expected also on 
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Fig. 4.37: LEED patterns observed on (a) the clean Rh(110) surface; (b) after the V  
depostion onto the Rh substrate at 823 K and annealing at 973 K; (c) after annealing 
at 1073 K. Red circles mark diffraction spots corresponding to (2×1), yellow to (1×2)  
surface  reconstructions.  The  LEED  patterns  were  obtained  by  electrons  with  a  
kinetic energy of 87 eV.

(a) Rh(110) (c) V–Rh(110)–(1×2)(b) V–Rh(110)–(2×1)
LEED, 87 eV
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the Rh(110) surface. Such alloy would explain the (2×1) surface structure observed 

by LEED. Every second (110) plane in Rh3V alloy contains 50% of vanadium atoms 

ordered in (2×1) superlattice with [001] rows of vanadium atoms separated by [001] 

rows of Rh atoms (see Fig. 4.38).

The  formation  of  a  substitutional  V–Rh(110)  alloy  was  confirmed  by  X-ray 

photoelectron diffraction. After the formation of the V–Rh(110)–(1×2) alloy, XPD in 

azimuths  [110] ,  [1 12] was measured.  Employing Al Kα radiation the electrons 

emitted from Rh 3d5/2 and V 2p3/2 core levels have the kinetic energy of 1179 and 

974 eV, respectively. At such high kinetic energies, a forward-scattering on nearest 

and next-nearest  neighbours  is  significant  [42,97],  which  enables  to  obtain  some 

information about the local atomic structure directly. The XPD curves from the V–

Rh(110)–(1×2) taken along azimuth  [1 1 0]  and  [1 1 2] are displayed in  Fig. 4.39. 

The integrated intensities of the Rh 3d5/2 and V 2p3/2 peaks are displayed as a function 

of  polar  emission  angle.  In  both  rhodium  and  vanadium  XPD  curves,  strong 

diffraction  maxima  were  observed  near  the  [010]  (Fig.  4.39(a))  and  [011]  (Fig.

4.39(b))  direction.  The diffraction  maxima along  this  directions  are  expected  for 

ideal undistorted fcc structure with the (110) surface plane as is  depicted in  Fig.

4.39(c,d).  The  small  discrepancies  between  the  positions  of  the  observed  and 

expected  diffraction  peaks  could  have  the  origin  in  surface  relaxation  and 

reconstruction. Nevertheless, the similarity between the XPD curves from rhodium 

and  vanadium  is  a  clear  evidence  of  a  V–Rh(110)  alloy  with  V  atoms  in 

substitutional positions in the Rh fcc crystal lattice.
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Fig. 4.38: Ball model of Rh3V alloy with L12 structure and (110) surface termination.
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More  information  about  the  surface  atomic  structure  was  obtained  by  STM 

measurements. In Fig. 4.40, STM images of the clean Rh(110) surface and Rh(110) 

with 2 ML of V post-annealed at 973 K are compared. In the STM images atomic 

positions  in  the  Rh(110)  surface  lattice  are  resolved.  At  the  surface  of  the  V–

Rh(110)–(1×2)  alloy,  deep  grooves  of  random  length  between  the  [110]  rows 
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Fig.  4.39: Polar emission angle dependence of Rh 3d5/2 and V 2p3/2 

integrated intensities at V−Rh(110)−(1×2) in azimuth  [1 10] (a) and 
[112] (b). Ball model of the ideal fcc(110) surface atomic structure is  
depicted in (c), (d). The XPD curves were obtained by Al Kα X-ray 
radiation.  Polar  emission  angle  values  are  referred to  the  surface  
normal.
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appeared.  The electron density along the  [1 1 0]  rows on the both sides of these 

troughs  displays  periodicity  correspondent  to  the  double  lattice  parameter  in  the 

[110]  direction, as shown in the  A-B and  C-D line scans in  Fig. 4.40(c,d). This 

intensity modulation can be assigned to a geometrical effect of the reconstruction of 

the surface Rh atoms along  [110]  rows. Such reconstruction explains the (2×1) 

pattern observed by LEED. No signs of the (2×1) reconstruction were visible in the 

[110]  rows without any deep groove on a side, as demonstrates the line scan E-F in 

Fig. 4.40(c,d).
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Fig. 4.40: (a) STM image of clean Rh(110) surface, (b) after deposition  
of 2 ML V  at the substrate temperature of 823 K and post-annealing at  
973 K.  Image size 185 Å  × 50 Å, tunnelling voltage 52 mV, tunnelling 
current 3.5 nA. (d) Line scan profiles showing the corrugation along the  
lines in the zoomed area (c).(e) Top view on ball model for the vanadium  
induced (2×1) surface reconstruction. The arrows indicate the direction  
of atom position shift.
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Considering the fact that vanadium diffuses to the Rh near surface layers leaving 

topmost layer almost V free under the used experimental conditions and assuming 

that some V remain in the second layer in substitutional sites, we can conclude that 

the  deep  grooves  correspond  to  the  segments  of  the  second  layer  [1 10]  rows 

containing V atoms. In these segments, each second lattice site is occupied by a V 

atom,  which  induces  the  Rh dimer  formation  in  the  rows  lying  above.  A model 

proposed on the above results and assumptions is given in  Fig. 4.40(e). The model 

partially agrees with the expected ordering correspondent to the L12 structure (Fig.

4.38). On the other hand, no signs of the L12-like structure at the Rh(110) surface 

have been observed in STM images. The deep grooves indicating the presence of the 

subsurface vanadium would be aligned next to each other in such case. Apparently 

such ordering was avoided. They hardly ever existed next to each other and, in fact, 

small  areas  where  they  appeared  along  the  [001]  direction  in  each  second  gap 

between [1 1 0]  rows could be observed in the STM images. This ordering could be 

the origin of the faint (1×2) spots observed in the LEED pattern. It indicates that 

under  certain  conditions  a  (2×2)  phase  with  25% vanadium concentration  in  the 

second surface layer could be formed. The formation of the V–Rh subsurface alloy 

with no V on the surface and relatively low V concentration in the second layer can 

be rationalized by analogy with the similar  V–Pd subsurface alloy  [22,25,98].  On 

Pd(111)  surface,  vanadium  diffuses  into  Pd  subsurface  layers  already  at  a 

temperature of 573 K and forms (√3×√3)R30 ° structure with V atoms incorporated 

in  the  second  layer.  Ab-initio density-functional  calculations  showed  that  the 

formation of a strong heteroatomic Pd–V bond is the driving force that makes the 

formation of the Pd–V surface alloy an exothermic process. It was concluded that the 

total energy is lowered by (1) the avoidance of low-coordination sites of V atoms; (2) 

the avoidance of V–V nearest neighbours and of the V–V second or third neighbours 

sharing common Pd neighbours; and (3) because V positions in the subsurface Pd 

layer are slightly more favourable than V positions within the bulk. Since the third 

conclusion of the theory applies for submonolayer amounts of V, it can be neglected 

here. On the other hand, the first two principles most likely drives the (2×1) and the 

faint (1×2) V–Rh(110) structures observed by LEED and STM.

Taking into account the above mentioned model of the (2×1) reconstruction with 

V atoms  located  in  the  second  layer  under  the  deep  grooves  observed  in  STM 
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images, concentration of vanadium in the second layer after the annealing at 973 K 

can be estimated and yields to the value of 0.15 ML. That means that most of the 

deposited  vanadium  diffused  into  the  deeper  layers  after  the  annealing.  This 

behaviour has already been observed on polycrystalline Rh  [6]. Annealing of the 

rhodium substrate at 950 K after the deposition of 1–2.5 ML of V leads to a state 

with  the  second Rh surface  layer  saturated  with  vanadium and excess  vanadium 

dissolved in the bulk. Further annealing at 1073 K destabilizes the subsurface layer 

and  V  diffuses  into  the  bulk.  On  the  relatively  opened  Rh(110)  surface,  the 

temperature destabilization of the second layer with V can be more pronounced and 

can explain the estimated low V concentration after the annealing at 973 K.

The STM image of the Rh(110) surface with 2 ML of V after the annealing at 

1073 K is displayed in Fig. 4.41(a). The STM revealed that the (1×2) LEED pattern 

created after the high temperature annealing originates from the (1×2) missing-row 

phase, which first layer is an ordered array of one-dimensional atomic chains along 

the  [1 10] direction. Apart from the areas of the missing-row phase, areas of (1×1) 

phase are visible in the STM image, too. No signs of the deep grooves with the (2×1) 

reconstruction have been observed, which indicates that the vanadium in the second 

layer  diffused  into  deeper  layers.  Indication  of  the  diffusion  was  visible  also  in 

photoemission spectra, as will be shown further. On the basis of the above mentioned 

results, a tentative model of the (1×2) missing-row reconstruction is proposed in Fig.

4.41(b).

The  high  temperature  stability  of  the  missing-row  reconstruction  is  rather 

surprising. Ab-initio calculations [99] showed that the missing row reconstruction of 

the  bare Rh(110)  surface  is  energetically  unfavoured.  It  can  be  achieved  by  H2 

titration  of  the  (2×2)p2mg oxygen  structure  at  about  400 K but  it  is 

thermodynamically  unstable  and  irreversibly  converts  to  the  (1×1)  phase  upon 

heating at temperatures above 480 K  [100]. In order to be sure that no impurities 

were responsible for the (1×2) reconstruction at the high temperature, pure Rh(110) 

crystal  was  treated  in  the  exactly  same  way  as  the  one  with  vanadium.  No 

reconstruction other than (1×1) was observed. It proofed the stimulation of the (1×2) 

missing-row reconstruction by subsurface vanadium.
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 4.4.4 SRPES characterisation

The electronic properties of the V–Rh(110) subsurface alloys were probed by 

means  of  photoemission  spectroscopy  employing  synchrotron  radiation. 

Photoemission from vanadium is displayed in Fig. 4.42. The BE of the V 2p3/2 peak 

was detected at 512.8 eV, at the BE very close to the case of V–Rh(111) subsurface 

alloy (512.7 eV, Fig. 4.9, Sec. 4.3.3 ). The BE of the V 2p3/2 peak was the same for 

the  both  Rh(110)  surface  reconstructions.  Only  the  intensity  decreased  after  the 

annealing  at  1073 K and formation of  the (1×2) missing-row reconstruction.  The 

decrease in the intensity supports the assumption about the vanadium diffusion into 

the deeper layers.
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Fig. 4.41: (a) The STM image of Rh(110) surface with 2 ML of V after annealing at  
1073 K. Image size 341×341 Å, tunnelling voltage -77 mV, tunnelling current 3.5 nA.  
(b) Side view of tentative ball model of the (1×2) missing-row reconstruction at the  
Rh(110) surface after the deposition of 2 ML of V and post-annealing at 1073 K.
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Photoemission spectra of the Rh 3d5/2 core level of the clean Rh(110) surface and 

V–Rh(110) alloy with both surface reconstructions are displayed in  Fig. 4.43. The 

spectra were measured at 380 eV excitation energy, at which the component from the 

top-most  surface  atoms  was  readily  resolved  (Fig.  4.43(a)).  The  spectra  were 

decomposed into bulk and surface components using Shirley-type background [35] 

and Doniach-Šunjić line shapes [35,75] convoluted with Gaussian profile. The BE 

values  of  the  peak  positions  are  estimated  with  the  accuracy  of  0.05 eV.  Bulk 

component  (B)  at  the  clean  unreconstructed  Rh(110)  surface  was  detected  at 

307.06 eV and the surface component (S) at 306.39 eV. The surface core level shift 

of  0.67 eV on the  Rh(110) is  in  good agreement  with  previously reported  SCLS 

values  (0.675±0.005  [101];  0.65  [102]).  A third  component  was  necessary  to  be 

added in the spectrum from the V–Rh(110)–(2×1) alloy in order to get a good fit of 

the experimental curve (Fig. 4.43(b)). The third component (Sa) was found at a BE of 

306.68 eV and it can be assigned to the Rh atoms at the surface with a vanadium 

neighbour located in the second layer. The energy shift from the surface component 
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Fig.  4.42:  V 2p and Rh 3p photoemission spectra 
of the (a) clean Rh(110); (b) V–Rh(110)–(2×1); (c)  
V–Rh(110)–(1×2) subsurface  alloys.  The  spectra  
were detected at a photon energy of 651 eV.
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of  the  clean  Rh  surface  atoms  is  +0.29 eV,  which  is  comparable  with  the  shift 

+0.22 eV observed at the V–Rh(111)–(2×2) subsurface alloy (see, for instance, Table

4 in Sec. 4.3.3 ).

The  fitting  of  the  Rh 3d5/2 spectrum  of  the  V–Rh(110)  with  the  (1×2) 

reconstruction  is  more  delicate  and less  reliable,  since  four  components  must  be 

taken into consideration. Apart from the bulk component, surface component from 

the non-reconstructed (1×1) areas and two components from the (1×2) areas were 

taken into consideration (Fig. 4.43(c)). One component (R1) is due to the emission 

from the (1×2) first layer atoms with the lowest coordination number and the second 

component  (R2)  corresponds  to  the  emission  from the  underlying  atoms  in  the 

troughs  along  the [110] direction.  These  two  components  were  measured  at 

metastable (1×2) missing-row reconstruction of bare Rh(110) surface with SCLS at 

-0.715 (R1)  and -0.445 eV (R2)  [101].  The binding energies  of  the clean surface 
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Fig. 4.43: Rh 3d5/2 core-level photoemission spectra of (a) the clean Rh(110), (b) V–
Rh(110)–(2×1) and (c) V–Rh(110)–(1×2) alloy surface. The data measured after the  
background  subtraction  (circles)  were  decomposed  into  components  (dashed  
curves). The solid curves correspond to the fit results. The components are described  
in the text.

Rh(110)

100

80

60

40

20

0

x1
03  

309 308 307 306 305

100

80

60

40

20

0

x1
03  

100

80

60

40

20

0

x1
03  

   
   

 V–Rh(110)
     (2x1)
 

Binding energy (eV)

 V–Rh(110)
     (1x2)

   
   

   
   

In
te

ns
ity

 (a
rb

.u
.)

(a)

(b)

(c)

Rh 3d5/2 hν  =  380 eV

S

B

B

S

Sa

B

R2

V atom
Rh atom

[1
10

]

[001]

R1S



 4 RESULTS AND DISCUSSION 4.4.4

component and the component R1 of the (1×2) missing-row reconstruction are very 

similar. Their values were fixed during the fitting procedure. The component R1 was 

found at a BE of 306.66 eV with a SCLS of 0.34 eV. The shift of the R1 component 

to higher BE as compared with bare Rh might be again due to the influence of the 

subsurface vanadium.

 4.4.5 Interaction with CO

The Rh(110) and  V–Rh(110)–(1×2) surfaces were exposed to 10 L of CO  at a 

temperature  of  300 K.  Under  such  conditions,  Rh(110)  surface  is  covered  by  a 

saturation  CO  layer  with  CO  molecules  adsorbed  predominantly  in  bridge  sites 

[95,96]. The saturation coverage of CO adsorbed on unreconstructed Rh(110) surface 

corresponds  to  1 ML  with  respect  to  (1×1)  Rh(110)  surface  with  an  ordered 

p2mg(2×1)–2CO  structure,  where  the  CO  molecules  are  arranged  in  a  zig-zag 

fashion  along  the  [1 10] direction  with  the  CO  molecular  axis  oriented 

approximately 24° from the surface normal [103].

The photoemission spectra of O 1s core-levels recorded after exposing the clean 

and V–Rh alloy surfaces to a CO saturation dose at room temperature are plotted in 

Fig.  4.44(a,b).  The  spectra  were  decomposed  into  two  components  using  Voigt 

functions after linear background subtraction. The spectrum from the CO on Rh(110) 

(Fig.  4.44(a))  is  in  good  agreement  with  previous  photoemission  studies  of 

p2mg(2×1)–2CO overlayers on Rh(110) [96,104]. The component b at 530.8 eV was 

attributed to the CO molecules in bridge sites bounded to two surface Rh atoms and 

the component  t at 531.9 eV to CO atoms in on-top sites. Considering the area of 

O 1s spectrum components proportional to CO surface coverage and assuming 1 ML 

CO coverage,  the surface coverage correspondent  to  the two different  adsorption 

sites can be determined. It gives 0.15 ML for CO in on-top sites and 0.85 ML for CO 

in bridge sites, in agreement with the study [104].
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O 1s spectrum from the CO adsorbed on the V–Rh(110)–(1×2) surface is plotted 

in  Fig.  4.44(b).  The  CO adsorption  on  the  missing  row  V–Rh(110)  surface  was 

different  in  comparison  with  the  Rh(110)  surface  but  very  similar  to  the  CO 

adsorption observed on the metastable (1×2) missing row Rh(110) surface [96] as far 

as  the  O 1s  photoemission  is  concerned.  The  LEED  and  XPS  study of  the  CO 

adsorption on the metastable (1×2) reconstructed Rh(110) surface showed equivalent 

amounts of CO adsorbed in bridge and on-top positions which exhibited (2×2)p2mg 

LEED pattern.  Moreover,  the  CO layer on the reconstructed Rh(110) showed the 

same saturation coverage as on the unreconstructed, i.e. one monolayer.  The O 1s 

spectrum  of  the  CO  layer  on  the  V–Rh(110)–(1×2)  surface  also indicates  two 

bonding  configurations  characterized  by  O 1s  peak  components  at  530.9  and 

531.2 eV binding energies with intensity ratio 1.3. In analogy with the study of CO 

adsorption  on  the  metastable  (1×2)  missing  row Rh(110)  reconstruction,  the  two 

states can be assigned to the CO atoms adsorbed in the short bridge sites on the 

[110]  rows and CO atoms adsorbed in the on-top sites on the (111) nano-facets 
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Fig. 4.44: C 1s and O 1s photoemssion spectra of (a),(c) the Rh(110) and (b), (d)  
V–Rh(110)–(1×2)  surfaces  after  10 L CO dose.  Red  curves  correspond to  the  
surfaces  before the CO dose.  The components  b  correspond to CO molecules  
adsorbed  in  short  bridge  positions;  t  to  CO  adsorbed  in  on-top  positions;  
component a corresponds to atomic carbon and VC to vanadium carbide.
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 4 RESULTS AND DISCUSSION 4.4.5

between the rows. On the other hand, the total O 1s intensity shows CO coverage 

reduction down to about 0.7 ML.

The C1s region was also examined and is presented in  Fig. 4.44(c,d).  On the 

clean Rh(110) surface, two C 1s components were found at 285.4 and 285.8 eV (Fig.

4.44(c)). In correspondence with the O 1s spectrum, the components are attributed to 

the CO molecules in bridge and on-top sites, respectively. Another small component 

at a BE of 283.7 eV was detected after the CO adsorption and it can be attributed to 

atomic carbon from CO dissociation on surface defects [105].  The C 1s spectrum 

from  the  V–Rh(110)–(1×2)  surface  before  the  CO  adsorption  revealed  also  the 

presence of the atomic carbon and in addition, a carbon C 1s peak at a BE of 283 eV. 

The latter one can be attributed to vanadium carbide VC [106]. None of the carbon 

peaks were present when the V–Rh(110) alloy was formed. Atomic carbon and VC 

appeared during the cycles of flash heating which were done to keep the surface free 

of  molecules  adsorbed  from  the  ambient  atmosphere.  Most  likely,  the  carbon 

contaminants appeared due to a molecule dissociation on surface defects. No more 

VC was formed after the CO adsorption but its presence could be the reason of the 

reduced CO saturation coverage.

The C 1s peak binding energies of the CO molecules adsorbed in bridge and on-

top sites were found at 285.5 and 286.0 eV, slightly shifted to higher binding energies 

similarly as in the case of the O 1s spectra. The shift to the higher binding energies 

can be explained by weaker final state screening induced by a charge transfer from 

rhodium atoms towards their bond with vanadium atoms. It indicates weaker CO–

Rh(110)  surface  bond,  and  the  energy  difference  between  4σ and  5σ/1π CO 

molecular orbitals  supports  this  assumption.  The CO molecular orbitals  from CO 

adsorbed on the Rh(110) and V–Rh(110)–(1×2) measured at 50 eV photon energy are 

compared  in  Fig.  4.45.  The  energy  difference  between  the  molecular  orbital 

increased by 0.2 eV, which indicates the weakening of the CO-Rh bond, as it was 

already observed at the V–Rh(111) alloy surfaces (Fig. 4.14, Sec. 4.3.4 ).
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 4.4.6 Valence band structure

Valence bands of the Rh(110) and V–Rh(110) subsurface alloys were studied by 

means  of  ARUPS  employing  synchrotron  radiation  and  photon  energies  35  and 

55 eV.  Within  the  used  experimental  parameters,  The  valence  band  spectra  are 

dominated by photoemission from rhodium. (Sec. 4.3.7 ) Valence band spectra from 

the clean Rh(110) and V–Rh(110)–(1×2) subsurface alloy, taken at several different 

photoemission angles, are compared in Fig. 4.46. The valence band spectra from the 

V–Rh(110)–(2×1) surface exhibited very similar changes as those observed on the 

alloy  with  (1×2)  reconstruction  (not  shown).  In  general,  the  alloying  induced  a 

decrease of the intensity at and near the Fermi level and increase of the intensity 

around 2 eV BE. This change is visible more clearly in the angle-integrated valence 

band spectra shown in  Fig. 4.47. The angle-integrated valence band spectra reflect 

joint density of states at the surface. The alloying stimulated a shift of the valence 

band centre-of-mass  to higher  binding energies of about  0.06±0.02 eV. The same 

shift was measured at both 35 and 55 eV photon energies.
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Fig.  4.45: Photoemission spectra of the 4σ and 5σ/1π 
orbitals  of  CO  molecules  adsorbed  on  the  Rh(110)  
(dotted  curve)  and  V–Rh(110)–(1×2)  surface  (solid  
curve).  The  spectra  were  recorded  after  the  CO  
saturation dose at 300 K.
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Valence band maps of the Rh(110) and V–Rh(110)–(1×2) surfaces along  − X  

and −S  directions (see Attachment) are compared in Fig. 4.48. The transformation 
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Fig.  4.46:  Valence band spectra of the clean Rh(110) (dashed curves) and the V–
Rh(110)–(1×2)  alloy  (solid  lines)  taken  at  different  polar  emission  angles  along 
directions − X , −S , −Y  in surface Brillouin zone. Spectra were obtained at  
a photon energy of 55 eV.

Fig.  4.47:  Angle-integrated  valence  band  spectra  of  the 
clean  Rh(110),  V–Rh(110)–(2×1)  and  V–Rh(110)–(1×2) 
surface measured at 55 eV photon energy.
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from ARUPS spectra to the reciprocal space was done as described above (Sec. 2.5 ). 

Surface  states,  marked  by  red  guidelines,  were  found  following  the  procedure 

described in details in Sec. 4.3.7 . To recapitulate, the bands were measured at two 

photon energies (35 and 55 eV) before and after the CO saturation dose. The states 

which were quenched strongly by the adsorption, and their parallel component of the 

k vector remained unchanged at different photon energy, were classified as surface 

states.

The  experimentally  determined  surface  states  of  the  clean  Rh(110)  can  be 

compared with theoretically calculated dispersion relations. The ground state valence 

band electronic structure of Rh(110) have been investigated by Eichler et al.[76,89] 

by self-consistent  ab-initio local-density-functional  theory.  The surface  dispersion 

relations  determined  experimentally  in  this  work  are  quite  comparable  with  the 

theoretical prediction as shows  Fig. 4.49, where the dispersion relations along the 
−S  direction  are  compared.  For  instance,  the  surface  states  at    point  were 

predicted at BE 1.0 and 2.5 eV. The experimental values are 1.0 and 2.3 eV. At the
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Fig.  4.48:  Valence  band  maps  of  the  Rh(110)  and  V–Rh(110)–(1×2) surfaces  
measured at  55 eV photon energy along the  −S  and  − X  directions in  the  
surface Brillouin zone. The red dashed guidelines mark surface states.
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S  point, surface states at a BE range of 3–3.5 eV were predicted. The experiment 

showed  surface  states  at  a  slightly  lower  BE  of  2.7 eV.  Some  surface  states 

determined experimentally, such as those around the (  + S )/2 point, are missing in 

the  presented  theoretical  calculation.  However,  the  theoretical  study showed that 

surface  dispersion  relations  at  Rh(110)  are  affected  by  surface  relaxation.  The 

difference  between  the  theory  and  experiment  might  be  due  to  different  surface 

relaxation considered in the theoretical model. Another reason might be only in the 

criterion used in the theory to define surface states.

The bands of surface states on the V–Rh(110) alloy were reduced in amount as 

well as in the intensity. The decrease in the intensity is the most significant in the 

states near the Fermi level, as can be seen clearly in Fig. 4.48 in the − X  direction. 

The depletion of the surface states might be caused by a surface reconstruction and 

relaxation  and/or  by  a  partial  charge  transfer  to  the  bonds  with  the  subsurface 

vanadium.  Since  the  both  V–Rh(110)  surfaces  with  different  reconstructions 

displayed very similar changes in the valence band spectra, it is likely that the latter 

case was dominant.

The  shift  of  the  Rh  d-band  electrons  to  the  bimetallic  bond  explains  the 

weakening of the CO bond with the metal surface and indicates the same electronic 

mechanism as  at  the  V–Rh(111)–(2×2)  subsurface  alloy.  By the  reduction  of  the 

density of states near the Fermi level less d-electrons are available to the bond with 

CO 2π* orbital.
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Fig. 4.49: Dispersion relations of electronic surface states at Rh(110)  
calculated  by  A.  Eichler  et  al  [76] (black  and  grey  dots)  and  
determined experimentally in this work (red dashed lines).
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 4.4.7 Conclusions

The study of the  V–Rh(110) bimetallic system prepared by the evaporation of 

two monolayers of V onto the Rh(110) surface at elevated temperature and further 

annealing  at  higher  temperatures  confirmed  general  behaviour  of  this  bimetallic 

system already observed under the  similar experimental conditions. Similarly as it 

has been observed on Rh(111) and polycrystalline Rh, the vanadium diffuses into the 

Rh bulk at temperatures higher than 823 K, leaves the top-most layer vanadium free 

and forms subsurface substitutional alloy with V atoms located in Rh lattice sites. On 

the  Rh(110)  surface,  annealing  at  a  temperature  of  973 K  resulted  in  (2×1) 

reconstruction.  The STM images showed that the reconstruction corresponds to a 

dimer-like structure along the [1 1 0]  rows.

After  the  annealing  at  1073, the  vanadium diffused  into  deeper  layers,  (2×1) 

reconstruction disappeared and areas with (1×1) unreconstructed and (1×2) missing-

row phase were formed. The presence of V in subsurface region is essential for the 

missing-row  reconstruction,  since  such  surface  structure  is  unstable  on  the  pure 

Rh(110) surface. The (1×2) missing-row reconstructions on (110) face are stable on 

fcc 5d metals Au, Pt, and Ir. Their stability have been the subject of attention for 

several theoretical studies [99,107,108]. The ab-initio DFT calculations showed that 

in case of Au and Pt(110) surface the delocalisation of d-electrons at the surface and 

the  accumulation  of  sp-electrons  close  to  the  surface  associated  with  multilayer 

relaxations, are important factors in stabilizing the missing-row configurations. Our 

measurements  of  the  Rh  and  V–Rh  valence  band  maps  obtained  by  the  angle-

resolved photoemission spectroscopy revealed a pronounced depletion of the surface 

localized  states  at  Rh(110)  upon  alloying  with  subsurface  vanadium.  Thus, the 

possible  d-d hybridisation  between  the  Rh  and  V  atoms  could  stimulate  a 

delocalisation of the Rh d-electrons at the surface by a movement of electron charge 

from  the  top  of  Rh  toward  the  bonds  with  subsurface  V,  induce  a  significant 

relaxation and stabilize the missing-row reconstruction.

Noteworthy is the thermal stability of the (1×2) missing-row reconstruction. It is 

expected  that  the  missing  row  reconstruction  can  exhibit  interesting  chemical 

reactivity.  Previous  study of  the  hydrogen  and  NO adsorption  on  the  metastable 

(1×2) reconstructed Rh(110) surface showed strong influence of the structure on the 
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adsorption [109]. The stable reconstruction can, for instance, serve as a template for 

preparation of new materials such as various 1D nano-structures or self-assembled 

layers.

The alloying and formation of  (1×2) missing-row reconstruction modified also 

CO adsorption properties of the metal  surface. Due to the reconstruction, the ratio 

between the population of bridge and on-top sites was changed in favour of on-top 

positions. The alloying caused a weakening of the CO-metal bond. Similarly as at the 

other  V–Rh subsurface alloys  studied in this  work,  the weaker CO-metal surface 

bond  was in a correlation  with the reduction of the surface states near the Fermi 

level.
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 5 SUMMARY

Thin mixed Rh–V layers deposited on polycrystalline  γ-Al2O3,  as well as  Rh–V 

bimetallic model systems prepared by V deposition onto polycrystalline Rh, Rh(111) 

and  Rh(110)  single  crystals,  have  been  studied  by  means  of  surface  sensitive 

techniques XPS, TPD, SRPES, XPD, ARUPS and STM. The results of this study 

improve the understanding of atomic and electronic structure of the bimetallic system 

and their relation to the interaction with CO and O2 gas molecules. The main results 

and conclusions are summarised as follows.

Rh–V layers supported by γ-Al2O3 

Thin mixed Rh–V layers supported by polycrystalline  γ-Al2O3  were prepared by 

UHV vapour deposition and studied by XPS and TPD. The investigated films were 

different  in  the  order  of  the  metal  evaporation.  The  obtained  results  showed  a 

noticeable influence of a small amount of V on the chemisorption properties of Rh 

thin  layers  and particles  supported  on  γ-Al2O3. The presence  of  vanadium in  the 

subsurface regions of the bimetallic Rh–V phase caused the relative increase of CO 

molecules  desorbing  from  sites  with  lower  desorption  energy.  A noticeable  CO 

dissociation was observed on the mixed layers. The performed study also showed a 

strong dependence of the chemisorption properties on the amount of V and  on  the 

way of preparation of the mixed film.

V on polycrystalline Rh foil

One monolayer of V was deposited on the polycrystalline Rh foil at temperatures 

295 K and 795 K. At the former case, vanadium remains on the surface where it is 

rapidly deactivated as far as CO adsorption on RT is concerned. On the other hand, 

vanadium  diffuses  into  Rh  subsurface  region  at  the  elevated  temperature  and 

modifies the chemisorption properties of surface layer. The strength of the CO bond 

with the rhodium is lowered on the alloy and the thermo-desorption from hollow and 

bridge like sites is favoured in comparison to the pure Rh surface.

V on Rh(111)

V–Rh(111) model systems were prepared by vapour deposition of 0.4 ML and 

2.5 ML of V in vacuum on the Rh(111) surface at an elevated temperature of 823 K. 
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The latter one was further annealed up to 1023 K and a long-range ordered (2×2) 

surface reconstruction appeared. In both cases, a subsurface alloy was formed and 

both surfaces exhibited very similar composition, electronic structure and CO and O2 

adsorption  properties.  XPD at  the  V–Rh(111)–(2×2)  subsurface  alloy  revealed  V 

atoms located in substitutional positions in the Rh crystal lattice. Rh3V alloy with 

L12-like structure was formed. The topmost layer consisted of Rh atoms in (2×2) 

reconstruction above the subsurface vanadium atoms with an inward relaxation. A 

model of the surface reconstruction was derived from the diffraction measurements.

The alloying resulted in Rh 3d5/2 surface core-level shift to higher BE by 0.2 eV 

and  in  changes in the metal valence band.  The electronic changes are very likely 

caused by the  formation of heteroatomic Rh–V bond accompanied by a strong d-d 

hybridisation. As a result, valence band surface states under the Fermi level, which 

hybridise with CO molecular orbitals, were reduced considerably upon alloying. This 

effect correlated with lower activity towards CO adsorption. CO saturation coverage 

at 300 K was reduced and the CO-metal surface bond was weaker. Desorption from 

hollow sites was favoured over desorption from on-top sites. 

Oxygen adsorbed on the alloy surface interacted with the subsurface vanadium 

already  at  300 K.  Further  annealing  resulted  in  formation  of  a  stable  surface 

vanadium-oxide, which reduced the Rh–V heteroatomic bonds and blocked the CO 

adsorption sites. The oxide could be reduced by vacuum annealing at temperatures 

between 873–1073 K. Annealing at higher temperatures leads to dissolution of the 

vanadium in the Rh bulk.

V on Rh(110)

Deposition  of  2 ML of  V onto  Rh(110) surface  at  a  substrate  temperature  of 

823 K and further annealing at elevated temperature lead to diffusion of vanadium 

into the Rh bulk and formation of V–Rh(110) subsurface alloy with vanadium atoms 

incorporated  in  the  Rh  fcc  lattice,  as  implies  from  XPD,  LEED  and  STM 

measurements. Annealing at 973 K leads to formation of (2×1) surface structure with 

chains of Rh dimers along the [1 10]  surface rows induced by the vanadium atoms 

located  in  the  underlying  rows  in  the  second layer.  Annealing  at  1073 K causes 

diffusion  of  the  subsurface  vanadium into  deeper  layers  and  formation  of  (1×2) 

missing-row  reconstruction  of  the  Rh(110)  surface  induced  by  vanadium  atoms 
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located, most probably, in the second subsurface layer.

The alloying shifted the surface component of the Rh 3d5/2 core level as well as 

the centre-of-mass of the valence band towards higher binding energies and reduced 

the density of surface states near the Fermi level very much in the manner of the V–

Rh(111)  subsurface  alloys.  Detailed  valence  band  maps  showed depletion  of  the 

surface localised states upon the alloying. The charge transfer towards the bonds with 

subsurface  vanadium  could  be  the  mechanism  stabilizing  the  missing-row 

reconstruction. In addition, vanadium stimulated changes in the electronic structure 

which  are  most  likely  weakening  the  adsorption  of  CO  molecules  on  Rh(110) 

surface, similarly as at the other Rh surfaces.

In conclusion, the properties observed at the mixed Rh–V layers supported by γ-

Al2O3  and their interaction with carbon monoxide and oxygen can be understood by 

comparison with V–Rh(111), V–Rh(110) and V–polycrystalline Rh  model systems 

At a temperature around 800 K and higher, subsurface alloy at all the studied model 

systems was formed and similar changes in the electronic structure were observed. 

Thermode-sorption  spectra  which  corresponded  to  CO  molecular  adsorption  and 

desorption from the supported layers were well reproduced on the model systems. 

That indicates the same type of electronic effects on both types of bimetallic systems. 

The study of the model systems also showed that the CO dissociation observed on 

the  supported  bimetallic  layers  is  not  related  to  the  Rh–V  alloying  but  to  the 

morphology of the thin layer. These findings might play an important role in a design 

of a real catalyst based on Rh and V constituents.
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ATTACHMENT

ATTACHMENT

FCC  (111)  surface  reciprocal  lattice.  Some  surface  reciprocal  lattice  points  
(  , K , M , M ' ) and directions (  , T ) are indicated together with a few real space 
directions. On the right, absolute values of some distances at the reciprocal surface 
are calculated for Rh(111).

a Rh=3.8034 Å

∣A∣=2 2
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=2.336 Å−1

∣B∣=∣Y∣=2
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=1.652 Å−1
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=1.168 Å−1

∣ Y∣=1
2

2
aRh

=0.826 Å−1
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2

2
aRh

=1.431 Å−1

∣ K∣=2
2

2
aRh

=1.752 Å−1

∣XU∣=2
4

2
aRh

=0.584 Å−1

∢S  X=35.3°

FCC (110) surface reciprocal lattice. Some reciprocal lattice points are indicated 
together  with  a  few  real  space  directions.  The  shaded  rectangle  in  the  middle 
represents the first surface Brillouin zone and the yellow lines indicate intersection 
of  bulk  Brillouin zone with (110)  plane.  On the  right,  absolute  values  of  some 
distances on the reciprocal surface are calculated for Rh(110).
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