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Oral Programme 
 

All presentations will take place in the Siegbahn hall at the Ångström laboratory.  

 
Wednesday 6 Nov 2013 

 

11.30 – 13.00     Registration and light lunch at the Ångström laboratory  

13.00                  Welcome and information (Kersti Hermansson) 
 

Catalysis I   
Session chair:   Stefano Fabris 

13.20 – 14.00   Invited speaker:  Javier Pérez-Ramírez (ETH, Zurich)   
                                                      New catalytic processes for halogen recycling  

 
16.00 – 16.30    Coffee  
 
 

Microelectronics, defect states, and electron localisation  
Session chair:  Eugene Kotomin  

16.30 – 17.10   Invited speaker:  Gennadi Bersuker (SEMATECH)   
                                      Identifying electrically-active defects in oxides to optimize transistor characteristics 

 

18.30 – 21:30     Poster session  with buffet dinner & drinks 

14.00 – 14.20 Laszlo Óvári 
MTA-SZTE, Hungary 

 Near ambient pressure XPS investigation of the 
interaction of ethanol with CeO2(111) and 
Co/CeO2(111) 

14.20 – 14.40 Michael Busch 
Tech. Univ. Denmark, 
Denmark 

       Influence of inert ions on the activity of transition 
metal oxide based water oxidation catalysts 

 10 min break 

14.50 – 15.10 Thomas Berger 
Univ. of Salzburg, Austria 

Photoinduced in situ doping of mesoporous TiO2 
films in aqueous media:  characterization of 
electronic states and impact on catalytic performance 

15.10 – 15.30 Ladislav Kavan 
J. Heyrovsky Inst., Czech Rep. 

Reduction of TiO2 driven by Li-insertion: Electro-
chemistry, raman spectroscopy and isotope labeling 

15.30 – 16.00 Y. Lykhach / V. Matolin /            
K. Neyman 
Erlangen / Prague / Barcelona 

Ionic Pt-CeO2 composites for fuel cell applications: 
Combined experimental and density-functional 
studies 

17.10 – 17.30 Ana María Llois 
CNEA, Argentina 

    Mechanism to generate a two-dimensional electron 
gas at the surface of a charge-ordered semiconductor 

17.30 – 17.50 Alexander Shluger 
UCL, UK 

     Intrinsic and extrinsic electron trapping in SiO2 

17.50 – 18.10 Witold Piskorz 
Jagiellonian Univ., Poland 

DFT+U modeling of the electronic structure and redox  
properties of cobalt spinel 

18.10 – 18.30 Geoff Thornton 
UCL, UK 

    Engineering polarons at an oxide surface 
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Thursday 7 Nov 2013 
 

Oxygen vacancies – creation, character and consequences 
Session chair:    Jeppe Lauritsen 

 
10.40 – 11.10     Coffee (+ daily registration) 
 

Synthesis and structure I    
Session chair:     Joerg Libuda 

11.10 – 11.50    Invited speaker:   Lionel Vayssières (IRCRE,  Xian Jiatong Univ., China) 
                                                      All-oxide quantum-confined heteronanostructures 

12.50 – 14.00     Lunch nearby 
 

Synthesis and structure II   
Session chair:    Jan Ingo Flege 

14.00 – 14.40     Invited speaker: Mats Boman (Uppsala University and Nanexa AB)   
                                                       Nanostructured oxide coatings – wanted and unwanted  

 
16.00 – 16.20    COST information  (Michael Reichling)     
 
16.30 –               Management Committee meeting followed by dinner  (for members of the MC only). 
 

Free evening 

9.00 – 9.20 Adrian Bonivardi 
CONICET, Argentina 

Hydrogen-assisted surface reduction mechanism of cerium-
gallium mixed oxide with enhanced redox properties 

9.20 – 9.40 Matthew Wolf 
Uppsala Univ., Sweden 

Oxygen vacancies versus fluorine impurities at the ceria 
(111) surface facet: A case of mistaken identity? 

9.40 – 10.00 Paola Luches 
CNR-NANO, Italy 

Thermally-induced reversible reduction of cerium oxide 
ultrathin films 

10.00 – 10.20 Hannes Jónsson 
Univ. Iceland, Iceland 

Self-interaction corrected GGA calculations of O-atom 
vacancy at  the TiO2 surface 

10.20 – 10.40 Gustavo E. Murgida 
CNEA, Argentina 

Oxygen vacancy ordering and electron localization in 
reduced bulk CeO2 and its (111) surface  

11.50 – 12.10 Carmen Tiseanu 
INFLPR, Romania 

Down- and up- conversion emission processes in 
lanthanide doped CeO2 

12.10 – 12.30 Martin Castell 
Univ. Oxford, UK 

Molecular and atomic ordering on SrTiO3 surfaces and 
Ti2O3 ultra-thin films 

12.30 – 12.50 Joachim Paier 
Humboldt-Univ., Germany 

Titrating Ce3+ ions in the CeO2 (111) surface by Au 
adatoms: Hybrid DFT solves an STM puzzle 

14.40 – 15.00 Thomas N. Jensen 
Aarhus Univ., Denmark 

Non-contact atomic force microscopy studies of a 
crystalline Al2O3 surface 

15.00 – 15.20 Svetlozar Surnev 
Karl-Franzens Univ., Austria 

Ternary oxide nanolayers: New synthesis routes and 
nanoscale properties of low-dimensionsal metal tungstates 

15.20 – 15.40 Soghomon Boghosian 
Univ. of Patras, Greece 

Structural and redox properties of ceria-based mixed 
oxides studied by in situ Raman spectroscopy 

15.40 – 16.00 Oreste Madia 
KU Leuven, Belgium 

Ge dangling bond interface defects in condensation grown 
SiO2/ Si1-xGex/SiO2/(100) Si structures: Impact of strain 
and positron annihilation spectroscopy experiments 
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Friday 8 Nov 2013 
 
Synthesis and structure III   
Session chair:    M. Veronica Ganduglia-Pirovano 

 
 

Catalysis II  
Session chair:    Henrik Grönbeck 

 
10.20 – 10.50     Coffee 
 

 
12.10 – 12.30     Discussion and closing remarks   
 
12.30 – 13.30     Lunch 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 9.00 – 9.20 Michael Reichling 
Univ. Osnabruck, Germany 

A ride through the ceria (111) surface phase diagram 
 

 9.20 – 9.40 Niklas Nilius 
Fritz-Haber Inst., Germany 

Preparation and structural analysis of CeO2 (100) patches 

9.40 – 10.00 Fabio Negreiros Ribeiro 
SISSA, Italy 

Mechanisms of oxygen buffering by Pt clusters on CeO2 
surfaces: thermodynamics and kinetics using a DFT+U 
approach 

10.00 – 10.20 Björk Hammer 
Aarhus Univ., Denmark 

   Role of atomic steps in chemical reactions on rutile 
TiO2(110) 

10.50 – 10.10 Jesus Graciani 
Univ. Seville, Spain 

Understanding ceria-based water-gas shift (WGS) 
catalysts 
 

11.10 – 11.30 Alexander Opitz 
Vienna Univ. Tech., Austria 
 

Mixed conducting oxides in reducing and oxidizing 
atmospheres: How defect chemistry affects reaction 
pathways 

11.30 – 11.50 Ruben Perez 
Auto. Univ. Madrid, Spain 

Hydrogen activation and diffusion on CeO2(111) 
studied with DFT+U 

11.50 – 12.10 Jonas Weissenrieder 
KTH, Sweden 

CO oxidation over monolayer manganese oxide films 
on Pt(111) 
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Poster Programme 
 

P1:   Controlling the localisation of d- and f- electrons using DFT+U with occupation matrices  
         Jeremy P. Allen and Graeme W. Watson 

P2:   Does water hydroxylate ceria surfaces? 
         Seif Alwan, Daniel Spångberg, Kersti Hermansson and Peter Broqvist 

P3:   Oxygen evolution – theoretical catalyst design 
         Niels Theis Bendtsen, Michael Busch and Jan Rossmeisl 

P4:   ZnO nanostructured metal/oxide systems for photocatalysis and photovoltaics 
         S. Benedetti, I. Valenti, S. Valeri 

P5:   Substrate mediated diversity in Pt-CeO2 interactions 
         Albert Bruix,

 
Francesc Illas,

 
Konstantin M. Neyman 

P6:   Spectroscopic Fingerprints of In2O3-x Nanoparticle Systems 
         Nicolas Siedl, Philipp Guegel, Daniel Thomele, Oliver Diwald 

P7:   Charge transport at CeO2 interfaces: Electron mobililty and oxygen ion migration 
         Javier Fdez. Sanz, José J. Plata and Antonio M. Márquez 

P8:   Investigation of cerium and praseodymium mixed oxides by hard X-ray photoemission  
         spectroscopy 
         Aschkan Allahgholi, Jan Ingo Flege, Andreas Schaefer, Sebastian Thieß, Marvin Zoellner,  
         Thomas Schroeder, Marcus Bäumer, Wolfgang Drube1, Jens Falta 

P9:   Molecular-level understanding of CeO2 as a catalyst for partial alkyne hydrogenation 
         Javier Carrasco, Gianvito Vilé, Delia Fernández-Torre, Rubén Pérez, Javier Pérez-Ramírez,      
         M. Verónica Ganduglia-Pirovano 

P10: Active sites at a realistic model of SMSI catalysts: the case of Pt(111)-supported iron oxide film 
          S. Prada, L. Giordano, G. Pacchioni, C. Noguera, J. Goniakowski 

P11:  Imaging ultrathin oxide films at the atomic scale: Rutile TiO2(110) on W(100) 
          David C. Grinter, Chi L. Pang, Jai Matharu and Geoff Thornton 

P12:  Dissecting formaldehyde reduction to ethylene on rutile TiO2 
          Michael N. Groves, Henrik H. Kristoffersen, Bjørk Hammer 

P13:  Cu on ZnO: alternating Cu charge states and accurate adsorption energy calculations upon  
          charge transfer 
          Matti Hellström, Daniel Spångberg, Kersti Hermansson, Peter Broqvist 

P14: The dissociative adsorption of formic acid on the reduced TiO2 (110) surface: A theoretical  
          study 
          Shuanglin Hu, Philippe A. Bopp, Lars Österlund, Peter Broqvist, and Kersti Hermansson 

P15: Surface oxidation of Ni-based multilayer by different laser pulses 
         B. Jelenković, S. Petrović, B. Salatić, B. Gaković, M. Trtica and D. Pantelić 

P16: Nanostructured potassium iron and manganese redox oxides - robust carbon particulates  
         oxidation catalysts 
         P. Stelmachowski, P. Legutko, F. Zasada, W. Piskorz, P. Indyka, J. Gryboś, Z. Sojka, A. Kotarba 

P17: Electronic structure and absolute energies of steps on CeO2(111) 
         Sergey M. Kozlov, F. Viñes, N. Nilius, S. Shaikhutdinov, Konstantin M. Neyman 

P18:  Oxygen vacancy formation on steps on CeO2(111) 
          Sergey M. Kozlov, Konstantin M. Neyman 
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P19:  Energetics of water oxidation catalyzed by model cobalt oxide nanoparticles: assessing the   
          accuracy of density functional approaches against coupled cluster methods 
          Karolina Kwapien, Simone Piccinin and Stefano Fabris 

P20:  funCOS: Functional molecular structures on complex oxide surfaces 
          J. Libuda, M. Bockstedte, O. Diwald, T. Fauster, R. Fink, A. Görling, M. Laurin, O. Lytken, 
          A. Magerl, H. Marbach, S. Maier, B. Meyer, P. Schmuki, A. Schneider, H.-P. Steinrück 

P21:  Design of bi/trimetallic Ni-based catalysts over alumina doped oxides for dry reforming 
          of methane 
          H. Wu, L. F. Liotta G. Pantaleo, V. La Parola, Xavier Collard, Carmela Aprile, A. M. Venezia 

P22:  Ni/ceria catalysts: Are they bifunctional? The role of the ceria support 
          D. López-Durán, J. Carrasco, J. A. Rodríguez, and M. V. Ganduglia-Pirovano 

P23:  Simulation of TiO2 nanoparticles with the second-moment tight-binding Qeq model 
          Emile Maras, Hannes Jónsson, Tapio Ala-Nissilä, Robert Tétot 

P24:  XPS and DRIFTS study of the reduction under CO of Cu/CeO2 catalysts 
          Manuel Monte, Guillermo Munuera, José C. Conesa, Arturo Martínez-Arias 

P25:  Enhancing the CO-PROX performance of inverse CeO2/CuO catalysts: doping of the 
          CuO phase with Zn 
          A. López Cámara, V. Cortés Corberán, L. Barrio, J.C. Hanson, R. Si, G. Zhou, J.A. Rodriguez, 
          A. Martínez-Arias 

P26:  First-principles  modeling of processes  in complex perovskites for solid oxide fuel cells 
          Yu. A. Mastrikov and E. A. Kotomin 

P27:  Mesoporous silica films bearing organic groups – synthesis and characterization 
          Agata Wawrzynczak, Natasza Kowalczyk, Izabela Nowak 

P28:  Mesoporous materials containing ruthenium applied for hydrogenation of citral 
          Agnieszka Feliczak-Guzik, Izabela Nowak 

P29:  Reaction of Au with Rh nanoparticles encapsulated by ultrathin TiO1+x layer on  
          TiO2(110) surface 
          András Berkó, Richárd Gubó, László Óvári, Zoltán Kónya1 

P30:  Strain and substrate effects on the adsorption of CO on oxide-supported Pd nanocrystals 
          Chi Ming Yim, Chi Lun Pang, Chris Muryn, Rubén Pérez, Geoff Thornton 

P31:  Ab initio study of the structural and electronic properties of partially oxidized graphene 
          Ž. Šljivančanin, M. Lundie and S. Tomić 

P32:  Interaction of CO with clean and oxidized Pd(111) surfaces using X-ray photoelectron 
          and IR spectroscopy and DFT 
          Maxime Van den Bossche1, Natalia Martin, Edvin Lundgren, Feng Zhang, Li Tao, Jason  
          Weaver, Henrik Grönbeck 

P33:  Growth of Ce2O3 thin layers on preoxidized Cu(110) surface 
          M. Aulická, K. Veltruská, T. Duchoň, F. Dvořák, V. Stetsovych, J. Mysliveček, V. Matolín 

P34:  Periodic DFT molecular modeling of the Zn-MOF-5/TiO2interface 
          Filip Zasada, Witold Piskorz, Joanna Gryboś and Zbigniew Sojka 
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New catalytic processes for halogen recycling 

Javier Pérez-Ramírez (invited speaker) 
Institute for Chemical and Bioengineering, ETH Zurich, Switzerland 
 
The heterogeneously catalyzed oxidation of HCl to Cl2 comprises a sustainable route to 
valorize HCl-containing streams in the chemical industry. Conceived by Henry Deacon in 
1868, this reaction has suffered from many sterile attempts to obtain sufficiently active and 
durable catalysts. The Deacon process has been rejuvenated in the last decade due to the 
increased demand for chlorine and the growing excess of by-product HCl, for example, in the 
manufacture of polyurethanes and polycarbonates. Intense research efforts have culminated in 
the recent industrial implementation of RuO2-based catalysts for HCl oxidation, and other 
systems based on cheaper metals like CeO2 are ready for commercialization. This lecture 
reviews the new generation of technologies for chlorine recycling under the umbrella of 
Catalysis Engineering, rationalizing the catalyst and reactor selection in relation to the overall 
process. Bridging fundamental understanding of the catalyzed reaction at the nano-scale with 
reactor and process scale-up was vital for research to flourish into technical application. This 
ambitious objective could only be accomplished through a strong collaborative effort between 
academic and industrial scientists. Future perspectives in the growing area of halogen 
recycling, including the oxidation of HBr and oxyhalogenation reactions will be discussed. 

 

Selected references 

− J. Pérez-Ramírez, C. Mondelli, T. Schmidt, O.F.-K. Schlüter, A. Wolf, L. Mleczko, T. Dreier, 
EnergyEnviron. Sci., 2011, 4, 4786. 

− D. Teschner, R. Farra, L. Yao, R. Schlögl, H. Soerijanto, R. Schomäcker, T. Schmidt, L. 
Szentmiklósi, A.P. Amrute, C. Mondelli, J. Pérez-Ramírez, G. Novell-Leruth, N. López, J. Catal., 
2012, 285, 273. 

− D. Teschner, G. Novell-Leruth, R. Farra, A. Knop-Gericke, R. Schlögl, L. Szentmiklósi, M.G. 
Hevia, H. Soerijanto, R. Schomäcker, J. Pérez-Ramírez, N. López, Nature Chem., 2012, 4, 739. 

− A.P. Amrute, C. Mondelli, M. Moser, G. Novell-Leruth, N. López, D. Rosenthal, R. Farra, M.E. 
Schuster, D. Teschner, T. Schmidt, J. Pérez-Ramírez, J. Catal., 2012, 286, 287. 

− M. Moser, C. Mondelli, T. Schmidt, F. Girgsdies, M.E. Schuster, R. Farra, L. Szentmiklósi, D. 
Teschner, J. Pérez-Ramírez, Appl. Catal. B, 2013, 132-133, 123. 

− A.P. Amrute, C. Mondelli, T. Schmidt, R. Hauert, J. Pérez-Ramírez, ChemCatChem, 2013, 5, 748. 
− M. Moser, L. Rodríguez-García, A.P. Amrute, J. Pérez-Ramírez, ChemCatChem, 

DOI: 10.1002/cctc.201300609. 
− A.P. Amrute, G.O. Larrazábal, C. Mondelli, J. Pérez-Ramírez, Angew. Chem. Int. Ed., 2013, 52, 

9772. 
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Near ambient pressure XPS investigation of the interaction of 
ethanol with CeO2(111) and Co/CeO2(111) 

L. Óvári1, S. Krick Calderon, Y. Lykhach, J. Libuda, A. Erdőhelyi2, C. Papp, J. Kiss1,2, H.-P. 
Steinrück 
Lehrstuhl für Physikalische Chemie II, University of Erlangen-Nürnberg, Erlangen, Germany 
1 MTA-SZTE Reaction Kinetics and Surface Chemistry Res. Gr. Szeged, Hungary 
2 Dep. Physical Chemistry and Materials Science, University of Szeged, Szeged, Hungary 
ovari@chem.u-szeged.hu 
 
Ethanol obtained by the fermentation of agricultural wastes can be an important carbon-
neutral renewable energy source, and also a renewable raw material for chemical industry. 
The steam reforming of ethanol (SRE), the partial oxidation of ethanol (POX) and the 
oxidative steam reforming (OSR) of ethanol are currently in the focus of catalytic research as 
potential candidates for H2 production [1]. As an alternative to expensive noble metals, Co 
supported by CeO2 is considered a promising catalyst [2]. 

Aiming at a better understanding of surface processes under more realistic conditions, in the 
present work near ambient pressure X-ray photoelectron spectroscopy was applied to study 
the interaction of ethanol (CH3CH2OH) with a well-ordered CeO2(111) film on Cu(111) and 
with a Co/CeO2(111)/Cu(111) model catalyst [3]. The oxidation state of the surface and the 
chemical nature of reaction intermediates were analyzed. The main intermediate, ethoxide, 
was formed by dissociative adsorption of ethanol at room temperature, yielding OH groups on 
the surface. At 300 K, the oxidation state of ceria decreased gradually with increasing ethanol 
pressure. This is attributed to the recombination of OH groups, which proceeds on CeO2(111) 
even at low temperature (~220 K) [4]. Interestingly, the extent of ceria reduction at a given 
exposure (pressure time) was larger, when using a low pressure (for a longer time), which 
indicates that the rate limiting step is the exchange of Ce/O ions with subsurface layers. At a 
constant pressure of 0.1 mbar, the reduction of Ce4+ to Ce3+ increased significantly between 
320 and 600 K due to a higher mobility of oxygen or Ce3+ centers at elevated temperatures, 
involving also the subsurface regions of the ceria film. No coke formation was observed up to 
600 K on CeO2. Upon deposition of metallic cobalt, partial reduction of ceria was observed, 
leading to the formation of Co2+ sites but still leaving metallic Co in the CoOx particles. 
During the reaction of ethanol with the Co/CeO2(111) model catalyst, the amount of Co2+ 
decreased drastically with increasing temperature, and at 600 K, the majority of Co was 
metallic. This process was accompanied by the severe reduction of ceria and the formation of 
substantial amounts of carbon deposits. 

 

[1] L. V. Mattos, B. H. Jacobs, F. B. 
Noronha, Chem. Rev. 112, 4094 
(2012). 
[2] H. Song, U. S. Ozkan, J. Catal. 261, 
66 (2009). 
[3] L. Óvári, S. Krick Calderon, Y. 
Lykhach, J. Libuda, A. Erdőhelyi, C. 
Papp, J. Kiss, H.-P. Steinrück, J. Catal.  
307 ,132 (2013). 
[4] D. R. Mullins, S. D. Senanayake, 
T.-L. Chen, J. Phys. Chem. C 114, 
17112 (2010). 
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Influence of inert ions on the activity of transition metal oxide 
based water oxidation catalysts 

Michael Busch, Niels Theis Bendtsen, Jan Rossmeisl 
Center for Atomic-scale Materials Design, Department of Physics, Technical University of 
Denmark, DK-2800 Kongens Lyngby, Denmark mbus@fysik.dtu.dk 
 
Splitting of water into hydrogen and oxygen is a key reaction in electrocatalysis. The 
hydrogen evolution reaction is efficiently catalysed by a number of materials. Oxidation of 
water at the anode in contrast still remains challenging due to a significant overpotential. 
Large scale applications of electrochemical water splitting are further complicated by the fact 
that state of the art anode catalysts are based on rare Ru and Ir oxides. A possible alternative 
to these electrocatalysts are manganese oxides (MnOx). MnOx catalysts show a promising 
activity for the oxygen evolution reaction (OER) [1,2,3]. Recently the possibility of 
improving its activity further by employing binuclear sites with Mn ions in different oxidation 
states was shown[2]. Such sites may be found at defects or introduced by doping MnOx with 
ions of different valency. A beneficial effect of doping with inert ions was indeed found 
experimentally[4]. 

The purpose of this work is to establish an understanding of how doping of transition metal 
oxides with inert ions influences the reactivity towards oxygen evolution. The effect of 
doping with main group and transition metals as well as anions was studied by means of 
Density Functional Theory (DFT) calculations at a MnO2 model system. Doping with ions of 
both higher and lower valency was considered. Indeed great influence of the dopants on the 
stability of the intermediates and the activity was found (see Figure 1). The effect of doping 
was generalized for Ir based OER catalysts. All results will be discussed in the framework 
given by the limitations imposed by linear scaling[1]. 

 

 

 

 

 

 

Figure 1: Activity of doped MnO2 compared to pure MnO2(●) represented in a volcano plot. 

 

[1] I.C. Man, H.-Y. Su, F. Calle-Vallejo, H.A. Hansen, J.I. Martìnez, N.G. Inoglu, J. Kitchin, T.F. 
Jaramillo, J.K. Nørskov, J. Rossmeisl, ChemCatChem 3 (2011), 1159 
[2] M. Busch, E. Ahlberg, I. Panas, J. Phys. Chem. C 117 (2013), 288 
[3] M.S. El-Deab, M.I. Awad, A.M. Mohammad, T. Ohsaka, Electrochem. Commun. 9 (2007), 2082 
[4] M. Wiechen, H.-M. Berends, P. Kurz, Dalton Trans. 41 (2012), 21 
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Photoinduced in situ doping of mesoporous TiO2 films in aqueous 
media: Characterization of electronic states and impact on catalytic 
performance 

Thomas Berger,1 Jesús Idígoras,1 Juan A. Anta1 
Department of Materials Science and Physics, University of Salzburg, Austria 
1Área de Química Física, Universidad Pablo de Olavide, Sevilla, Spain. tberger@upo.es 
 
Semiconductor oxides constitute a versatile class of materials for electronic, optical, 
environmental and energy applications. These materials show not only suitable intrinsic 
properties, but are furthermore susceptible to systematic alterations of their characteristics by 
bulk or surface modification. Some material properties, such as the doping degree of a 
semiconductor oxide, turn out to depend not only on material history (e.g. synthesis 
procedure, post-synthesis treatments). Furthermore, they may significantly change in situ (i.e. 
in the course of a physical or chemical process). It will be shown that such a dynamic change 
can have important implications for material performance. 

In this contribution the photoinduced in situ doping of mesoporous anatase TiO2 films in 
aqueous media will be highlighted. This process is connected to the accumulation of 
photogenerated electrons in the semiconductor compensated by counter-ion (H+) uptake from 
solution. Such a transient charge accumulation is shown to significantly improve the activity 
of the TiO2 films in photooxidation reactions (H2O, methanol, formic acid) as tracked by open 
circuit potential or photocurrent measurements, respectively (see Figure). Importantly, it was 
found that the photocatalytic performance enhancement does not depend on the type of 
perturbation, if, alternatively, an external bias voltage [1] or band gap excitation at open 
circuit were used to set the Fermi level position in the semiconductor during doping [2]. Upon 
disruption of the perturbation the photocatalytic activity relaxes back to the initial state. The 
persistence of performance enhancement was found to depend on thin film morphology (with 
relaxation times ranging from seconds to hours), with a higher persistence being observed for 
films consisting of larger particles. We thus attribute the performance improvement to the 
(reversible) introduction of donor states in the subsurface or bulk regions of TiO2 particles. 
The phenomenological observation of performance improvement was complemented by the 
characterization of the generated electronic states using a spectroelectrochemical approach. 
Concretely, the build-up of a broad signal in the MIR was observed upon electron 
accumulation and attributed to shallow (e-)(H+) traps [3]. The fact that photoinduced 
semiconductor doping constitutes a real in situ process adds importance to analytical 
approaches allowing for the study of functional materials under working conditions. 

 
[1] J. Idígoras et al., J. Phys. Chem. C, 117, 1561, (2013).  
[2] T. Berger et al., Anal. Chem., 84, 3053, (2012). 
[3] T. Berger et al., J. Phys. Chem. C, 116, 11444, (2012). 
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Reduction of TiO2 driven by Li-insertion: Electrochemistry, 
Raman spectroscopy and isotope labeling 

Ladislav Kavan 
J. Heyrovsky Institute of Physical Chemistry, v.v.i. Academy of Sciences of the Czech 
Republic, Dolejskova 3, 18223 Prague 8 (kavan@jh-inst.cas.cz) 
 
Electrochemistry of titania [1,2] is highlighted by the effects of Li-insertion, which allows 
sensitive tracing of phase composition and transitions. Analysis of cyclic voltammograms of 
Li insertion into TiO2(B) and anatase provided information about capacitive contributions to 
overall charge of Li- storage. The enhancement of 30% was found in capacitive contributions 
(normalized to the total stored charges) in TiO2(B) and anatase, in spite of ca. three times 
smaller surface area of the former. Different charging mechanism explained facilitated Li+ 

insertion in TiO2(B). The difference is caused mainly by pseudocapacitive Li-storage in the 
bulk TiO2(B). Deconvolution of cyclic voltammograms also indicated different capacitive 
contributions of the two voltammetric peaks of TiO2(B). These results provide novel insight 
into the Li-storage in TiO2(B) and its difference from that in anatase [3]. Six representative O-
isotope labeled samples of titanium dioxide were synthesized: Ti16O2, Ti17O2 and Ti18O2, 
each in anatase and rutile forms. Furthermore, tiania labeled by Ti isotopes 46, 48 and 49 
were also obtained. The Raman spectra of all isotopologues were analyzed with the aid of 
DFT simulation. The found/calculated isotopic shifts elucidated various still open questions 
about the second-order Raman scattering in rutile, and about the overlapping features in the 
anatase spectrum [4,5]. Electrochemical and chemical (with n-butyllithium) insertion of Li 
into TiO2 (anatase) was studied by Raman spectroscopy and by in-situ Raman 
spectroelectrochemistry. Four isotopologue combinations in the system, viz.6/7LixTi16/18O2 
(with x being the insertion coefficient), were prepared and studied [6]. The reversible 
transition of tetragonal/orthorhombic phases of anatase/Li-titanate was thus analyzed in detail. 
The combination of experimental and theoretical (DFT) Raman frequencies with the 
corresponding isotopic shifts brings new inputs for several still open questions about the Li-
insertion into TiO2 (anatase). 

 

References 

[1]  L. Kavan, Chem.Rec. 12, 131 (2012).  
[2]  T. Berger, D. Monllor-Setoca, M. Jankulovska et al., ChemPhysChem 13, 2824 (2012).  
[3]  B. Laskova, M. Zukalova, A. Zukal et al., J.Power Sourc. 246, 103 (2014).  
[4]  L. Kavan, M. Zukalova, M. Ferus et al., Phys.Chem.Chem.Phys. 13, 11583 (2011).  
[5]  O. Frank, M. Zukalova, B. Laskova et al., Phys.Chem.Chem.Phys. 14, 14567 (2012).  
[6]  B. Laskova, O. Frank, M. Zukalova et al., Chem.Mater. doi.org/10.1021/cm402056j (2013).  
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Ionic Pt–CeO2 composites for fuel cell applications: Combined 
experimental and density-functional studies 
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Fuel cell (FC) technology holds the potential to revolutionize future energy supply. Currently, 
the large scale implementation of the FCs faces major catalytic challenges. Among those is 
the high cost of FC catalysts, due to the use of large amounts of expensive noble metals. 
Another deficiency is a loss of a power yield resulting from high sensitivity of these catalysts 
to carbon monoxide poisoning. Recent investigations suggest that both problems may be 
greatly alleviated by use of novel catalyst based on complex oxide materials [1].  

In the current presentation we have investigated nanostructured Pt-CeO2 materials with low Pt 
loading. First we tested the efficiency of Pt-CeO2 based anodes in a prototype FC under 
hydrogen feed. We have obtained an extremely high specific power (>100 W/mgPt) with a Pt 
content below 10% in CeO2. Analysis of the composition of the Pt-CeO2 anode material 
revealed ionic Pt2+/Pt4+ and Ce3+/Ce4+. We observed reduction of Pt4+ species to Pt2+ and 
metallic Pt0 upon exposure of the catalyst to a mixture of hydrogen and water vapors. In order 
to establish the microscopic mechanisms, energetics, and atomic scale properties of the 
reactive sites we have performed density functional modeling and well-defined model UHV 
experiments [2]. The joint approach allowed us to determine the structure of the most 
favorable surface Ptn+-CeO2 complexes and to pinpoint the factors that influence their 
stability. 

 
 
 
 
 
 
 
 
 
 
 
 

 
[1] V. Matolín, I. Matolínová, M. Václavů, I. Khalakhan, M. Vorokhta, R. Fiala, I. Piš, Z. Sofer, J. 

Poltierová-Vejpravová, T. Mori, V. Potin, H. Yoshikawa, S. Ueda, and K. Kobayashi, 
Langmuir 26 12824 (2010). 

[2] G. N. Vayssilov, Y. Lykhach, A. Migani, T. Staudt, G. P. Petrova, N. Tsud, T. Skála, A. 
Bruix, F. Illas, K. C. Prince, V. Matolín, K. M. Neyman, and J. Libuda, Nat. Mater. 10, 310 
(2011). 



14 

 

Identifying electrically-active defects in oxides to optimize 
transistor characteristics 

 Gennadi Bersuker (invited speaker) 
SEMATECH 
 
Electrical characteristics of the dielectric stacks comprised of nano-thin layers of different 
materials, constituting the major functioning block in modern electron devices – the gate 
dielectric, are sensitive to even extremely small concentrations of electrically active defects. 
The critical task is, thus, to link the structural and electrical characteristics of these 
multicomponent gate stacks to identify these defects and mitigate their effect on device 
performance. 

In this presentation, we focus on identifying defect structural features by combining a variety 
of electrical measurement techniques with high time and spatial resolution that allows 
capturing fast transient charging processes and differentiating signals from different regions 
through the depth of multi-layer stacks. These data are used to fit the results of modeling of 
the physical processes underlying the electrical measurements to extract spatial and energy 
profiles of electrically active centers. The extracted characteristics are then compared to the 
atomic-level material modeling data to connect to the material structural features responsible 
for the electrical properties, thus, providing a helpful feedback to optimize the device 
fabrication process. We discuss examples of implementations of this approach for device 
reliability evaluation and controlling critical transistor parameters.   
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We find by means of first principle calculations a new physical mechanism to generate a two- 
dimensional electron gas, namely, the breaking of charge ordering at the surface of a charge 
ordered semiconductor due to the incomplete oxygen environment of the surface ions. The 
emergence of the 2D gas is due, in this case, to a self-doping effect. We expect this 
mechanism to underlie the generation of a 2D electron gas in many charge ordered systems. 
We present the case of BaBiO3(001), which is, in bulk, a prototype of a forbidden valence 
compound in which the formal ”metallic” Bi4+ is skipped exhibiting a charge 
disproportionated Bi3+-Bi5+ ordered structure. At room temperatures, this charge 
disproportionation, together with breathing distortions, gives rise to a Peierls semiconductor 
with monoclinic crystal structure. At higher temperatures (T> 750K) or upon doping, it turns 
cubic and metallic. Interestingly, doped BaBiO3 was one of the first non-cuprate high-Tc 
superconductors which were discovered. The outer layer of the Bi-terminated simulated 
surface turns more cubic- like and metallic, while the inner layers remain in the insulating 
monoclinic state. On the other hand, as metallization does not occur for the Ba termination, 
this makes the system appealing for nanostructuring and functionalization. 
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We carried out an extensive study of defect formation in pure silica and that with Si-H bonds. 
The electron trapping work stems from as yet unexplained electron trapping experimentally 
observed in amorphous SiO2 films at 2.8 eV below the conduction band. These traps have 
been exposed using photon-stimulated tunnelling experiments in amorphous SiO2 films 
obtained by oxidation of Si and SiC crystals. In this presentation we demonstrate how to 
model electron trapping in amorphous oxide and find the concentration of trapping sites. We 
used classical potentials to generate amorphous silica models and density functional theory to 
characterize the geometrical and electronic structures of trapped electrons. We show that extra 
electrons can trap spontaneously on pre-existing structural precursors in amorphous SiO2 in 
~3.2 eV deep states in the band gap. These precursors comprise wide (>132o) O–Si–O angles 
and elongated Si–O bonds at the tails of corresponding distributions. The electron trapping in 
amorphous silica structure results in an opening of the O–Si–O angle (up to almost 180o). 
Using the precursor structure we calculate the concentration of these electron trapping sites to 
be ~ 4 × 1019 cm−3. We also demonstrate the mechanism of dangling bond formation as a 
result of hole injection into amorphous silica with H-passivated dangling bonds.  
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wpiskorz@chemia.uj.edu.pl 
 
Transition-metal oxides of spinel structure have gained considerable interest due to their 
interesting electronic, optical, and magnetic properties which stem mainly from multi-valence 
nature of the constituent transition-metal ions. One of the most attractive spinels is Co3O4, 
magnetic p-type semiconductor (SC), with attractive surface redox reactivity properties. The 
spinel structure has two interweaving cationic sublattices of: octahedral sites, Cooct, (active in 
the redox process[1]) forming chains of edge-sharing octahedra, see Figure 1a1, and 
tetrahedral sites, Cotetr, (diamond structure, isolated), see Figure 1a2. The role of the latter in 
redox processes is not clear. Hence, the electronic communication between the bulk and the 
surface is important. Redox properties are crucial in a number of catalytic processes, e.g., 
deN2O or deCH4, belonging to the chemistry of reactive oxygen species, ROS. 

In this study the electronic structure was calculated with use of VASP code (GGA+U and 
B3LYP). The relatively flat bands of Co3O4 (Fig. 1b) suggest the small polaron model with 
two possible mechanisms of conduction along the Cooct chains – ē hopping: Co3+,oct ↔ Co2+,oct 
(n-type SC; mechanism leading to the local spinel inversion), and hole hopping: Co3+,oct ↔ 
Co4+,oct (p-type SC; mechanism facilitated by ē transfer to the adsorbed moiety, e.g., O2). The 
latter has smaller energy barrier: 0.19 eV (0.45 eV for the former), Fig. 1c. The experiment 
states the p-type SC with energy barrier of 0.2 eV. Although t2g states (in VB, Fig. 1d) are 
filled, the promotion of t2g electron to the conduction band eg gives room for the t2 electron of 
the Cotetr. Such process allows for the electronic communication between Cooct and Cotetr sites. 

 

 

 

 

 

Figure 1: Tetrahedral Cotetr (a1) and octahedral Cooct (a2) cobalt ions; band structure of Co3O4 (b) decomposed 

into tetrahedral (right panel) and octahedral (left panel) d-Co orbitals; polaron 2-3 and 3-4 transport process (c); 

electron transport between CoT and CoO. 
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[1] Witold Piskorz et al., Catal. Today 137 (2008) 418-422. 
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Polarons, that is lattice distortions associated with the stabilisation of electronic states, are 
thought to play a pivotal role in the physics and chemistry of metal oxides. They are 
implicated in phenomena as diverse as high-Tc superconductivity, resistive switching and 
photocatalysis. Although it is difficult to access polarons in the bulk material, in principle 
they can be probed and manipulated at the surface in order to test models of their formation 
and properties. Here this is exploited using a form of scanning probe measurement termed 
current imaging tunnelling spectroscopy (CITS). We employ oxygen-vacancy induced 
polarons on TiO2(110) as our model system. Using the CITS measured dependence of the 
band-gap-state signature of the polaron in the range 7<T<78 K, we estimate the barrier height 
for surface region polaron hopping. This compares favourably with the results of first 
principles DFT calculations. By manipulating the lateral positions of Ob-vacs using electrical 
pulses in STM, we show that the polaron follows the Ob-vac and is therefore not associated 
with a particular donor centre in the selvedge. Moreover, by forming Ob-vac dimers, trimers 
and tetramers it is possible to examine the interaction between polarons. We compare these 
data to the results of theoretical models. 
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The relevance of the cerium based catalytic supports is primarily based on the remarkable 
oxygen storage capacity of these materials, which is linked to the creation, stabilization and 
diffusion of oxygen vacancies, especially in the oxide surface, due to the reversible redox 
property of the Ce4+/Ce3+ pair. Temperature-programmed reduction in H2 and in CO results 
showed that the redox behavior is noticeably enhanced in the gallium-doped ceria powder 
materials as compared to pure cerium oxide. 

These last results were in agreement with ultimate oxygen storage capacity, (TR-XRD) and x-
ray absorption near edge (XANES) measurements. The XANES Ga K-edge spectrum of 
ceria-gallia samples show that a change in the oxidation state of Ga3+ is undetectable even 
after exposing the sample to H2 at temperatures up to 623 K. The redox properties of the 
cerium-gallium oxide were evaluated in-situ using time-resolved infrared spectroscopy in 
transmittance and diffuse reflectance mode. Two characteristic infrared bands were analyzed 
(Figure 1): a peak at 2127 cm-1, which is assigned to the forbidden electronic transition 2F5/2 
→ 2F7/2 of Ce3+ cations, and a band at approximately 2000 cm-1 attributed to the stretching 
mode of the Ga-H surface bond. 

Based on these combined spectroscopic studies, a novel mechanism is proposed for the 
reduction of Ce4+ to Ce3+ where Ga-H species are suggested to be directly involved in this 
surface process (Figure 2). Theoretical calculations by density functional theory (DFT) 
confirm the higher reducibility of gallium- doped ceria oxides and give a molecular 
description of the stabilization of the doped material (Figure 2). The proposed reduction 
mechanism on the gallium-ceria samples may help in the future to gain better understanding 
of catalytic redox processes involving mixed-oxides of ceria. 

                    
 
 
 
 
 
 
 
 
 
 

 

 

Figure 1. Thermal evolution of the 
concentration of the Ce3+ 

and Ga-H 
species under H2 on CeO2, Ce75Ga25 
(mixed oxide) and Ga2O3. 

Figure 2. Local structure of the reduced Ce75Ga25 
model before relaxation (left) and after relaxation 
(right). The oxygen atom removed (circle), to obtain the 
reduced structure, induces an umbrella movement of the 
Ga atom which binds to an oxygen site behind. 
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We propose a solution to the puzzle presented by the defects appearing as dark depressions in 
STM images of ceria (111), currently believed to be surface oxygen vacancies. In the high-
resolution STM experiments of Esch et al. [1] it was observed that the concentration of such 
defects increased with annealing time, that they were immobile at 300-400 °C, and that they 
existed primarily as constituents of clusters, while DFT studies predict the opposite behaviour 
for the surface oxygen vacancy on all three counts [2-5]. We resolve these inconsistencies by 
comparing and contrasting the behaviour predicted by DFT, of both oxygen vacancies and 
fluorine impurities at the surface, the latter having recently been shown to exist in high 
concentrations in single-crystals from the most widely-used commercial source of such 
samples [6]. 

We show that the appearance in STM images of surface-layer oxygen vacancies and fluorine 
impurities should be extremely similar, which would render problematic their experimental 
distinction via these images alone. However, we find that, in contrast to the oxygen vacancy, 
the most stable location, mobility, and tendency to cluster, of fluorine impurities are 
consistent with experimental observation. Based on these results, we propose that the 
predominant surface defect observed in STM experiments on single crystals reported 
heretofore is not the oxygen vacancy, but the fluorine impurity. Furthermore, we note that, 
since its appearance in STM is due primarily to the relative energies of the 2p states of surface 
oxygen and fluorine ions, this confusion may occur for other oxides. 

 

[1] F. Esch et al., Science 309 (2005) 752 
[2] M. V. Ganduglia-Pirovano et al., Phys. Rev. Lett. 102 (2009) 026101 
[3] H.-Y. Li et al., Chem. Commun. 47 (2011) 6105 
[4] C. Zhang et al., Phys. Rev. B 79 (2009) 075433 
[5] J. C. Conesa, Catalysis Today 143 (2009) 315 
[6] H. H. Pieper et al, Phys. Chem. Chem. Phys. 14 (2012) 15361 



21 

 

Thermally-induced reversible reduction of cerium oxide ultrathin 
films  

F. Pagliuca1,2, P. Luches2, L. Amidani3, F. Boscherini3 and S. Valeri1,2 
1Dipartimento di Scienze Fisiche Mat. e Inf., Università di Modena e Reggio Emilia, Modena, 
Italy 
2Consiglio Nazionale delle Ricerche, Istituto Nanoscienze, S3,  Modena, Italy 
3Dipartimento di Fisica, Università di Bologna, Bologna, Italy 
e-mail: paola.luches@unimore.it 
 
The optimization of the reducibility in oxides is a challenging task, which requires a 
fundamental understanding of the interplay between the electronic properties of the materials 
and other factors such as reduced dimensionality, morphology, doping, etc. The study of the 
reversible reduction processes on epitaxial films or low dimensional structures allows to 
simultaneously control electronic, morphological and structural changes. Thermal treatments 
in UHV and in O2 atmosphere have been shown to induce significant and reversible 
modifications of the concentration of Ce3+ ions in cerium oxide Pt-supported films [1].  

In this work we present and discuss the results of a more detailed study of reversible reduction 
processes in cerium oxide thin epitaxial films for different temperatures, nominal thicknesses 
and heating times. The modifications of sample stoichiometry are measured by XPS, also at 
different take-off angles, while the evolution in surface structure and morphology are 
followed by LEED and STM, respectively. The obtained results are discussed taking into 
account also dimensionality and the effects due to the proximity of the Pt surface.   

We compare the results with the ones obtained by High Energy Resolution Fluorescence-
Detected X-ray Absorption Near Edge Structure (HERFD-XANES), a powerful technique to 
obtain information on the empty states close to the Fermi level and on the 4f electronic 
configuration of rare earth compounds [2]. By this technique we measured the evolution of 
XANES spectra at the Ce L3 edge, detecting the Lα1 

fluorescence, during thermal treatments 
in vacuum and in oxygen atmosphere.  

 

[1] P. Luches, F. Pagliuca, S. Valeri, J. Phys. Chem. C 115, 10718 (2011). 
[2] A. Kotani, K. O. Kvashnina, P. Glatzel, J. C. Parlebas and G. Schmerber, Phys. Rev. Lett. 108,  
      036403 (2012). 
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We have carried out self-consistent Perdew-Zunger self-interaction corrected GGA 
calculations using a recently developed algorithm [1] to study the oxygen vacancy at the rutile 
TiO2(110) surface [2].  The DFT-SIC calculations show two electrons localized in a triplet 
state at the vacancy, in a Bader region containing no nucleus.  This result cannot be 
reproduced in a DFT+U formalism with U placed on Ti and/or O atoms. This raises questions 
about the applicability of the DFT+U formalism for correcting self-interaction errors in 
regions of electron localization where no nucleus is present. 

 

[1] S. Klupfel, P. Klupfel and H. Jónsson, Phys. Rev. A 80, 050501 (2011); Lecture Notes in Computer 
Science 7134, 23 (2012). 

[2] F. Author et al., Á. Valdés et al., Phys. Chem. Chem. Phys. 14, 49 (2012). 
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Ceria (CeO2) plays an important role in many technological applications such as catalysis and 
spintronics. The importance relies on its facile reducibility and the associated ability to release 
lattice oxygen, as well as its magnetic properties while doped with magnetic impurities and its 
good integrability to the present electronic devices. A particularly important aspect for the 
design of improved ceria-based materials is the fundamental knowledge of the preferred 

location for oxygen vacancies and the electrons left upon their formation, driving the Ce4+
 
→ 

Ce3+ reduction. Yet, whether vacancies agglomerate or repel each other in the bulk and at the 
CeO2(111) surface, and whether vacancies are at surface or subsurface sites, is still under 
discussion. Moreover, for the (111) surface, it has been theoretically predicted [1] and 
experimentally confirmed [2] that near-surface vacancies are likely to be bound to Ce4+

 
ions 

rather than to Ce3+ as priorly predicted. In spite of this, atomistic models of reduced bulk 
CeO2 with the excess electrons localized on Ce ions which are nearest-neighbor to the 
vacancy are still being discussed [3,4], though similar predictions to the near-surface 
vacancies have recently been made for isolated bulk vacancies [5]. To this end, we apply 
density-functional theory (DFT) with the DFT+U approach to study reduced Co-doped [6] 
and undoped [7] bulk CeO2 and the CeO2(111) surface for varying vacancy concentrations[8]. 
We find that, in all cases, the preference for Ce3+ ions in sites not adjacent to the vacancy 
remains for all types of vacancy aggregates and concentrations, and that the interaction 
between vacancies is repulsive. A simple model which takes into account the vacancy-
vacancy distance and the Ce3+

 
coordination is proposed to predict the preferred ordering of 

the excess charge and vacancies in CeO2 bulk. This model could explain the way the Ce2O3 in 
the bixbyite phase forms by removing 1/4 of the oxygen atoms being second nearest-neighbor 
in the oxygen sublattice. On the other hand, in the CeO2(111) surface, it is shown that the 
most stable vacancy structure −under a wide range of reducing conditions− has all vacancies 
in the subsurface forming a (2×2) pattern with vacancies being third nearest-neighbor in the 
oxygen plane as suggested experimentally [9]. Vacancy-induced lattice relaxations effects are 
crucial for the interpretation of the findings. 

 

[1]  M. V. Ganduglia-Pirovano et al., Phys. Rev. Lett. 102, 026101 (2009).  
[2]  J. F. Jerratsch et al., Phys. Rev. Lett. 106, 246801 (2011).  
[3]  P. P. Dholabhai et al., J. Chem. Phys. 132, 094104 (2010).  
[4]  J. J. Plata, A. M. Márquez, and J. Fdez. Sanz, J. Chem. Phys. 136, 041101 (2012).  
[5]  J. Kullgren, K. Hermansson, and C. Castleton, J. Chem. Phys. 137, 044705 (2012).  
[6]  G. E. Murgida et al., Solid State Comm. 152, 368 (2012).  
[7]  G. E. Murgida et al., unpublished.  
[8]  G. E. Murgida and M. V. Ganduglia-Pirovano, Phys. Rev. Lett. 110, 246101 (2013).  
[9]  S. Torbrügge et al., Phys. Rev. Lett. 99, 056101 (2007).  
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The ability to develop novel metal oxide semiconductor heteronanostructures consisting of 
highly pure quantum dots and rods entirely made from aqueous chemistry without surfactant 
and at low temperature with controlled surface chemistry and having intermediate bands for 
high visible light energy conversion and highly quantized band structure for band engineering 
is demonstrated. Such unique characteristics, combined with in-depth investigation of their 
electronic structure at synchrotron radiation facilities, optical, structural and transport 
properties provide comprehensive fundamental understanding of the energetics and structure-
property relationships as well as key trends for efficiency optimization. For instance, doped 
and/or quantum dot sensitized bundled iron oxide oriented quantum rods showing full visible 
light absorption profile while still being stable against photo-corrosion for efficient and low 
cost solar hydrogen generation by direct water splitting at neutral pH is presented. In addition, 
the latest development in quantum size effects on electronic structure, surface chemistry and 
electrical properties of large bandgap semiconductor will be presented and discussed to 
improve solar hydrogen generation. 
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Lanthanide (Ln3+ = Pr3+, Nd3+, Sm3+, Eu3+, Tb3+, Dy3+, Ho3+, Er3+ and Tm3+) single or co-
doped into CeO2 nanoparticles synthetized by micro - emulsion and citrate sol-gel 
precipitation methods are investigated by use of X- ray Diffraction, Ultraviolet- Near- 
Infrared Diffuse Reflectance, Raman and time-gated photoluminescence (PL)  spectroscopies. 
Depending on the lanthanide type, the PL of the Ln3+ - doped CeO2 occurs via down- and up- 
conversion processes, spanning the visible to infrared (∼ 500 – 2000 nm) spectral range. A 
relative strong energy transfer from the CeO2 host to the excited levels of Ln3+ dopants is 
observed for Eu3+, Sm3+ and Er3+.  Correlations between the structural and optical properties 
are established in terms of Ln3+ interaction modes with the oxygen vacancies.  

 

[1] C. Tiseanu et al., J. Phys. D: Appl. Phys. 46, 275302 (2013) 
[2] C. Tiseanu et al. J. Appl. Phys. 112, 013521 (2012). 
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Ceria has been extensively used in catalysis mainly for its stability and high capacity of 
oxygen storing and releasing. A large number of experimental and theoretical works about 
this surface can be found in the literature, which includes the effects of metal clusters 
supported on it. More specifically related to this work, Pt8 clusters have already been 
extensively studied by both experimental and theoretical techniques[1]. 

In this work, we study the morphology of Pt6 clusters by using the Basin-Hopping global-
search algorithm [2] to identify all the relevant and most stable local minima at each oxygen 
concentration. Kinetics is studied by performing Born-Oppenheimer molecular dynamics 
simulations at 5-20ps time range to determine the effects of finite temperature and also to 
determine the kinetic stability of some selected previously determined minima. In addition, 
the Nudged-Elastic-Band technique is used to evaluate the higher-energy kinetic barriers that 
separate the most interesting minima. Energies, forces, charge and spin densities are evaluated 
using the plane-wave based DFT code Quantum Espresso [3]. 

We determined the most stable minima for many compositions of Pt6On (n=0,1,2...) supported 
on the pristine and reduced CeO2(111) surfaces. We found that 3D Pt6 clusters are favoured 
w.r.t. flat 2D ones in non-reduced conditions, due to a larger charge transfer from Pt6 to the 
ceria surface: these flat structures are more oxidized, donating more charge to the ceria, 
therefore reducing a larger number of Ce atoms (from Ce4+ to Ce3+) and making oxygen 
spillover easier. This result could be related to the flattening of Pt clusters under oxidative 
conditions found in the literature[4]. In addition to enthalpy, we also evaluated the lowest 
energy paths that lead to (reverse) spillover, i.e., the donation(extraction) of oxygen from the 
PtO cluster to the pristine and reduced CeO2(111) surfaces. These results shed light on the 
mechanisms of oxygen buffering by small Pt clusters dispersed on CeO2(111) surfaces. 

 
 
 
[1]  Georgi N. Vayssilov, Nature Materials, 10, 310, (2011).  
[2]  D. Wales, H. A. Scheraga, Science, 285, 1368, (1999).  
[3]  P. Giannozzi, J. Phys. Condens. Matter., 21, 395502, (2009).  
[4]  Miho Hatanaka, Journal of Catalysis 266, 182, (2009).  
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In this presentation I will first discuss the structure and origin of reconstructions of SrTiO3 
(001) and (111) surfaces. This is an unusual system in that there are such a large variety of 
stable surface structures whose evolution depends on the temperature and oxidizing/reducing 
environment during sample preparation which in turn determines the near-surface 
stoichiometry and hence the surface crystallography [1]. I will then show how with an 
increasingly Ti-rich surface environment there is an evolution of epitaxial titanate 
nanostructures [2,3] that eventually result in epitaxial TiO2 anatase thin films on the surface 
[4]. The reconstructed and nanostructured (001) perovskite surfaces can be used as templates 
to self-assemble molecules such as fullerenes into patterns that differ significantly from the 
close-packed structures that are usually observed on metal surfaces. Similar properties are 
also seen for the (111) reconstructed surfaces, including the observation of magic number 
fullerene clusters. 

I will also show some results of epitaxial film growth of TiOx on Au (111) [5]. This work 
demonstrates that due to the variable oxidation states of titanium, and the nature of the 
interface, it is possible to create titanate structures in an ultra-thin film form that are not stable 
as a bulk termination. When Ba is deposited on these ultra-thin films they act to order the 
individual Ba atoms into particular patterns depending on coverage. 

The main experimental technique that is used to produce the results shown this presentation is 
variable temperature UHV scanning tunnelling microscopy (STM). However, I will also show 
results from high resolution X-ray photoemission (XPS) and Auger spectroscopy (AES). 
UHV scanning electron microscopy (SEM) is also used to follow dynamical surface processes 
at elevated temperatures. Modelling the surface structures and STM image simulation is 
performed with density functional theory (DFT). 

 

[1]  J.A. Enterkin, A.K. Subramanian, B.C. Russell, M.R. Castell, K.R. Poeppelmeier and L.D. Marks, 
Nature Mat, 9, 245 (2010).  

[2]  M.S.J. Marshall, A.E. Becerra-Toledo, L.D. Marks and M.R. Castell, Phys. Rev. Lett., 107, 
086102 (2011).  

[3]  M.S.J. Marshall, A.E. Becerra-Toledo, D.J. Payne, R.G. Egdell, L.D. Marks and M.R. Castell, 
Phys. Rev. B, 86, 125416 (2012).  

[4]  M.S.J. Marshall and M.R. Castell, Phys. Rev. Lett., 102, 146102 (2009).  

[5]  C. Wu, M.S.J. Marshall and M.R. Castell, J. Phys. Chem. C, 115, 8643 (2011).  
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Nanostructured oxide coatings – wanted and unwanted  
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Thin films of oxides can be deposited by using atomic layer deposition (ALD) with a 
precision of one atomic layer. If this technique is combined with a self-organizing method 
where an isoporous material is synthesized, size selected and uniform nanostructured 
materials and objects can be manufactured. In the talk I will show how such materials, first 
made at the university, can be used in many different applied areas, such as medical 
technology or for the detection of nuclear explosions. I will also discuss how this knowledge 
can be transferred to start a small company with a range of connected problems and 
possibilities.  

Finally I will show how, in other contexts, the absence of oxides can be difficult to achieve 
and why this is an important issue for the storage of metallic nuclear waste canisters that need 
to survive for some 100000 years in geological deposits. And how can one check and measure 
such an extremely slow growth rate of oxide layers? 
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Heterogeneous catalysis plays a crucial role in the society today, both as the means for envi- 
ronmental protection and as the backbone technology for most of the chemical industries. The 
development of new catalysts is given a very high priority since they facilitate a much better 
utilization of our scarce energy reserves and it can drive the concept of waste-free ‘green’ 
chemistry and the development of a sustainable energy sector. 

Metal oxides like Al2O3 play major roles in heterogeneous catalysis as supports for 
catalytically active nanoclusters because of their excellent mechanical and thermal stability. 
Of all the transitional aluminas, γ-Al2O3 is the most important in catalysis, but so far surface 
science studies have been unable to address the surface structure of this insulating material in 
detail. A better understanding of the surface structure of support materials seems to be a 
prerequisite for the synthesis of more sintering stable catalysts and the realization of 
nanocatalysts imple- menting catalyst particles with a tailored size and morphology. 

Benefitting from a nearly perfect structural match between the (100) surface of MgAl2O4 and 
γ-Al2O3, we show that we can use MgAl2O4(100) as a template to grow thermodynamically 
stable and crystalline alumina films with γ-Al2O3-like properties. Previous atom-resolved nc- 
AFM studies have shown that the MgAl2O4(100) surfaces terminates by an Al-O rich termina- 
tion, which turns out to be ideal for the continuously grown alumina films [1]. Preliminary nc-
AFM studies reveal a perfect crystalline film-like growth (Fig. a), where up to 4ML thick 
films of Al2O3 were prepared using e-beam evaporation of pure Al onto a MgAl2O4(100) 
substrate followed by annealing at 1473 K in an oxygen atmosphere (1×10-7mbar). 
Subsequent analysis of atom-resolved NC-AFM images reveals a structure with a quadratic 
grid and a high concentration of atomic defects on Mg positions (Fig. b), which is suggesting 
a surface structure reflecting Al-terminated γ-Al2O3. 

The stable γ-Al2O3(100) films make it possible to open up a whole new range of fundamental 
studies of the metal/support interaction for catalytic systems based on surfaces with real γ- 
Al2O3 properties. The synthesis of stable well-defined alumina films with transition alumina 
characteristics will allow us to address important catalytic properties such as acid-based prop- 
erties, cluster adhesion strength and sintering scenarios for model systems of supported 
nanoclusters that incorporate the real oxide support structure. 

 

 

 

 

 

 

[1] M. Rasmussen et al, Phys. Rev. Lett. 107 (2011) 036102 
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Oxide materials at the nanometer scale have tremendous potential in fundamental research 
and for the modern nanotechnologies. To date, most of the studies have been focused on 
binary oxide nanostructures, but with the progress in nanotechnologies ternary and more 
complex oxide compounds become increasingly important. The preparation of ternary oxide 
nanolayers with well-defined structure and stoichiometry will be a more challenging task than 
for binary oxides, which will require the development of new fabrication strategies. 

Metal tungstates with the general formula MWO4 (M denotes a bivalent metal cation) belong 
to a fascinating family of inorganic functional materials possessing a high application 
potential in various fields, such as in photoluminescence, microwave devices, photoanodes, 
electrochromic systems, magnetic properties and catalysis. Here we report on the fabrication 
of low-dimensional transition metal tungstate nanostructures in a controlled way via a two-
dimensional solid-state reaction of binary oxide phases.  The proof of concept has been 
achieved recently by our work on the growth of ultrathin WOx layers on Cu(110) surface, 
where a well-ordered 2-D ternary CuWO4 phase forms by reaction of (WO3)3 clusters with the 
Cu(110)(2x1)-O surface oxide. The latter has been characterized by high-resolution STM 
imaging, LEED and DFT simulations. The chemical nature and electronic structure of this 
novel 2-D W-O-Cu layer has been investigated by XPS core level spectroscopy, NEXAFS 
and valence band spectra with use of synchrotron radiation. The geometric structure and the 
electronic properties of this ternary surface oxide are discussed in the light of HREELS 
phonon loss spectra and DFT calculations.  

This fabrication approach has been further successfully applied for the synthesis of NiWOx 
and FeWOx nanolayers, which form by reaction of (WO3)3 clusters with NiO(100) and 
FeO(111) layers, supported on Ni(110) and Pd(100) surfaces, respectively. The unusually 
sharp W 4f core level spectra, the specific NEXAFS fingerprints, and the evolution of the 
valence band all suggest that these 2-D surface oxide phases are also of a ternary tungstate 
type.  

Work supported by the ERC Advanced Grant SEPON an  d the EU COST Action CM1104. 
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Ceria is a common additive to catalysts and its function is related to storage/release of oxygen 
and may exhibit reducibility (Ce4+Ce3+) to a significant extent. When doped with other 
metal oxides (MexOn), the resulting material may exhibit improved oxygen/storage 
capabilities. The dopants are often RE3+ 

ion oxides and a high solubility of RE3+ 
ions in CeO2 

allows a high O vacancy concentration without phase segregation. 

Ceria, CeO2, with a fluorite-type cubic structure, space group Fm3m (Oh
5), has an 

exceptionally simple vibrational structure with one Raman active mode (F2g), typically 
observed at 465 cm-1 due to symmetric breathing mode of O atoms surrounding each Ce4+. 
The 465 cm-1 value corresponds to a perfect ceria lattice at room temperature. Now, this 
vibrational mode is only dependent of the oxygen movement and its band characteristics 
(width and position) are extremely dependent on the disorder induced in the oxygen ion 
sublattice of the oxide and is therefore sensitive to both Ce–O bond arrangements and lattice 
defects. Notably, punctual defects may exist even in the cubic matrix of pure ceria, caused by 
non-stoichiometric conditions (presence of Ce3+). The resulting effective negative charge is 
compensated by O vacancies in the ceria sublattice. This is manifested in the Raman spectra 
by weak bands (e.g. longitudinal optical mode at ~620 cm-1, otherwise Raman inactive) that 
are leaking due to the pertinent partial relaxation of the symmetry rules. 

The inclusion of Men+ 
ions (e.g. La3+ 

or Zr4+) in the ceria cubic matrix largely affects the 
fluorite-type CeO2 lattice parameters and depending 
on the relative magnitude of the Men+ 

ionic radius 
compared to the Ce4+ 

i.r. (1.01 Å), a contraction or 
expansion of the lattice may take place. Such a 
structural perturbation is expected to be manifested in 
the Raman spectra (see Fig. 1) by a shift of the F2g 
mode upon doping. In the case of Zr4+ 

(0.80 Å), most 
probably a lattice contraction occurs upon substitution 
of Ce4+ 

by Zr4+. A corresponding moderate shortening 
of Ce–O bonds is expected, thereby leading to a blue 
shift in the main Raman band with increasing extent of 
doping. Generally, the structural defects activate shifts 
and broadening of the main band, leaking of bands due 
to local lowering of symmetry, etc. Aspects related to 
particle size alterations are addressed. Composition, 
temperature and gas atmosphere effects on the Raman 
spectra are discussed and interpreted. 

Acknowledgment. Research supported by the RPF/THEPIS 
program. 

Figure 1. In situ Raman spectra obtained for 
Ce1-xZrxO2 (x= 0, 0.3, 0.5, 0.7) under flowing 
O2(g) at 300oC. 
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Interfacial Ge dangling bonds −paramagnetic GePb1 centers as established by electron spin 
resonance (ESR)− and their passivation upon annealing in H2, are studied in the condensation 
grown SiO2/GexSi1-x/SiO2/(100)Si (0.28≤x≤0.93) heterostructures. The density of GePb1 
centers, acting as acceptor (negatively charged) states, is probed by measuring the onset of 
GeSi film depletion in low-temperature capacitance-voltage measurements (Fig.1). It is found 
that the enhanced residual strain in thinner GexSi1-x layers revealed by high-resolution XRD, 
results not only in a higher inherent initial density of interface defects, but also strongly 
reduces the efficiency of their passivation. 

The presence of a negative charge associated with unpassivated defects in GeSi is 
independently affirmed by positron annihilation spectroscopy experiments (PAS). 
Measurements in standard Doppler broadening mode evidenced trapping of positrons by 
unpassivated defects (Fig.2). The enhanced post-thermalization diffusion length of positrons 
towards the surface is observed when lowering the temperature, indicating that the trapping 
arises from a negative charge gained by the defect as a consequence of the temperature-
induced shift of the Fermi level. The acceptor behavior of the un-passivated GePb1 centers is, 
therefore, affirmed both by electrical measurements and PAS. 

  
 

 

 

 

 

 

 

 

 

 

Reference: O. Madia, A. Nguyen, N. Thoan, V. Afanas’ev, A. Stesmans, L.Souriau, J.Slotte, F.Tuomisto, 
Impact of strain on the passivation efficiency of Ge dangling bond interface defects in condensation grown 
SiO2/Si1-xGex/SiO2/(100)Si structures with nm-thin Si1-xGex layers, accepted for publication to Applied 
Surface Science (Elsevier). Two STSMs contributed to its realization (03.12.2012 – 21.12.2012; 04.08.2013 – 
03.05.2013; Department of Applied Physics, Aalto University, Aalto, Finland). 

Fig. 1 Charge density determined from the CV curves 
at 77K in the as-received samples (■) and in the 
samples passivated byanannealinginH for 30 min at 
253 deg C (∆) and 403 deg C (○) as a function of Ge 
concentration. The thicknesses of the Si1-xGex layers 
found from HR-XRD scans are indicated for each 
sample. 

Fig. 2 The (S,W) parameters measured on the 
as-received (■) and fully passivated (□) GexSi1-

xwith x=0.75. Solid curves mark the flow in 
measurements with increasing positron 
implantation energies. 
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Ceria is known for its rich phase diagram representing various states of reduction compared to 
fully oxidised CeO2. Here, structural changes of a (111) oriented CeO2 film grown on a hex-
Pr2O3(0001)/Si(111) system due to post deposition annealing is investigated by diffraction 
techniques [1] and its nanoscale morphology is revealed by non-contact atomic force 
microscopy (NC-AFM) [2]. X-ray photoelectron spectroscopy measurements revealing the 
near surface stoichiometry show that the film reduces continuously upon heat treatment. The 
film is not homogeneously reduced since several coexisting crystalline ceria phases are 
stabilized due to subsequent annealing at different temperatures as revealed by high resolution 
low energy electron diffraction and X-ray diffraction. Electron diffraction measurements 
show that after annealing at 933 K the ι-phase (Ce7O12) is formed at the surface exhibiting a 
(√7×√7) R19.1° structure. Furthermore, a (√27×√27) R30° surface structure with a 
stoichiometry close to Ce2O3 is stabilized after annealing at 359 K which cannot be attributed 
to any bulk phase of ceria stable at room temperature. In addition, it is shown that the fully 
reduced ceria Ce2O3 film exhibits a bixbyite structure. After annealing above 1173 K a 
polycrystalline silicate (CeSixOy) and a crystalline silicide (CeSi1.67) is formed. 

Changes in the nanoscale surface morphology and local surface potential due to annealing at 
temperatures up to 1150 K are studied with NC-AFM and Kelvin probe force microscopy 
(KPFM). Two types of structural features are observed, namely terraced pyramids with an 
oriented triangular base in the temperature range of 300 K to 850 K (see figure) and large 
terraces separated by steps with a height of a O-Ce-O triple layer for temperatures above 
930 K. In the temperature range of 510 K to 790 K, additionally spikes appear in between the 
pyramids. The film annealed to high temperatures closely resembles the morphology of the 
(111) surface of a CeO2 bulk crystal. Structural transformations are confirmed by high 
resolution low energy electron diffraction experiments suitable for spot profile analysis. 
Annealing at a temperature over 1100 K results in a dramatic change in surface morphology 
that is attributed to silicate or silicide formation yielding a decomposition of the film. 

 

 

 

 

 

 

[1]   H. Wilkens, O. Schuckmann, R. Oelke, S. Gevers, M. Reichling, A. Schaefer, M. Bäumer, M. H. 
Zoellner, G. Niu, T. Schroeder, J. Wollschläger, Structural transitions of epitaxial ceria films on 
Si(111), PCCP, in press. 

[2] R. Olbrich, H.H. Pieper, R. Oelke ,H. Wilkens, J. Wollschläger, M. Zoellner, T. Schroeder, M. 
Reichling, Transforming kinetically determined nanostructures on ceria into a thermodynamic 
equilibrium configuration, submitted. 
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The (111) surface of ceria has been in the focus of research already for quite some time. This 
unbroken interest is closely related to its thermodynamic stability that makes preparation and 
analysis of the (111) termination particularly easy. However, theoretical studies have 
suggested that the open (100) and (110) ceria surfaces might be more relevant for catalytic 
applications and also feature interesting physical properties that are not observed on closed-
packed CeO2(111). 

In this contribution, we present an experimental approach to prepare relatively wide 
CeO2(100) patches on a Ru(0001) surface. Each patch represents the top facet of well-defined 
Wulff-type ceria nanocrystal of up to 10 nm height, developing during the de-wetting process 
of a closed (111)-oriented film at elevated temperature. The (100) surface displays either a 
(2×2) or a c(4×4) reconstruction, both suitable to quench the intrinsic polarity of the (100) 
termination. Moreover, point and line defects in the (100) surface were found to differ 
substantially from the well-known O vacancies in CeO2(111). We will also discuss some 
preliminary adsorption experiments on the CeO2(100). Our studies might open a route to 
render more open ceria surfaces accessible to a thorough investigation. 
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The atomic structure and the chemical activity of atomic steps on the rutile TiO2(110) surface 
are discussed in this talk. Using density functional theory (DFT) the atomic structure of a step 
in the <1-11> direction on a stoichiometric rutile TiO2(110) surface is found to involve a 
reconstruction.[1] The reconstruction places one Ti atom at a half-height position between the 
upper and lower terrace levels and offers new adsorption sites that are explored with water, 
methanol, and ethanol. The binding of such adsorbates is weaker at the steps possibly making 
these sites more active for catalytic reactions than terrace sites[2,3,4]. Reactions at step sites 
are shown to be responsible for spill-over of hydroxyls from the step edges to the terraces [4]. 

For reduced surfaces, we find with a combined STM and DFT approach that linear strands 
may evolve from the <1-11> steps.[5] The strands are non-stoichiometric and form since their 
potential energy is smaller than for the corresponding reference system with scattered point 
defects in the bulk. 

 

[1] Steps on rutile TiO2(110): Active sites for water and methanol dissociation, U. Martinez, L. B. 
Vilhelmsen, H. H. Kristoffersen, J. Stausholm-Møller, and B. Hammer, Phys. Rev. B 84, 205434 
(2011). 

[2] Direct evidence for ethanol dissociation on rutile TiO2(110), J. Ø. Hansen, P. Huo, U. Martinez, E. 
Lira, Y. Y. Wei, R. Streiber, E. Lægsgaard, B. Hammer, S. Wendt, and F. Besenbacher, Phys. Rev. 
Lett. 107, 136102 (2011). 

[3] Reduced step edges on rutile TiO2(110) as competing defect to oxygen vacancies on the terraces 
and reactive sites for ethanol dissociation, U. Martinez, J. Ø. Hansen, E. Lira, H. H. Kristoffersen, 
P. Huo, R. Bechstein, E. Lægsgaard, F. Besenbacher, B. Hammer, and S. Wendt, Phys. Rev. Lett. 
109, 155501 (2012). 

[4] Role of steps in the dissociative adsorption of water on rutile TiO2(110), H. H. Kristoffersen, J. Ø. 
Hansen, U. Martinez, Y. Y. Wei, J. Mathiesen, R. Streiber, R. Bechstein, E. Lægsgaard, F. 
Besenbacher, B. Hammer, and S. Wendt, Phys. Rev. Lett. 110, 146101 (2013). 

[5] Packing defects into ordered structures: Strands on TiO2, R. Bechstein, H. H. Kristoffersen, L. B. 
Vilhelmsen, F. Rieboldt, J. Stausholm-Møller, S. Wendt, B. Hammer, and F. Besenbacher, Phys. 
Rev. Lett. 108, 236103 (2012). 
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The collaboration of the Theoretical Chemistry Group of the University of Seville with the 
group Chemistry: Reactivity and Structure of the Brookhaven National Laboratory over the 
past years [1] has allowed a deeper understanding of ceria-based WGS catalysts and the 
discovering of a new highly active family of WGS catalysts. To get high WGS activity is 
essential the presence of a metal phase along with the ceria phase interacting with each other. 
In order to understand the role of both components, both regular (metal on ceria support) and 
inverse (ceria on metal support) catalyst configurations have been studied experimentally and 
theoretically. 

We try to present here a synthetic exposition of the main results. Ceria-based WGS catalysts 
are bi-functional catalysts: (a) metal phase is required for adsorption of CO avoiding the 
formation in the oxide phase of the very stable carbonates which would stop the reaction; (b) 
metal-oxide phase is needed for the dissociation of H2O since that step of the reaction would 
be energetically very expensive on the pure metal. At the interface low-stable easy-to-evolve 
(low energetic barriers) intermediates are formed. The best way we found to optimize the 
activity of the catalyst is to have both phases at the nanoscale, supported on another host 
oxide. In such a way, the dispersion increases and the number of active sites is huge. 
Moreover, both phases are more active as nanoparticles than as bulk. Still one more reason for 
the higher activity of the new family of WGS catalysts is that the host oxide support imposes 
some electronic-geometrical changes to the supported particles modifying their properties (if 
the interaction is strong a real mixed-metal oxide is formed at nanometer lever), usually 
improving the activity and stability of the system. Some model systems as M/CeOx/TiO2(110) 
and CeOx/M(111) are shown (where M may be Au, Ag, Cu or Pt), along with their electronic, 
structural and chemical properties. Recent calculations simulating real powder catalyst 
CeOx/TiO2 together with experimental results are also shown. 
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324, 441 (2009); J. Am. Chem. Soc. 132, 356 (2010); J. Chem. Phys. 132, 104703, (2010); Angew. 
Chem. Int. Ed. 52, 5101 (2013); J. Phys. Chem. C 117, 14463 (2013) 
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Perovskite-type materials such as La0.6Sr0.4FeO3–δ (LSF64) and SrTi0.7Fe0.3O3- δ (STF73) are 
potential alternatives for future solid oxide fuel cell anodes owing to their mixed ionic and 
electronic conductivity [1-3]. A crucial materials property for this application is the stability 
of the perovskite structure despite the oxide is partly reduced (e.g. in H2/H2O atmosphere). 
Nonetheless, as a result of this partial reduction the material’s defect chemistry – i.e. the 
concentration of ionic and electronic charge carriers – changes. The accompanied changes in 
ionic and electronic conductivity can lead to significantly different reaction pathways and rate 
limiting processes in oxidizing and reducing atmospheres. 

The aim of the present study was the investigation of electrode kinetics of mixed conducting 
thin film electrodes in O2 as well as H2/H2O atmosphere. The thin films were prepared by 
pulsed laser deposition and geometrically well-defined electrodes were obtained by a 
subsequent photolithographical micro-patterning step. To support the comparatively low 
electronic conductivity under reducing conditions an additional platinum thin film grid was 
applied beneath the oxide. The resulting electrodes with buried Pt current collector can thus 
be regarded as model-type composites and were investigated by electrochemical impedance 
and dc measurements. 

The perovskite-type electrodes showed rather low polarization resistances for H2 
oxidation/H2O splitting. Moreover, the impedance results under reducing conditions suggest a 
significant change in the electrochemical reaction mechanism compared to oxygen 
atmosphere. To enable an in-depth analysis of the relation between defect chemistry and 
electrode kinetics in H2/H2O atmosphere, electrodes with interdigitated Pt current collectors 
were employed. Since this special electrode design allows an analytical description of the 
rather complex reaction pathways, resistive and capacitive elementary processes of the 
electrode impedance can be separated and attributed to different transport, reaction and 
storage processes. Under reducing conditions a rather pronounced resistive contribution could 
be identified by this analysis to be caused by charge transport processes within the oxide thin 
film, whereas this is not the case in O2 atmosphere. 

 
 
[1]  Rothschild et al., Chemistry of Materials 18, 3651 (2006).  
[2]  Fagg et al., J. Europ Ceram. Soc. 21, 1831 (2001).  
[3]  Kuhn et al., Solid State Ionics 195, 7 (2011).  
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Ceria in combination with noble metals features outstanding properties in a variety of 
catalytic processes, such as the WGS reaction and the low-temperature CO oxidation [1,2]. 
The high catalytic activity was interpreted as a cooperative effect of charge donation from the 
metal, resulting in Ce3+ formation and oxygen spillover from the ceria lattice. However, an 
atomistic verification of the aforementioned charge-transfer mechanism (from the metal oxide 
to the metal atom) is still lacking.  

From the large body of computational results we know that the accurate description of the 
Au/ceria system is a formidable task [3,4]. Nonetheless, this work generates firm evidence 
that hybrid DFT including a fraction of Fock exchange is able to describe this system 
accurately enough. We could explain observed STM images showing that subsurface defects 
promote the formation of characteristic Au pairs with a mean atom distance of two ceria 
lattice constants. Importantly, the common GGA+U approach fails in this case, and only 
hybrid functionals reveal that the pair formation arises from the titration of the two Ce3+ ions 
generated by a single O vacancy. Moreover, the creation of Au- anions is predicted, which 
explains the sombrero shape of Au atoms as the experimental fingerprint for charged Au 
species on the ceria surface. The titration effect is driven by the relaxation induced charge 
transfer from spacious Ce3+ to Au0. The relaxation enables strain relief of the surface [see also 
5] stabilizing it sufficiently. The experimentally determined Au-pair length is reproduced in 
the calculations. A Ce3+-Ce3+ spacing of two ceria lattice parameters is predicted to be 
energetically preferred. By virtue of these findings we conclude that single Au atoms serve as 
position markers for Ce3+ ion pairs in the surface, providing unique information on electron-
localization phenomena in reduced ceria. 

 

 
 
 
 
 
 
 
 
[1] Q. Fu, H. Saltsburg, and M. Flytzani-Stephanopoulos, Science 301, 935, (2003). 
[2] J. Rodriguez, Catal. Today 160, 3 (2011). 
[3] C. J. Zhang, A. Michaelides, and S. J. Jenkins, Phys. Chem. Chem. Phys. 13, 22 (2011). 
[4] M. Nolan, S.C.Parker, and G.W. Watson, Suf. Sci. 595, 223 (2005); C. Loschen, A. Migani, S. T. 

Bromley, F. Illas, and K. M. Neyman, Phys. Chem. Chem. Phys. 10, 5730 (2008); M. M. Branda, N. 
J. Castellani, R. Grau-Crespo, N. H. de Leeuw, N. C. Hernandez, J. F. Sanz, K. M. Neyman, and F. 
Illas, J. Chem. Phys. 131, 094702 (2009). 

[5] M. V. Ganduglia-Pirovano, J. L. F. Da Silva, and J. Sauer, Phys. Rev. Lett. 102, 02610101 (2009). 
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The interaction of H2 with ceria has been widely used to obtain information on the system 
reducibility. Furthermore, recent experiments have shown the unique properties of ceria 
surfaces as a catalyst for hydrogenation reactions. Motivated by these results, we have studied 
in detail the mechanisms of hydrogen dissociation and diffusion on clean and reduced 
CeO2(111) surfaces using Density Functional Theory augmented with a Hubbard-like U term. 
The hydrogen molecule is physisorbed on the surface, where it can rotate and diffuse almost 
freely. The inclusion of dispersive interactions, using van der Waals DFT, increases the 
absolute values by 50 meV but does not modify the potential energy surface.  Regarding the 
molecular dissociation, we have found a reaction barrier of ~1.0 eV, which differs 
significantly from previously proposed theoretical values, but the result is extremely robust 
and in very good agreement with recent experimental data. The complex dissociation process 
includes the asymmetric breaking of the molecule close to one of the surface oxygen atoms 
and a transition state where the remaining H atom adsorbs on a neighboring Ce ion. The 
coverage (from a dense √3x1 unit cell to the dilute 4x4 case) and the U value do not modify 
either the dissociation mechanism or the energy barrier.  In the presence of surface oxygen 
vacancies, the different possibilities for Ce3+ location have been carefully explored, but no 
significant variations of the energy barrier have been found. Considering the strong 
adsorption energy for the dissociated state, and our calculated diffusion barrier of ~ 1.7 eV, 
molecular dissociation seems to be the key step controlling the activity of ceria in 
hydrogenation reactions.    
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Ultrathin oxide films, either formed on metal surfaces in oxygen atmosphere or grown on 
another metal substrate, have recently draw attention as interesting catalytic materials for the 
oxidation reactions [1]. Most notably this was observed for CO oxidation on monolayer 
FeO(111) films on Pt(111) [2]. In the continuation of these studies, we address here the 
reactivity of manganese oxide films on Pt(111) in the low temperature CO oxidation at near 
atmospheric pressures. Mn neighbors Fe in the Periodic Table, and therefore it would be 
interesting to compare reactivity of these two metals oxides on the same support. 

 Ex situ structural characterization of the films by low energy electron diffraction, Auger 
electron spectroscopy, high-resolution electron energy loss spectroscopy and temperature 
programmed desorption, was complemented by in situ high-pressure x-ray photoelectron 
spectroscopy with synchrotron radiation. The reactivity measurements were carried out using 
gas chromatography.  

The results show that the reactivity of MnOx ultrathin films is governed by a weakly bonded 
oxygen species, which may even be formed at low oxygen pressures (~ 10-6 mbar). However, 
for stable catalytic performance at the realistic conditions the manganese films require highly 
oxidizing conditions (CO:O2 < 1:10), otherwise the films dewet, ultimately resulting in the 
catalyst deactivation. Comparison with other thin films on Pt(111) shows, that desorption 
temperature of weakly bonded oxygen can be used as a benchmark for activity in this 
reaction. 

[1] S. Shaikhutdinov, H.-J. Freund, Ann. Rev. Phys. Chem., 63, 619 (2012).  
[2] Y.N. Sun, et al., Angew. Chem. Int. Ed.  49, 4418 (2010). 
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P1: Controlling the localisation of d- and f- electrons using 
DFT+U with occupation matrices 

Jeremy P. Allen and Graeme W. Watson 
School of Chemistry and CRANN, Trinity College Dublin, Dublin 2, Ireland 
E-mail: allenje@tcd.ie; watsong@tcd.ie. 
 
The correct modelling of localized electrons in d- and f-element systems has been a widely 
discussed topic in materials chemistry, particularly for defective systems. One of the most 
common methodologies used for such systems is that of DFT+U, which contains a correction 
that penalises delocalisation. However, despite its numerous successes, recent studies have 
criticized this approach for not finding the correct electronic ground state. One approach to 
correct this, suggested by Dorado et al. [1-4] for simulating UO2, has been through the use of 
occupation matrices to trial different orbital localizations. However, the work of Dorado et al. 
does not fully account for the cubic set of f-orbitals, nor does it allow for any control of d-
element systems. 

This study details a comprehensive approach of occupation matrix control of d- and f-element 
systems, with both cubic and general f-orbitals included. To demonstrate this we consider the 
orbital (and site) of the d and f electrons with the following systems; 

• d1 systems: a [Ti(CO)6]
3+ cluster and a neutral oxygen vacancy in a 2x2x1 anatase 

TiO2 supercell. 

• f1 systems: a [CeF4]
3+ cluster and a neutral oxygen vacancy in a 2x2x2 CeO2 supercell. 

For d electrons the accessibility of high energy electronic configurations is difficult, with 
systems relaxing to a lower energy state when the occupation matrix control is switched off. 
The method is successful in investigating where the location of the excess electrons are on 
oxygen vacancy formation, finding the split vacancy to be the lowest energy configuration in 
agreement with previous studies. [5] For f electrons, once localised within a specific orbital 
the electronic structure is maintained when the occupation matrix control is turned off 
allowing different orbital and site occupations to be compared. From a practical viewpoint, 
this ease of accessing the different local minima highlights the importance of fully assessing 
f-electron localisations. Overall, this method represents a viable approach to the modelling of 
a range of different electron localisations.  

 

[1] Dorado et al., Phys. Rev. B, 79, 235125 (2009);  
[2] Dorado et al., Phys. Rev. B, 82, 035114 (2010);  
[3] Dorado et al., Phys. Rev. B, 83, 035126 (2011); 
[4] Dorado et al., J. Phys.: Condens. Matter, 25, 333201 (2013); 
[5] B. J. Morgan and G. W. Watson, J. Phys. Chem. C, 114, 2321 (2010). 
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Sweden. 
 
We have studied the fate of H2O molecules on the CeO2(111) surface. Does water want to 
adsorb as an intact molecule – or does it dissociate? We have used quantum-mechanical 
calculations (of the DFT type) to answer this question. 

The adsorption of H2O, both molecular and dissociative, was studied at 4 different coverages 
between 6% and 100%, where 100% refers to one H2O molecule over each cerium atom at the 
surface. At low coverages, the most stable adsorption configuration is a dissociated water 
molecule with an -OH group adsorbed over a Ce4+ ion at the surface and the H atom forming 
a hydrogen bond to a neighbouring O2- ion. Interestingly, at higher coverages (> 25%), the 
most stable adsorption configuration is a molecularly adsorbed H2O molecule. While the 
energy difference between molecular and dissociative adsorption is small (5 kJ/mol) for the 
smaller coverages, molecular adsorption is strongly favoured at full coverage (by 30 kJ/mol). 

At full coverage, we also considered the possibility of mixed adsorption with half of the 
molecules dissociating and half remaining intact. We find that such a scenario is feasible and 
leads to a 10 kJ/mol stabilisation per H2O molecule when compared to the most stable 
molecularly adsorbed H2O. Our calculations thus predict that CeO2(111) surfaces will not be 
completely hydroxylated when exposed to H2O. Instead, there will be a mixed adsorption 
layer with alternating molecular and dissociated water molecules on the surface. 
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The oxygen evolution reaction is an important reaction seen from a sustainable energy point 
of view especially in water electrolysis. Due to the four step reaction mechanism  the 
optimization of catalysts is difficult. Additionally, a universal scaling between two key 
adsorbates (OH and OOH) exist and this scaling dictates that even the best oxide will have a 
significant overpotential [1].  

One of the best catalysts for oxygen evolution is RuO2 and DFT calculations correctly 
predicts that RuO2 is close to being an optimal catalyst when the universal scaling is taken 
into account. There are still significant challenges as RuO2 is both expensive and unstable in 
acidic solution and therefore not suitable for large scale industrial applications. Other 
suggested materials for acidic water electrolysis suffer from the similar drawbacks or are not 
active enough. 

As oxidized metal surfaces [2], pure oxides, perovskites [1] and doped TiO2 [3] surfaces have 
been investigated thoroughly, other mixed oxides are the next logical step to investigate in 
order to enhance activity and improve stability. 

Due to the very oxidising environment only oxides are considered to be stable candidates for 
the oxygen evolution but oxides exhibit very different electronic properties which has to be 
taken into account when designing catalysts. 

 

[1] Man, I.C., et al., ChemCatChem, 3, 1159, (2011). 
[2] Rossmeisl, J., et al., Chemical Physics, 319, 178, (2005). 
[3] García Mota, M., ChemCatChem, 3, 1607, (2011). 
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Italy 
 
ZnO is a wide band gap semiconductor (Eg ̴ 3.37 eV at 300 K), with large exciton binding 
energy (60 meV) and high mobility [1]. Thanks to its properties, nanostructured ZnO has 
proved to be a promising material for many applications from catalysis to photovoltaics. 
Additionally combination of semiconducting oxide with noble metal nanoparticles, that 
sustain localized plasmon resonances, can enhance light absorption and greatly improve 
photocatalytic activity [2]. 

With this purpose in mind this study focuses on ZnO metal/oxide model systems in order to 
deepen the comprehension of the physical mechanisms at the atomic level of oxide surfaces 
and interfaces. Nanostructured ZnO films have been grown on metal substrate by molecular 
beam epitaxy in UHV and the influence of parameters, like oxygen pressure, deposition rate 
and temperature treatments on surface morphology and stoichiometry have been determined 
by using Scanning Tunneling Microscopy (STM) and X-Ray Photoemission Spectroscopy 
(XPS). ZnO grows with a large number of oxygen vacancies that produce a sub- 
stoichiometric oxide, while annealing at high O pressure improves the oxide quality and 
modify the surface morphology. 

Additionally Ag nanoparticles have been thermally evaporated on ZnO(10-10) surface. Self- 
assembly and size distribution of the metal nanoparticles have been investigated with the 
previous mentioned techniques and have been correlated to electronic properties and the 
optical response of the system by using Electron Energy Loss Spectroscopy (EELS). 

 

[1] Ü. Özgur et al., J.Appl.Phys. 98, 041301 (2005) [2] S. Linic et al., Nat. Mater. 10, 911 (2011) 
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In complex ceria-based catalysts, metal atoms and particles interact with ceria substrates of 
varying shape, size, and composition.1 These features set the stage for their interaction with 
the Pt atoms and particles leading to different coordination, binding energies, oxidation states, 
and degree of dispersion/agglomeration. As a result, the catalytic activity of Pt sites is 
affected, thus allowing the opportunity to obtain tailored chemical properties by controlling 
the structure of ceria substrates.2,3 

By means of Density Functional calculations, we have studied the interaction of Pt atoms and 
particles with ceria in various forms, namely, with the (111) and (100) extended surfaces and 
with ceria nanoparticles of different sizes. Our findings highlight the very heterogeneous 
nature of the Pt-CeO2 interaction, which could possibly explain the broad applicability of 
these systems for catalytic purposes. 

 
 

Figure: Illustration of hypothetical ceria substrate, which is rarely homogeneous, usually involving extended 
surfaces and nanostructured particulates leading to diverse interactions with Pt. 

 
(1)  Trovarelli, A.; de Leitenburg, C.; Boaro, M.; Dolcetti, G. Catalysis Today 1999, 50, 353–367.  
(2)  Vayssilov, G. N.; Lykhach, Y.; Migani, A.; Staudt, T.; Petrova, G. P.; Tsud, N.; Skála, T.; Bruix,    
       A.; Illas, F.; Prince, K. C.; Matolín, V.; Neyman, K. M.; Libuda, J. Nature Materials 2011, 10,  
       310–315.  
(3)  Bruix, A.; Rodriguez, J. A.; Ramírez, P. J.; Senanayake, S. D.; Evans, J.; Park, J. B.; Stacchiola,  
       D.; Liu, P.; Hrbek, J.; Illas, F. Journal of the American Chemical Society 2012, 134, 8968–8989.  
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Adsorption induced electronic property changes determine the performance of nanostructured 
transparent conductive oxides and sensor materials. For the study of O2 adsorption on electron 
rich In2O3−x nanoparticles we used transmission FT-IR spectroscopy in combination with 
electron paramagnetic resonance (EPR). The reversible emergence and annihilation of 
conduction band electrons is subject to O2 adsorption and was tracked at different oxygen 
pressures via IR active Drude absorptions. Corresponding results were related to EPR 
measurements that were performed under identical experimental conditions. For the first time 
we identified a weak adsorption complex between O2 and the surface of In2O3−x nanoparticles 
in the temperature range between T = 90 K and T = 298 K. Complementing and supporting 
our FT-IR observations this evidence opens the way to study sensing relevant adsorption 
processes at room temperature with spectroscopy. 
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The outstanding catalytic properties of cerium oxides, and, consequently, the broad use in 
heterogeneous catalysis rely on the easy Ce3+ ↔ Ce4+ redox conversion, which involves not 
only electron hopping but also oxide ions diffusion across the network. In this work, electron 
polaron hopping is described according to the two-state model of Marcus as formulated for 
polaronic systems. The most important parameters required to describe the process, i.e. 
activation energy ∆G, reorganization energy λ, and the electronic coupling matrix element 
VAB, have been computed for bulk CeO2 and (111), (100), and (110) surfaces using both 
periodic and cluster models. 

Ion migration and charge redistribution in reduced CeO2 (111) surfaces have been then 
analyzed by means of DFT+U calculations. A lowering in the activation energy for polaron 
hopping is observed, while the presence of Ce3+ modifies and increases the barrier for oxygen 
migration. These results suggest a correlation between electron mobility and oxygen ion 
transport. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. A) Localized electron density. B) Polaron hopping in presence of a vacancy. C) Reaction path of the 

(FM) spin density for oxygen migration from in defective CeO2 (111) surface. 
 
Reference: 
Plata, J.J.; Márquez, A.; Sanz J.F. J. Phys. Chem. C 2013, 117, 14502-14509. 
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Rare-earth oxides (REO) exhibit a huge potential for applications in various industrial areas, 
including, e.g., microelectronics, heterogeneous catalysis, and sensing. Their rich physical 
and chemical materials properties are a direct consequence of the unfilled 4f electron shell, 
which gives rise to strongly localized states in the valence region. Of particular interest are 
mixed REOs since they hold great promise for allowing a fine-tuning of the materials 
characteristics. However, the future goal of achieving intentional synergistic effects by a 
rational materials design requires a deep understanding of the electronic and chemical 
properties of both the individual compounds and the composite material. Here, we apply hard 
X-ray photoemission spectroscopy (HAXPES) to probe the electronic structure of deep core 
levels and the respective oxidation states for cerium oxide, praseodymium oxide, and the 
combined mixed oxide. 

By rigorously comparing with the results gained from analyzing the more established Ce3d 
and O1s levels for cerium oxides exhibiting different stoichiometries, we show that the 
average oxidation state of mixed cerium oxide can accurately be determined using a linear 
combination of Ce3d spectra representative of the pure Ce3+ and Ce4+ phases. Furthermore, 
this approach is also employed to prove the linear relation between the u′′′ satellite peak 
intensity of the Ce4+ phase and the Ce4+ concentration by proper inclusion of Ce3+-related 
plasmon satellite peaks, contradicting previous claims of non-linear behavior. Exploiting the 
full knowledge of the sample composition, we are then able to characterize the thus-far 
unexplored Ce2p region [1] and show that in this case the oxidation state may reliably be 
obtained from conventional peak fitting. Following a similar procedure, we also study the 
Pr2p electron configuration depending on oxidation state and thereby establish the Pr2p 
region as a novel means for quantifying the stoichiometry of mixed praseodymium oxide. 
Finally, HAXPES depth profiling performed by monitoring of both Ce2p and Pr2p core levels 
is employed to characterize the reduction and decomposition of CexPr1-xO2-δ mixed oxide 
upon thermal heating. Interestingly, both cerium and praseodymium ions are seen to convert 
from the initial 4+ to the 3+ oxidation state at temperatures significantly lower than in the 
case of the respective solitary binary oxides. This enhanced reduction is accompanied by a 
phase separation, in which the cerium ions segregate to the surface. 

 

[1] A. Allahgholi, J. I. Flege, S. Thieß, W. Drube, and J. Falta, in preparation. 
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The unique catalytic properties of ceria for the partial hydrogenation of alkynes are examined 
for acetylene hydrogenation on CeO2(111). Kinetic tests over polycrystalline CeO2 at 
different temperatures and H2/C2H2 ratios reveal ethylene selectivities in the range of 75-85% 
at high degrees of acetylene conversion and hint at the crucial role of hydrogen dissociation 
on the overall process. Density-functional theory is applied to investigate reaction 
intermediates and calculate the enthalpy and energy barrier for each elementary step, taking 
into account different adsorption geometries and the presence of potential isomers of the 
intermediates. At high hydrogen coverage, β-C2H2 radicals adsorbed on-top of surface oxygen 
atoms are the initial reactive species forming C2H3 species effectively barrierless. The high 
alkene selectivity is owed to the lower activation barrier for subsequent hydrogenation leading 
to gas-phase C2H4 than that for the formation of β-C2H4 radical species. Moreover, 
hydrogenation of C2H5 species, if formed, must overcome significantly large barriers. 
Oligomers are the most important byproduct of the reaction and they result from the 
recombination of chemisorbed C2Hx species. These findings rationalize for the first time the 
applicability of CeO2 as a catalyst for olefin production and broaden the use of this 
fascinating metal oxide for the hydrogenation of polyunsaturated and polyfunctionalized 
substrates containing triple bonds. 
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Oxide ultra-thin films can be formed under reaction conditions on active metals used in 
heterogeneous catalysis and alter considerably the catalytic activity of the metal phase. For 
example, Pt nanoparticles encapsulated by iron oxide film are more active than the bare 
Pt(111) surface under the same conditions and a similar activity has been reported for FeO 
layers grown on Pt(111) [1-3]. The proposed reaction mechanism involves oxygen 
incorporation by the FeO film in oxygen rich-conditions with formation of FeO2 islands 
which easily react with CO [1,2,4,5].  

In the present study we report computational results on oxygen adsorption and extraction 
characteristics obtained for a realistic model of the Pt(111)-supported FeOx ultra-thin film [6]. 
Derived directly from the experimental results, the model enables a coherent analysis of the 
activity towards oxygen at a large variety of sites, ranging from FeO and FeO2 oxide terraces 
to different oxide/metal and oxide/oxide boundaries. We show that the trends in calculated 
adsorption and desorption energetics are to a large extent specific to the small thickness of the 
supported oxides, and are mainly driven by the electron exchange with the underlying metal 
substrate. The thorough mapping of the activity of different local surface environments 
enables the identification of the sites, which are most likely responsible for the observed low-
temperature activity of FeOx/Pt films in CO oxidation.  Beyond the oxide/metal boundaries 
known for their larger activity compared to the separated materials, we find that also the sites 
at boundaries between the co-existing oxide phases of different composition can easily adsorb 
and release oxygen. 

 

[1] Y. N. Sun, Z. H. Qin, M. Lewandowski, E. Carrasco, M. Sterrer, S. Shaikhutdinov, H.-J. Freund, J.  
     Catal. 266, 359 (2009). 
[2] Y. N. Sun, L. Giordano, J. Goniakowski, M. Lewandowski, Z. H. Qin, C. Noguera, S. Shaikhutdinov,  
     G. Pacchioni, H.-J. Freund, Angew. Chem. Int. Ed. 49, 4418 (2010).  
[3] M. Lewandowski, Y. N. Sun, Z. H. Qin, S. Shaikhutdinov, H.-J. Freund, Applied Catalysis A: General  
     391, 407 (2011). 
[4] M. Lewandowski, I. M. N. Groot, S. Shaikhutdinov, H.-J. Freund, Catal. Today 181, 52 (2012). 
[5] L. Giordano, M. Lewandowski, I. M. N. Groot, Y.-N. Sun, J. Goniakowski, C. Noguera, S.  
      Shaikhutdinov, G. Pacchioni, H.-J. Freund, J. Phys. Chem. C 114, 21504 (2010). 
[6] L. Giordano, G. Pacchioni, C. Noguera, J. Goniakowski, accepted ChemCatChem (2013). 
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Ultrathin oxide films prepared on conducting metal substrates have become a common area of 
study as a way of studying insulating oxides and also in order to investigate novel 
nanostructures and so called “inverse model catalysts”. In this poster we present some of our 
recent work in forming ultrathin films of rutile TiO2(110) on W(100). The (110) surface of 
rutile TiO2 has become a prototypical metal oxide surface due to the numerous important 
industrial applications of titania (e.g. light-harvesting, heterogeneous catalysis and corrosion 
control). Although there is a large body of work in the literature regarding the (110) and other 
surfaces of single-crystal rutile TiO2, the surfaces of ultrathin TiO2 films have so far received 
less attention. One particular driving force for the formation of well-ordered films is the 
ability to use non-surface sensitive techniques such as electron paramagnetic resonance (EPR) 
or resonant inelastic x-ray scattering (RIXS) to probe just the near-surface region, of which 
such films consist entirely. 

We have prepared well-ordered TiO2(110) oriented films with varying thicknesses (1- 5 nm) 
on W(100) and characterised their structure in LEED and STM. A typical STM image of a 
~3.5 MLE rutile TiO2(110) film is shown in Figure 1A, consisting of separate islands of the 
oxide with lateral dimensions ~20 nm and heights ~2 nm. An atomically resolved empty 
states STM image is shown in Figure 1B and displays very similar contrast to that observed 
on the single crystal. Point defects such as surface oxygen vacancies or hydroxyls (example 
highlighted) can be identified and their behaviour probed, a key step in understanding whether 
such films are accurate models for the single crystal surfaces. 

 
 

 

 

 

 

 

 

Figure 1. STM images (Vs = +1.2 V, It = 0.1 nA) of 3.5 MLE rutile 
TiO2(110)/W(100): (A) Large-scale image of the TiO2 islands (400 × 400 nm2) (B) 
Atomically resolved, empty-states image of the TiO2(110) (12 × 12 nm2) A point 
defect (surface oxygen vacancy or hydroxyl) is highlighted. The bright lines running 
along [001] correspond to the Ti5c rows. 
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Rutile TiO2 is considered to be a model oxide in reductive reactions of organic species.  It has 
previously been shown that it can be used to reduce formaldehyde to ethylene using 
temperature-programmed desorption.  In this case, oxygen vacancies caused by annealing was 
key in order for this reduction to occur[1].  Recently, it has been shown that oxygen vacancies 
on step edges can contribute significantly to the reduction of ethanol[2].  Using density 
functional theory implemented by GPAW the adsorption modes of formaldehyde on a flat 
TiO2(110)-(1x1) edge both with and without the most favourable oxygen vacancy[3] will be 
explored and the reduction to ethylene will be discussed. 

 

[1] L. Guangquan, A. Linsebigler, and J. T. Yates, Jr., J. Phys. Chem. 98, 11733(1994). 
[2] U. Martinez, J. Ø. Hansen, E. Lira, H. H. Kristoffersen, P. Huo, R. Bechstein, E. Lægsgaard, 
      F. Besenbacher, B. Hammer, and S. Wendt, Phys. Rev. Lett. 109, 155501(2012). 
[3] U. Martinez, L. B. Vilhelmsen, H. H. Kristoffersen, J. Stausholm-Møller, and B. Hammer, Phys. Rev. B 

84, 205434(2011). 
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Cu/ZnO catalysts are used in industry to catalyze methanol synthesis and the water-gas shift 
reaction. It has been suggested that the morphology of the Cu particles influences the catalytic 
activity. For this reason, understanding and possibly controlling the growth of Cu particles on 
ZnO is of great interest. 

This contribution has two messages: (i) as Cu adatoms diffuse across the ZnO(10-10) surface, 
their oxidation state repeatedly switches, and (ii) in order to accurately model the adsorption 
of the positively charged Cu species in a supercell, a “band-filling correction” is needed. 

We recently studied the migration of two Cu atoms on the ZnO(10-10) surface and the forma- 
tion of a Cu dimer using hybrid density functional theory [1]. We found that, depending on 
the adsorption site, Cu atoms adsorb with either oxidation state 0 or +1. In the latter case, the 
Cu atom has donated an electron to the ZnO conduction band. Single Cu atoms diffuse across 
the ZnO(10-10) surface with small migration barriers (0.3-0.4 eV), repeatedly switching their 
oxida- tion states. The formation of a Cu dimer from two adsorbed Cu atoms is energetically 
favorable with two competing structures of similar stability, both being charge neutral. 

We have subsequently studied the coverage dependence of the Cu/ZnO adsorption energy 
(Eads) in detail, and found that due to the charge transfer between Cu and ZnO it is necessary 
to invoke a correction scheme to calculate accurate Eads values in the low-coverage limit. The 
calculated adsorption energy of the Cu(+) species is highly coverage dependent, which could 
pos- sibly be attributed to electrostatic repulsion between the positively charged Cu species, 
but also to the "filling-up" of the ZnO conduction band that occurs as a result of the charge 
transfer from Cu to ZnO. We propose a simple method, the band-filling correction, to 
calculate Eads in the low-coverage limit from calculations performed for finite coverage [2]. 

 

 

 

 

 

 

 

[1] Hellström, M., Spångberg, D., Hermansson, K., Broqvist, P. Phys. Rev. B, 86:235302, 2012. 
[2] Hellström, M., Spångberg, D., Hermansson, K., Broqvist, P. J. Chem. Theory Comput., Article 
ASAP DOI: 10.1021/ct400645v. 
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We perform non-equilibrium density functional tight binding (DFTB)-based molecular 
dynamics (MD) simulations of the motions of the formic acid molecule (HCOOH) before and 
up to its dissociative adsorption on the reduced rutile TiO2 (110) surface with oxygen 
vacancies, and also of its fragments after the dissociation. Additionally we utilize the 
Climbing-Image Nudged Elastic Band (CI-NEB) method, geometry relaxation and total 
energy calculations at a more rigorous density functional theory (DFT) level to elucidate 
specific questions, e.g. we validate the DFTB method used in the simulations by comparing 
the geometries of some adsorption configurations and their energies of to the ones from 
standard DFT and DFT+U. We identify a new adsorption configuration and highlight the role 
of hydrogen bonds for the molecule movement. Furthermore, we study with DFTB, DFT, and 
DFT+U some transitions between configurations of the adsorbed fragments and compared the 
results with previous work. In particular we explore the formation mechanism of 
configurations occupying oxygen vacancies under different conditions. Altogether this 
demonstrates the usefulness of the DFTB method when combined with some verification with 
standard DFT. 

 

[1] M. Aizawa et al., J. Phys. Chem. B 109, 18831 (2005). 
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Recently, much attention has been paid to produce a novel oxide ultra-thin layer from metal 
thin films by direct laser-induced oxidation processes. A surface oxidation process is possible 
to occur, among other circumstances, when metals and alloys are treated by laser radiation in 
air. The oxide layer formed can change the surface composition, microstructure, and 
properties of the treated material. Besides mechanical and corrosion properties, the formation 
of oxide layers can affect some optical properties and surface absorption of the materials. 
Laser surface oxidation involves rapid melting, intermixing and solidification of the pre-
deposited elements and co-deposited oxygen, to form a reaction zone confined only in the 
near-surface region. As a consequence, laser surface oxidation may extend the solid solubility 
limit, and result is the appearance of a metastable and novel microstructure. 

Studies of the specific and complex targets, such as multilayered thin films deposited on a 
substrate, are highly desirable, primarily due to the existence of a new, improved properties of 
the target, different from the uniform, bulk material properties. The nickel-based multilayer 
and alloy, the subject of this investigation, possesses extraordinary physico-chemical and 
mechanical characteristics: high corrosion resistance, electrical conductivity, super-elasticity, 
high strength and ductility.  

A study of the effects of laser irradiation on the morphology and composition of Ni/Pd and 
Ni/Ti multilayers is reported. Multilayers of Ni/Pd and Ni/Ti were deposited by dc ion 
sputtering on Si(100) substrates in a single vacuum run. The pulsed laser systems were used: 
nanosecond Er-glass laser (wavelength of 1540 nm, pulse duration 40 ns) and picosecond 
Nd:YAG laser (wavelength of 1064 nm, pulse duration 150 ps). Changes in the chemical 
compositions of the formed surface oxide layers were studied by Elastic Recoil Detection 
Analysis (ERDA), Rutherford backscattering spectrometry (RBS) and X-ray photoelectron 
spectroscopy (XPS). Morphological features of the oxide surface layer were analyzed by 
scanning electron microscopy and profilometry. Laser modification of the as-deposited 
5x(Ni/Pd)/Si and 5x(Ni/Ti)/Si samples with small number of pulses and low fluences induces 
a interaction between the Ni and Pd orTi layers, with initial surface oxidation and formation 
of NiPd and NiTi alloy phases. Progressed intermixing of components was achieved by 
irradiation with more pulses, when all components were quite uniformly distributed to a depth 
of about 80 nm. An oxide layer was formed at the surface, with a specific combination of the 
oxide phases depending on the number of accumulated pulses. The alloy was formed mostly 
within the heat affected zone (HAZ) of the sample. Surface segregation of titanium was 
followed by formation of a 25 nm thin TiO2 film on the surface of the multilayered 
5x(Ni/Ti)/Si structures. Changes in the morphological characteristics are reflected in the 
increase of the mean surface roughness and generation of a certain number of cavities. These 
features are decreased with increasing number of pulses, caused by melting and pronounced 
mobility of the materials. An interesting finding are morphological changes in a large central 
area of the irradiated zone, creation of a regular, parallel ripple structures.  This specific 
nanostructure on the surface can increase the surface activity for a certain number of catalytic 
reactions. 
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Effective low temperature meetigation of soot particulates is one of the most important challanges for 
environmental catalysis. The most active systems until now are based on noble metals. We propose 
noble metal free and comprise of low-cost iron and manganese oxide nanostructured by potassium and 
decorated with other additives (such as CeOx, ZrOx surface clusters, and Ni, Mn, Co bulk dopants) as a 
new promising system. For development of such catalyst the guiding hypothesis consists in 
exploration how the catalytic reactivity can be associated with the work function, surface status of 
potassium and its thermal/chemical electronic excitation into the Rydbeg active states. The main aim 
of this study is to explore the key parameters of the soot oxidation process; the interaction between the 
soot grains and the oxide catalyst (sticking, dearomatization, band structure at the soot-catalyst 
junction, modification of the Fermi level), topology of the soot molecular framework and the influence 
on the Fermi level caused by potassium doping. This approach combining the experimental 
spectroscopic, and electronic properties measurements along with molecular DFT modeling allows for 
establishing the rational principles for designing the optimal soot oxidation potassium iron-oxide 
catalyst.  

Series of potassium ferrites and manganites with varying K:Fe and K: Mn ratio were prepared. The 
samples were thoroughly characterized by several methods including XRD, Mössbauer spectroscopy, 
SEM-EDX, HR-TEM/FIB, XPS, RS, BET. An example of HR image of K(Mn4+,Mn2+)8O16 
(cryptomelane) shown in Figure 1 a with the simualtion. Electronic properties expressed as the 
surface work function were monitored with the use of Kelvin Probe and conductivity measurements. 
The stability and surface state of potassium was investigated by the Species Resolved Thermal Alkali 
Desorption. Soot combustion catalytic activity (loose and tight contact) was determined by 
temperature programmed and isothermal oxidation, carried out with the 1:1, 1:4 and 1:8 catalyst/soot 
ratios. The cluster DFT modelling was performed using Dmol3 program package (Materials Studio of 
Accelrys Inc) with a rPBE GGA-type functional and a double-numerical basis with polarization 
functions (DNP). Corresponding transition states were located using a LST/QST guess followed by 
BFGS refinement. Unrestricted open-shell singlet and triplet pathways were calculated for the O2 
metathesis by the C-C bond, and the crossing was modeled by means of the broken-symmetry 
approach. 

 

 
 
 

Figure 1. a) HR image of (cryptomelane) (right) and its simulation with the ball and stick structure 
superimposed (left) b) The correlation of catalytic activity (ignition temperature) and electronic properties (work 
function) for the investigated iron-oxide-based catalysts. 
 
Strong correlation of the catalytic activity of K-Fe-O systems with the work function value was 
observed (Figure 1 b). The nanostructuration of iron oxide by potassium into tunnelled and layered 
forms, together with the surface decoration by ceria lead to dramatic lowering of work function 
resulting in substantial increase in catalytic activity. It is proposed that the enhanced electron 
availability is beneficial for the generation of the surface reactive oxygen species initializing 
combustion process. The soot activity strongly depends not only on the hybridization of the carbon but 
also on the local topology of soot termination. It was also found that the catalytic activity can be 
boosted by high electronic excitation (Rydberg states) of potassium promoter.  
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Ceria attracts a lot of attention due to its usage in catalysis and energy technologies. Probably 
the most important features of ceria, high oxygen storage capacity and facile oxygen release, 
could be greatly amplified by nanostructuring. Steps on nanoislands, formed upon annealing, 
are elements of such a nanostructure,[1] which were shown to have unique properties, for 
example, the ability to dissociate water.[2]  

In this work, by combining Density Functional Theory calculations and Scanning Tunnelling 
Microscopy (STM) experiments we determine geometric and electronic structure of three 
types of steps as well as their energies. Electronic structures of type I and type III steps 
feature split-off states, which manifest themselves in experimentally measured differential 
conductance curves. These states appear due to the effect of missing O anions on the steps 
and make steps appear bright in STM.[3] The energies of the split-off electronic states are 
governed by dipole moments inherent to the step structures. To investigate the stabilities of 
the steps, we have devised two new methods to derive step energies from electronic structure 
calculations, which are more accurate and computationally efficient than the existing one.[4] 
Results of all three methods agree with each other and also with the experimental results.  

To conclude, steps on CeO2(111) present an interesting system for model studies of ceria 
activity because of the following: 1) similar to nanoparticulate systems they feature 
undercoordinated O and Ce ions; 2) geometric and electronic structures of steps on CeO2(111) 
were thoroughly characterized; 3) the emergence of a specific step type on CeO2(111) may be 
tuned by the annealing temperature. 

 

[1] S. Torbrügge, M. Cranney, M. Reichling, M. Appl. Phys. Lett. 93, 073112 (2008). 
[2] Y. Lykhach, V. Johánek, H. A. Aleksandrov, S. M. Kozlov, M. Happel, T. Skála, P. St. Petkov, N.      
      Tsud, G. N. Vayssilov, K. C. Prince, K. M. Neyman, V. Matolín, J. Libuda, J. Phys. Chem. C 116,  
      12103 (2012). 
[3] N. Nilius, S. M. Kozlov, J.-F. Jerratsch, M. Baron, X. Shao, F. Viñes, S. Shaikhutdinov, K. M. 
      Neyman, H.-J. Freund, ACS Nano, 6, 1126 (2012). 
[4] S. M. Kozlov, F. Viñes, N. Nilius, S. Shaikhutdinov, K. M. Neyman, J. Phys. Chem. Lett. 3, 1956 
     (2012). 
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Ceria has promising properties to be used as a catalyst, an active support for catalysts and an 
ionic conductor. It finds applications in a wide range of energy related technologies from fuel 
cells to automotive catalysis. The key to technologically attractive properties of CeO2 is its 
low formation energy, Ef, of O vacancies, Ovac. Notably, reducibility of ceria may be even 
further decreased by nanostructuring [1,2].  

Here we investigate computationally the decrease of Ef on CeO2(111) surface nanostructured 
by steps, atomic arrangements of which were recently characterized experimentally [3]. We 
employ sufficiently big ~1.2 × 1.8 nm slab supercells, in which thousands of feasible Ovac + 2 
Ce3+ configurations can be formed upon reduction. This makes the search for the most stable 
Ovac structure and the lowest Ef on a given step type a formidable task. To facilitate the 
search, we used an efficient computational scheme where DFT+U calculations are preceded 
by prescreening based on the results of pristine DFT calculations. This allowed us to find the 
lowest Ef for each step with > 97 % probability without relying on chemical intuition (Figure 
1). The prescreening procedure can be used in any DFT+U computational study of CeO2 (and 
potentially any reducible oxide).  

In this work, Ef on the steps was calculated to be up to 0.65 eV lower than on CeO2(111), 
suggesting a significant increase of oxygen mobility in ceria surface structures upon 
annealing. In the most stable configurations Ce3+ ions were found to be located in the first and 
the second coordination spheres of the O vacancies. However, in certain very stable Ovac + 
2Ce3+

 configurations the reduced Ce ions were calculated to be located not on the surface, but 
in the subsurface (fifth atomic) layer.  

 

 

Figure 1. The most stable Ovac + 2 Ce3+ configurations on steps on CeO2(111). 
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 [2] A. Migani, G. N. Vayssilov, S. T. Bromley, F. Illas, K. M. Neyman, J. Mater. Chem., 20, 10535 
(2010). 

 [3]  N. Nilius, S. M. Kozlov, J.-F. Jerratsch, M. Baron, X. Shao, F. Vines, S. Shaikhutdinov, K. M. 
Neyman, H.-J. Freund, ACS Nano, 6, 1126 (2012). 
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Solar-driven water splitting is a key photochemical reaction in solar fuel production.[1] In 
nature, water oxidation occurs in Photosystem II, containing a CaMn4O4 cluster as the active 
site.[2] To mimic the function of this protein complex, an amorphous cobalt-phosphate 
catalyst (Co-Pi) has been recently reported to efficiently promote water splitting.[3] 

The general problem to investigate the reaction thermodynamics of Co-based catalysts form 
the computational point of view is that the standard local density (LDA) and gradient 
corrected (GGA) approximations used in DFT often fail to describe the electronic properties 
of transition metal oxides. For the case of extended crystalline Co3O4 surfaces, this issue has 
been analyzed in detail by Chen and Selloni, who combined GGA, hybrid PBE0 functionals 
and DFT+U approaches and proposed specific values of the U parameter for the Co2+ 

and 
Co3+ 

ions (4.4 and 6.7 eV, respectively).[4] 

Much less information is instead available for the Co-oxide clusters and nanoparticles that are 
at the core of the Co-Pi catalyst, which currently lacks an established structural model of its 
complex amorphous structure. X-Ray Absorption Spectroscopy (XAS) measurements 
proposed crystallites comprising edge-sharing CO6 octahedra, corner- and face-sharing 
cubane units.[5] The stability of interconnected cubane units was also predicted by our recent 
theoretical work.[6] 

Based on the proposed structures of the Co-Pi we have chosen a minimal functional model of 
the catalyst and study the water oxidation reaction to benchmark the calculated energetics. 
Our coupled cluster quantum-chemistry calculations on model surface sites allow us to 
establish the accuracy of the most popular exchange and correlation approximations in DFT. 
We show that hybrid B3LYP and PBE0 calculations can reproduce the CC reaction 
energetics, while plain GGA approaches lead to very important discrepancies. Our study 
demonstrates that although the DFT+U approach allows for capturing the correct electronic 
and structural properties of CoO nanoparticles, this method cannot reproduce the reference 
CC reaction energetics. We identify an optimal value of the parameter U (U=4 eV) that 
substantially improves the GGA energetics and discuss the main limitations of this 
approach.[7] 

[1] N. S. Lewis et al., PNAS 103, 15729 (2006). 
[2] K. N. Ferreira et al., Science 303, 1831 (2004). 
[3] M. W. Kanan et al., Science 321, 1072 (2008). 
[4] J. Chen et al., Phys. Rev. B 83, 245204 (2011). 
[5] M. W. Kanan et al., J. Am. Chem. Soc. 132, 13692 (2010).  
[6] X. L. Hu et al., ACSNano 6, 10497 (2012). 
[7] K.Kwapien et al., J. Phys. Chem. Lett., submitted. 
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This poster presentation introduces the new DFG Research Unit FOR1878 “funCOS” at the 
University Erlangen-Nuremberg and summarizes first experimental and theoretical results. 
The unit starts its activities in November 2013 and will be funded for up to 6 years.�In spite 
its application potential, the current understanding of molecule oxide interfaces is poor at the 
atomic level. Whereas the surface science approach to functional organic molecules on metals 
has provided a wealth of knowledge on bonding mechanisms, energetics, kinetics, and 
structure formation, organic oxide interfaces have remained largely unexplored; a situation 
which denote as the ‘materials gap’ in organic thin film science. funCOS aims at overcoming 
this gap and at providing the fundamental knowledge required for the design of tailor-made 
functional organic films on oxide surfaces. 

We will follow a purely knowledge-driven strategy, based on a rigorous surface-science 
approach. A team of 15 research groups in experimental and theoretical surface and interface 

science will aim at providing chemical 
toolboxes and general design principles 
to tailor complex organic/ oxide 
interfaces. A library of prototype oxides 
(MgO, TiO2, Co3O4) and a library of 
functional organic molecules 
(tetrapyrroles) are defined as research 
targets. Exemplifying bonding and 
structure formation with these prototype 
examples, funCOS will aim at a 
fundamental understanding and at 
general concepts. A molecular level 
picture will be derived showing (i) how 
organic molecules bind to atomically 
well-defined oxide surface sites, (ii) 
how selectivity can be achieved in 
molecular binding to oxides, (iii) how 
to balance the energetics and to control 
organic film growth on oxides, (iv) how 
to control the kinetics of structure 
formation and ordering, and (v) how to 
control physicochemical properties and 
structure-property relationships.As we 
expect strong synergies with the present 
COST action we will actively support 
information exchange and cooperation 
activities with COST partners. 
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Introduction 

Reforming of methane with CO2, known also as dry reforming (DRM), is a convenient and 
feasible process to produce synthesis gas and at the same time to remove two powerful 
greenhouse gases, like CO2 and CH4, from the environment. Ni has been studied extensively 
and successfully used for DRM, however, coke formation is severe causing fast deactivation. 
Selective doping of Ni high-activity sites provides a valid method to retard coke poisoning. 
Au or Pt can modify the catalytic activity and stability of nickel-based catalysts significantly 
[1]. 

In the present work, the catalytic activity of Ni-Au/Pt bi- and trimetallic catalysts supported 
over Al2O3 and over CeO2 or MgO-doped Al2O3 has been evaluated in the DRM reaction. 

Results and Discussion 

The conversion of CH4 and CO2 as a function of the temperature for two selected catalysts, 
Ni/Al2O3 (labeled as NiAl) and the trimetallic Ni-Au-Pt/Al2O3 (labeled as NiAuPtAl) has 
been explored. At temperature between 400-500 °C there is no activity in the case of the 
NiAl, while 20% of CH4 conversion and CO2 conversion values even higher than 20% were 
registered over the NiAuPtAl catalyst at 500 °C. Such trimetallic catalyst, NiAuPtAl, 
maintained superior catalytic performance in the range of temperature investigated (400-800 
°C) and as well during long-term stability tests at 750 °C for 24 h. A more pronounced 
deactivation was observed for NiAl. Such preliminary investigations suggest that the addition 
of both Au and Pt can promote the catalytic activity and stability of Ni-based catalysts. 

 

References: [1] M. Garcia, I.S. Pieta, M.C. Herrera, M.A. Larrubia, L.J. Alemany, J. Catal. 270    
                            (2010) 136. 
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Ceria (CeO2)-supported heterogeneous catalysts exhibit a remarkable activity and selectivity 
in many chemical processes, which has opened exciting perspectives in catalysis research. 
The superior performance of ceria is mainly associated with the easy conversion between the 
Ce3+ and Ce4+ oxidation states [1]. In addition, ceria usually enhances the catalytic properties 
of late transition metals. Recent work has proven the high activity and stability of Ni-CeO2 
systems for the water-gas shift (WGS) reaction (CO+H2O→CO2+H2) at small Ni coverages 
[2]. The strong support-metal interaction experienced by Ni1 adatoms compared to larger 
metal clusters explains the observed chemical properties and catalytic performance of these 
systems towards CO oxidation [3], although the full WGS mechanism is yet unclear. In 
general, a bifunctional mechanism is assumed where CO adsorbs on the metal and oxygen 
vacancies on the ceria surface act as active sites for water dissociation [2,4], which is believed 
to be the limiting step of the whole WGS process. Nevertheless, we show here that this is not 
necessarily the case, since the dissociation of water on top of ceria supported Ni1 adatoms is 
comparable easy as on the reduced support. The oxide support will play an indirect role in the 
catalytic process by modifying the chemical activity of the nickel. 

 We studied Ni1/CeO2(111) and Ni4/CeO2(111) model catalysts employing density-functional 
theory (DFT) with the DFT+U approach and compare with Ni(111) and CeO2(111). We 
showed that the C−O bond strength follows the trend: 
Ni(111)<Ni4/CeO2(111)<Ni1/CeO2(111) [3], which provides an explanation of the Ni 
coverage dependence reported for the CO methanation reaction on Ni/CeO2(111) catalysts 
and its high efficiency for the WGS reaction at small Ni coverages [2]. In addition to CO 
oxidation, we have also investigated the dissociation of water on these systems. Our findings 
reveal that Ni1/CeO2(111) is a better candidate to carry out the water dissociation step than 
reduced CeO2(111) as previously thought. In particular, we put forward the idea that water 
dissociation on surface oxygen vacancies on CeO2(111) results in too strongly bound OH 
species not available to form WGS reaction intermediates, whereas OH species produced 
upon water dissociation on the Ni1/CeO2(111) system are less strongly bound and readily 
available to continue the WGS reaction pathway. 

[1] A. Trovarelli, Catal. Rev.: Sci. Eng. 38, 439 (1996). 
[2] S. D. Senanayake, J. Evans, S. Agnoli, L. Barrio, T.-L. Chen, J. Hrbek, and J. A. Rodríguez, Top.  
      Catal. 54, 34 (2011). 
[3] J. Carrasco, L. Barrio, P. Liu, J. A. Rodríguez, and M. V. Ganduglia-Pirovano 117, 8241 (2013). 
[4] J. A. Rodríguez, J. C. Hanson, D. Stacchiola, and S. D. Senanayake, Phys. Chem. Chem. Phys. 15, 
      12004 (2013). 
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Titania (TiO2) nanoparticles are of great interest for a variety of applications such as 
photocatalysis and solar cells [1]. To understand their optical and electronic properties, one 
must study their electronic and atomic structure. TiO22 nanoparticles have previously been 
studied using density functional theory (DFT) and the self-consistent tight-binding approach 
[2]. Although these simulations provide useful information, they are computationally 
expensive. It is thus difficult to carry out global optimization and the size of simulated 
particles is rather limited. We will use the less expensive Second-Moment Tight-Binding Qeq 
model (SMTB-Q) [3], which is based on a tight binding description of oxides. The 
equilibrium charges are determined by a self consistent charge equilibration following the 
QEq approach. The QEq formalism allows atomic charges to vary in response to changes in 
the local environment of ions, which is a significant improvement over fixed-charge shell- 
model. In the SMTB-Q model, the iono-covalent metal-oxygen bond is described by means of 
the tight-binding formalism, which takes into account the electronic structure of the oxide in 
contrast to other variable-charge models. This model has been adjusted for TiO2 and is able to 
reproduce bulk lattice parameters, cohesive energy, elastic properties as well as the surface 
energies [3]. As a first step, we will compare the structures and energies of nanoparticles 
simulated using the SMTB-Q model with the one obtained from first principle calculations. 
We will then carry out global optimization of particle structures having up to a few thousand 
atoms. We will, in particular, focus our attention on studying the role of the charge transfer in 
the clusters. 

[1]  P. V. Kamat, J. Phys. Chem. C, 115, 2244, (2011).  
[2]  A. S. Barnard et al., Phys. Rev. B. 73, 205405 (2006).  
[3]  R. Tétot et al., Surf. Sci. 616, 19 (2013). 
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CuOx/CeO2 is a catalyst interesting for various processes involved during production-
purification of hydrogen generated from hydrocarbons or biomass feedstocks. In particular, it 
shows promising characteristics for reactions involving CO oxidation like the water-gas shift 
(WGS) and preferential oxidation of CO (CO-PROX) [1,2]. Their catalytic properties for such 
processes have been shown to depend strongly on the characteristics of the interface formed 
between the two oxide components [1,2]. Accordingly, we have found recently important 
catalytic differences for CO-PROX as a function of the face exposed in the CeO2 [3]. 

Within this context, the present work examines the reduction properties under CO of two 1.0 
wt.% Cu catalysts supported on CeO2 in the form of nanospheres (exposing mainly most 
thermodynamically stable (111) surfaces) and nanocubes (exposing (100) surfaces), 
respectively [3]. For this, the catalysts subjected to treatment under diluted CO between room 
temperature and 300 oC are examined by XPS spectra in gas environment obtained at ISISS 
station of the BESSY II synchrotron in Berlin. In parallel, similar experiments were 
performed by DRIFTS. In any case, gases evolutions were analysed on-line by MS. 

Important charging effects disallow extracting details in the synchrotron-XPS spectra of the 
samples in their initial oxidised states (after thermal pretreatment under diluted oxygen). Such 
initial condition was examined separately with a laboratory XPS equipment provided with 
electron gun which shows that both catalysts start from fully oxidised states in the two 
components (CuO and CeO2). Partial reduction of the catalysts under CO at T > 60 oC allow 
diminishing the charging effects and shows predominant Cu+ state (according to joint analysis 
of Cu (2p) photoelectron and Cu L3VV Auger spectra) and slightly reduced ceria (according 
to Ce (3d) spectra) in both catalysts. The Cu+ state prevails up to 180 and 210 oC in the 
nanocubes and nanospheres configurations, respectively, temperatures above which the 
metallic state of copper begins to form. This is also in accordance with the evolution observed 
in Cu L edge XANES spectra obtained upon recording the total electron yield signal as well 
as with observation of H2 evolution related to the WGS reaction, upon interaction of CO with 
surface hydroxyls, in the presence of metallic copper [1]. In turn, DRIFTS spectra show the 
formation of different types of carbonate and carbonyl species. The latter are related to the 
presence of interfacial Cu+ species (at ca. 2110 cm-1), Cu+ species on top of the dispersed 
copper oxide particles (at ca. 2120 cm-1) as well as stable carbonyls at 1975-1980 cm-1 in the 
presence of metallic copper, in good correlation with the evolution of copper states observed 
by XPS. Such results are examined in conjunction with those obtained during CO 
adsorption/desorption experiments by synchrotron-XPS in the C (1s) region. The absence of 
CuOx particle size effects on such results has been explored by examining by DRIFTS another 
sample supported on ceria nanocubes with similar surface copper coverage as the nanospheres 
supported one. The implications of these results on the catalytic properties of the systems for 
the mentioned processes will be discussed in detail.   

[1] X. Wang et al. . J. Phys. Chem. B 110, 428 (2006). 
[2] D. Gamarra et al. J. Am. Chem. Soc. 129, 12064 (2007). 
[3] D. Gamarra et al. Appl. Catal. B 130-131, 224 (2013). 
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Preferential oxidation of CO in a H2-rich stream (CO-PROX) is a catalytic process of interest 
for the purification of hydrogen generated from hydrocarbons or biomass feedstocks for its 
use as fuel of low temperature fuel cells in transport applications. Catalysts combining copper 
and cerium oxides have shown their important potential for such process with performance 
comparable to that of noble metal catalysts [1]. In previous work, we demonstrated that an 
inverse configuration of the catalyst (CeO2/CuO) enhances its performance with respect to the 
classical direct system (CuO/CeO2) [2]. The present work shows that doping with zinc the 
CuO component in the inverse configuration expands the full CO conversion window as a 
consequence of its higher selectivity to CO2 during the process. 

Inverse catalysts with and without Zn, referred to as (Cu9Zn1)6Ce4 and Cu6Ce4 (numbers 
reflecting the atomic content of each component), respectively, were prepared by a 
microemulsion method, as reported elsewhere [2]. The catalysts calcined at 500 oC (SBET 

around 100 m2g-1) were characterized by XRD, HREM, Raman and XPS, showing the 
presence of CeO2 particles of about 4 nm supported on (doped or not) CuO particles between 
about 12 and 20 nm. Doping of the CuO phase with Zn2+ (according to XPS) is inferred 
mainly from comparative analysis of the Raman spectra as well as from Zn K edge EXAFS. 
The CO-PROX activity (Fig. 1) shows that the presence of Zn appreciably enhances the 
selectivity to CO2 (basically related to respective activities for CO vs. H2 oxidation) during 
the process. This is related, within a reaction scheme established before [2], to the hindering 
of copper oxide reduction provided by the presence of Zn, according to results of operando 
XANES (Fig. 1) and in agreement also with separate analysis of redox properties done by 
operando-XRD and –XAFS.   

 
[1] G. Avgouropoulos et al. Catal. Today 75, 157 (2002). 
[2] A. Hornés et al. J. Am. Chem. Soc. 132, 34 (2010). 
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Fig. 1. Left: CO conversion and selectivity to CO2 over the indicated catalysts under 1% CO, 1.25% O2 and 
50% H2 (He balance); activity results performed with a glass tubular reactor. Right: evolution of relevant 
copper states during XANES experiments under the same reactant mixture. Note different reactors are 
employed in each case when comparing reaction temperatures. 
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Reducible cobaltates in the form of complex ABO3-type perovskite solid solutions with 
oxygen deficiency exhibit a perceptible ionic conductivity, leading to their promising use as 
electrolytes, oxygen permeation membranes, and solid oxide fuel cells (SOFC) cathodes 
((La,Sr,Ba)(Mn,Fe,Co)O3-δ). Oxygen stoichiometry strongly affects transport properties of the 
materials, which, in turn, defines suitability of the material for targeted applications.  
The oxygen migration in those perovskites occurs via the vacancy mechanism in which the 
vacancy moves through a bottleneck formed by the "critical triangle" of one B site cation and 
two A site cations. In addition to their influence on bulk transport properties, the concentration 
and mobility of oxygen vacancies are two major factors determining the surface oxygen 
incorporation rate. Although oxygen vacancies are being extensively studied in perovskites, 
our understanding of their effects on behavior of the materials and the corresponding 
performance of practical devices is far from complete. 

By using first principles parallel GGA-level calculations (VASP computer code) combined 
with large (40-320 atoms) supercells, we simulated migration of oxygen vacancies in 
(La,Sr)(Co,Fe)O3-δ (LSCF) and (Ba,Sr)(Co,Fe)O3-δ (BSCF) perovskites. The atomic 
relaxation, charge redistribution, migration barrier, and the structure of transition states for 
oxygen ion migration are obtained. We explore differences between BSCF perovskites [1], 
which exhibit considerably lower migration barriers for oxygen than other perovskites, and 
LSCF [2]. We discuss relevant implications for the oxygen surface and bulk reaction and 
hence for energy conversion in practical devices, first of all SOFC [3,4]. 

[1] R.Merkle, E. Kotomin et al, J Electrochem. Soc. 159, B 219 (2012). 
[2] Yu. Mastrikov, R. Merkle, E. Kotomin et al,  PhysChemChemPhys 15, 911 (2013). 
[3] M. Kuklja, E. Kotomin, R. Merkle  et al, PhysChemChemPhys Perspective, 15, 5443 , 2013,  (a 
review)  
[4] L. Wang, R. Merkle, E. Kotomin et al, J. Mater. Res. 27, 2000 (2012) (a review). 
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The hybrid mesostructured films can be classified into two different groups, depending on the 
nature of the interactions occurring between the organic and inorganic part of these materials. 
First group relates to the doped systems in which organic compounds are simply embedded in 
the inorganic matrices, whilst the second class corresponds to the materials with organic and 
inorganic components connected through the strong chemical bonds (covalent or iono-
covalent) [1]. 

Despite all the potential applications of doped-mesostructured films, most often it is necessary 
to graft the organic components to the matrix via stronger chemical bonds. Thus our studies 
were focused on the obtaining of the hybrid mesoporous films with organic groups grafted to 
the silica matrix. Two different grafting procedures are commonly used in order to 
incorporate the organic moieties into the structure of silica films, namely the "one-pot" 
synthesis and the post-functionalization. "One-pot" synthesis involves a co-condensation step 
that occurs between a functional organic precursor (organosilane) and an inorganic precursor 
(typically TEOS or TMOS), in the presence of the template. The second route is based on the 
functionalization of the materials when the condensation and calcination steps are already 
completed. In this case functionalization can be achieved via the impregnation from the 
solution or via vapor treatment. 

During our studies hybrid inorganic-organic mesoporous silica films were prepared in the 
open poly-ethylene vessel, according to the “one-pot” procedure. Tetraethylortosilicate 
(TEOS) was used as a silica source, whereas trimethoxymethylsilane (TMMS) and 
trimethoxyvinylsilane (TMVS) were applied as a source of methyl and vinyl groups, 
respectively. Hexadecyltrimethylammonium bromide (CTABr) was utilized as a template, 
while distilled water or ethanol (96%, pure p.a.) were applied as solvents. After an appropriate 
stirring and aging procedure, a mixture of silica film precursor was spread onto the Petri dish 
and moved to the dryer in order to remove the solvent. The last step in the synthesis procedure 
was a template extraction which was done with different mixtures of ethanol and HCl. 

FT-IR, XRD and TEM/SEM analysis, as well as low temperature nitrogen sorption 
measurements were applied in order to characterize obtained materials. XRD analysis 
confirmed that hybrid mesostructured silica films were successfully synthesized. According to 
our studies, the amount of organosilanes, that has been introduced during synthesis, strongly 
influence the ordering of the obtained films’ structures. It was also revealed that materials 
synthesized in the presence of distilled water possess hexagonally ordered structure, whereas 
their counterparts synthesized with ethanol can be classified as materials with lamellar pore 
ordering. Significant influence of the stirring and aging time on the obtained structure was 
also observed. Applied extraction procedures enabled almost complete removal of the 
template. It was confirmed by FT-IR measurements, where one can observe declining 
intensity of bands stemming from the alkyl chain of the template. 

National Science Centre is kindly acknowledged for financial support (project no: N N204 538839). 
 
[1] F. Hoffmann, M. Cornelius, J. Moreli, M. Froba, Angew. Chem. Int. Ed., 45, 3216 (2006). 
[2] G. J. A. A. Soler-Illia, P. Innocenzi, Chem. Eur. J., 12, 4478 (2006). 
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Citral occurs as trans ((2E)-3,7-dimethylocta-2,6-dienal) and cis ((2Z)-3,7-dimethylocta-2,6-
dienal) izomers (or as citral a (geranial) and citral b (neral), respectively). These compounds 
are available in lemongrass oil (~85%), in Litsea cubeba oil (~75%) and in many others 
essential oils [1]. The hydrogenation of citral has been intensively studied due to the high 
interest for the reaction products. The possible products of citral hydrogenation are: nerol, 
geraniol, citronellal, citronellol, isopulegol and menthol. All of them are widely used in 
cosmetics, perfumery and as aroma compounds [2]. 

Since the discovery of mesoporous materials, many research efforts have been directed 
towards the modification of these materials. In this work heterogeneous catalysts containing 
ruthenium were applied for the hydrogenation of citral. As the matrix mesoporous molecular 
sieves, such as SBA-12, SBA-16, and MCM-41 were used. This reaction was carried out in 
the high-pressure reactor. Acetonitrile and ethanol were used as solvents. Citral (mixture of 
cis- and trans-isomers, Fluka, purity 97%) hydrogenation experiments were performed in a 
stirred reactor (model CAT24, HEL). The products were identified by GC-Mass spectrometry 
(Varian 4000 mass spectrometer connected with a 30 × 0.25 mm VF-5MS capillary column) 
and analyzed by using a Varian GC 3900 gas chromatograph (GC) equipped with a 30 m × 
0.52 mm VF-5MS capillary column and an FID detector.  

The influence of temperature, pressure, time of the reaction, composition and 
structural/textural properties of the catalyst on the conversion of citral to the desired products 
was determined. The correlation between synthesis conditions and physicochemical properties 
of Ru catalysts has been established. It was found that very high selectivity to geraniol was 
observed for mesoporous materials containing ruthenium. Geraniol is formed by the selective 
hydrogenation of the citral carbonyl group. It is worthy to stress that the selective 
hydrogenation of α−β unsaturated aldehydes such as citral to unsaturated alcohols (e.g. 
geraniol) is a difficult challenge in the organic synthesis of fine chemicals because the C=C 
bond is attacked much more easily than the C=O bond when a conventional heterogeneous 
catalyst is used. Conversion of citral increased with temperature and pressure reaction 
alterations. The hydrogenation selectivity depends on reaction temperature, i.e., at high 
temperature the selective hydrogenation of the C=O group was much more difficult in the 
presence of C=C bond. The geraniol selectivity increased in quantity as the reaction 
proceeded. It can be postulated that the production of unsaturated alcohol (geraniol) needs an 
initial induction period during which the conjugated double bond is predominantly attached. 
The hydrogenation of citral over these prepared Ru catalysts indicated that they can be also 
used as the catalysts for other hydrogenation reactions. 

[1] H. Surburg, J. Panten, Common Fragrance and Flavor Materials, Wiley-VCH, 2006. 
[2] A. Corma, S. Iborra, A. Velty, Chem. Rev., 107, 2411 (2007). 
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Figure 1: Constant current STM image 
(400 x 400 nm2) recorded on 
Rh/TiO2(110) surface used as an initial 
state for the Au postdeposition. Insert: 
constant height image (10 x 10 nm2) 
showing the structure of the top facets 
of the encapsulated Rh. nanoparticles. 

P29: Reaction of Au with Rh nanoparticles encapsulated by 
ultrathin TiO1+x layer on TiO2(110) surface 
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Adsorption and thermal stability of Au were studied on TiOx-encapsulated ribbon-like Rh 
nanoparticles applying STM-STS, XPS and LEIS methods (Figure 1). Rh particles of 
approximately 30 x 150 nm2 lateral size, with a thickness of 15-20 layers and flat top (111) 
facets were grown on a clean TiO2(110) surface by PVD of Rh (~7 equivalent monolayers) at 
RT followed by annealing at 1050 K. The top facets of the Rh nanoparticles were uniformly 
and completely covered by ultrathin hexagonal “wagon-wheel” TiO1+x (hw-Ti-UTO) 
encapsulation film [1]. This configuration made it possible to follow concurrently the particle 
formation on both the encapsulation layer and the atomic terraces of clean TiO2(110). The 
post-deposition of different amount of Au at RT revealed that the ordered hw-Ti-UTO layer 
becomes strongly disturbed and the Au adlayer exhibits 3D growth. No sign of ordered 
templating effect of the oxide film was observed even 
at the lowest coverage studied in this work (0.02 
ML). It was found that the 3D (2-3 monolayer thick) 
Au nanoparticles of 2-3 nm diameter formed at RT 
sinter gradually in the temperature range of 500-800 
K, probably as a result of thermally activated 
Ostwald-ripening process. The lateral extension of 
these particles increases upon the raise of the 
temperature and their top facets suggest an atomic 
arrangement of Au(111) surface as revealed by STM 
measurements. In the temperature range of 800-900 
K they exhibit characteristically double layer height. 
Above 900 K, the thickness of these particles tend to 
became a single layer, while they spread out and form 
a continuous layer on the Rh nanoparticles. This 
behavior indicated a thermally activated replacement 
of the hw-Ti-UTOF layer by Au monolayer. These 
observations were well supported by LEIS 
measurements, indicating that a significant part of the 
Au atoms penetrated below the encapsulation layer already during Au deposition at 500 K. 
Subsequent annealing led to an increase in the Au LEIS-signal, accompanied by the 
diminution of the Ti-peak, as the encapsulation film was replaced by Au layer. The 
replacement of the hw-Ti-UTO film by Au was corroborated by XPS showing a strong 
attenuation of the Ti2+ component, characteristic of the encapsulation layer, which was 
transformed into Ti4+. Our experimental results suggest a complex surface diffusion process 
where the Au adatom gradually exchange with the atoms of the hw-Ti-UTO film in the lower 
temperature range (300-700 K) and Au and TiO1+x species rearrange into well separated Au 
and hw-Ti-UTO lateral arrangement providing very interesting Rh-supported 1D Au/TiO1+x 
interface regions. The catalytic importance of interfaces of this type is well known and our 
results will be evaluated also from this point of view.  

[1] Z. Majzik, N. Balázs, A. Berkó, J. Phys. Chem. C, 115, 9535, (2012). 
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Due to their structural complexity, nanometre-sized metal particles (NMPs) supported on 
metal oxide surfaces are believed to exhibit some characteristics that are distinct from those 
on the native metal single crystals.  To address this issue, we have studied the adsorption 
behaviour of CO on a model catalytic system prepared by depositing Pd on a TiO2(110) 
surface held at ~700 K.  Scanning tunnelling microscopy (STM) reveals well-defined Pd 
nanocrystals consisting of (111) top facets and {111} and {100} side facets, as shown in 
Figure 1(a).  Upon dosing CO at 124 K, different CO overlayers were observed on the (111) 
top facets of the Pd nanocrystals at different coverages.  These include fcc-hollow (33)R30˚-
1CO at 0.33 ML, bridge-bridge (BB-) and fcc-hcp hollow (HH-) c(42)-2CO at 0.5 ML and 
(22)-3CO at a saturation coverage of 0.75 ML.  Some complex CO overlayers were observed 
in the CO coverages ranging between 0.5 ML and 0.75 ML.  Intriguingly, at a CO coverage of 
0.5 ML, two other c(42)-2CO phases with top-bridge (TB-) and top-fcc hollow (TH-) site 
occupations were also observed.  Although calculated to be energetically less stable, our 
calculations suggested that the formation of the TB- and TH- c(42)-2CO phases can be 
facilitated by the strain inherent on the Pd nanocrystals.  Finally, a special type of adsorption 
domain boundary was observed for a nanocrystal grown on top of step edge of the underlying 
TiO2 substrate, as shown in Figure 1(b). We believe that the adsorption domain boundaries of 
this kind could play an active role in real catalysts. 

Figure 1.  (a) Large-scale STM image (size = 52 × 52 nm2, 1.8 V, 0.02 nA, 150 K) of a Pd nanoparticle grown on 
TiO2(110).  The image shows the height variation on the (111) top facet and the dashed line indicates the location of 
the substrate step edges that lies beneath the island.  The colour bar reveals the roughness across the whole region and 
has a range of 2.72 nm. (b) High resolution STM image (13.8 × 13.8 nm2, 1.0 V, 0.02 nA) of the marked area from the 
island in (a).  (c) Line profile along the line indicated in (B), across the (111) top facet highlighting the roughness of 
the top facet. 
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By removing oxygen atoms from an infinite layer of fully oxidized graphene [1], we 
constructed different models of partially oxidized graphene. The calculations demonstrated 
that, by varying the level of oxygen coverage, it is possible to tune the electronic band gap in 
a range from zero to several eV, which is of great importance to the utilization of graphene in 
photonic devices. Further, a simple relationship between the band gap and the size of the 
oxygen-free domains at the surface is shown. 

Our results are based on extensive ab initio simulations carried out on partially oxidized 
graphene, applying both generalized gradient approximation (GGA) and hybrid Hartree-
Fock/GGA approaches to electronic exchange-correlation effects. Structural properties and 
binding energies were calculated with the PBE-GGA functional. The electronic and optical 
properties of these structures have then been predicted using the B3LYP and PBE0 hybrid 
exchange-correlation potentials in the localized basis set implementation [2]. 

REFERENCES 
[1] Ž. Šljivančanin, A. Milošević, Z. Popović, F. Vukajlović, Carbon 54, 482 (2013).  
[2] S. Tomić, B. Montanari, N. Harrison, Physica E 40, 2125 (2008). 
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Transition metals for catalytic oxidation reactions often form oxides under environmental 
reaction conditions. One example is palladium, where the PdO(101) facet recently has been 
suggested to be the most active phase for methane oxidation [1]. In this study, we have 
explored the interaction of CO with a clean Pd(111) surface, a (√6×√6) surface oxide grown 
on Pd(111) and bulk-like PdO(101) with high-resolution core-level photoemission 
spectroscopy, infrared spectroscopy and density functional theory (DFT) calculations. 

The Pd (3d), O (1s) and C (1s) core-level shifts during exposure of the surfaces to CO were 
measured at 100 K in ultra-high vacuum. Comparing the measured and calculated core-level 
shifts reveals that, on the Pd(111) surface, CO adsorbs mainly on bridge sites. On the surface 
oxide, CO was found to reside on both bridge and atop sites of twofold coordinated palladium 
surface atoms. Similarly, both the bridge and atop sites of the threefold coordinated Pd atoms 
were found to be occupied on the PdO(101) surface. These findings agree with the 
assignments from the infrared absorption measurements in combination with calculated C-O 
stretch frequencies. 

On each surface an increase in site coordination leads to a longer C-O bond, a softer C-O 
stretch vibration, a stronger metal-CO bond and a lower C (1s) binding energy. C-O bond 
lengths and stretch frequencies are similar for similarly coordinated sites on the different 
surfaces, whereas the C (1s) binding energies and adsorption energies differ (see Figure 1), 
illustrating the different bonding mechanism of CO on the metal versus the oxide surfaces. 

 
 
 

 

 

 

 

 

 
 
[1] A.Hellman et al., J. Phys. Chem. Lett., 3, 678, (2012). 

Figure 1. Ball-and-stick representations of CO located on top sites of the Pd(111) 
surface, the (√6×√6) surface oxide on the Pd(111) surface, and the PdO(101) surface, 
together with calculated adsorption energies Ea and C (1s) binding energy shifts 
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P33: Growth of Ce2O3 thin layers on preoxidized Cu(110) surface 

M. Aulická, K. Veltruská, T. Duchoň, F. Dvořák, V. Stetsovych, J. Mysliveček, V. Matolín 
Department of Surface and Plasma Science, Charles University in Prague, Czech Republic 
katerina.veltruska@mff.cuni.cz 
 
Catalytic activity of cerium oxide is based on relative easy change of cerium oxidation state 
via the reversible reaction 2CeO2<-> Ce2O3 +1/2O2. Changes from oxidized Ce4+ to 
reduced Ce3+ are accompanied by the formation of oxygen vacancies. While ordered 
stoichiometric layers of model CeO2 catalyst are commonly prepared, cerium oxide with 
vacancies is restricted mainly on disordered systems. 

In this work, we prepared very thin ordered continuous layer of CeOx by cerium evaporation 
onto the oxygen precovered Cu (110) surface. X-ray photoelectron spectroscopy (XPS), low 
energy electron diffraction (LEED), ion scattering spectroscopy (ISS) and scanning tunneling 
microscopy (STM) were used to characterize prepared systems. After cerium deposition on 
preoxidized Cu(110) surface and heating to 500 °C the formation of Ce2O3(0001) epitaxial 
film was observed, accompanied by the creation of large hundreds nm long smooth band 
structures in the [1-10] direction, see Fig.1. Heating to 600 °C caused a formation of 
sawtoothed relief with facets covered by Ce2O3 which form an angle of 3.3 ° with respect to 
the substrate. A model of the observed structure is proposed. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 STM picture of the CeOx film on Cu(111) after heating to 500 °C 
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P34: Periodic DFT molecular modeling of the Zn-MOF-
5/TiO2interface  

Filip Zasada, Witold Piskorz, Joanna Gryboś and Zbigniew Sojka 
Jagiellonian University, Faculty of Chemistry, Ingardena 3, 30-060 Kraków, Poland 
 
Owing to their unique structure (based on combination of two essential building components: 
inorganic part and functional organic part acting as linker) and the related properties such as 
designable geometry and versatile functionality, metal-organic frameworks (MOF) belong to 
already well established class of advanced hybrid materials of wide range of applications. 
Among them, the compact, dense, well-oriented, and undefected MOF thin films on oxides 
substrates are of growing interest. 

It has been recently reported[1] that the rutile (110) surface can be easily functionalized by the 
compact well ordered monolayer of the upright-oriented terephthalic acid (TPA) molecules 
commonly used as ligands in the MOF synthesis. These allows for synthesis of MOF thin 
films on rutile surface using layer-by-layer technique. However, the MOF-oxide interfaces are 
still not well described at the molecular level. 

In this contribution we present the molecular modeling of Zn-MOF-5(100)/TiO2(110) 
interface using DFT+U with Grimme dispersion. A systematic investigation of the formation 
energy, bonding, and electronic structure of Zn-MOF-5 (100) / rutile (110) interface is 
presented (Figure 1, left panel). Pronounced adhesion energy of MOF on (110) TiO2 (-6.71 
kcal/nm2) stems from commensuration of terminal carboxyl groups of MOF and titanium 
adsorption centers in rutile. Adsorption energy is partly of dispersive and chemical nature 
(namely dispersion covers -8.96 and chemical interaction covers 2.25 kcal·mol-1·nm-2). The 
estimated band gap for MOF-TiO2 interface is 1.5 eV with top of the VB composed by the 
MOF-5 oxygens. For inspiration of future experiments we simulated HR-TEM pictures of 
MOF-5 thin films on the TiO2 surface, specifying optimal conditions for imaging (Figure 1, 
right panel). 

 

Figure 1: Periodic model of TiO2-MOF-5 interface presented along (100) direction (left) together with simulated 
HR-TEM images. The simulations settings are Cs = - 0.012mm, f = 2.4 nm. 
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