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Strategies for soot oxidation over nanoshaped CeO

Jordi Llorca
Institute of Energy Technologies, Universitat Politecnica de Catalunya, Barcelona, Spain
jordi.llorca@upc.edu

Ceria is a key component of catalyst formulations for several applications in the environment
and energy sector, and these applications benefit from ceria redox properties, which are in
turn associated with the arrangement of its surfaces and the shape and dimensions of its
crystals. Nanoshaped ceria commonly exhibits higher catalytic activity than conventional
polycrystalline ceria. This is correlated to the exposure of reactive crystal planes in CeO
nanoparticles: {001} and {110} planes are more active than conventional ceria with preferred
exposure of {111} planes. The facet-dependent activity in ceria has been reported in the CO
oxidation, CQ reforming of methane, methanol and ethanol reforming, and low temperature
water-gas shift. The higher activity of specific ceria surfaces has also been recogonerl in

films grown with different orientations. The majority of these results, which rely on the redox
properties of ceria and its ability to release/capture oxygen, are supported by theoretical
evidence that correlate higher activity to the lower stability of {100} and {110}-type surfaces
compared with {111} and to their lower energy of oxygen vacancies formation. The ability of
ceria to promote oxygen storage/redox behavior is also at the basis of its application as a
catalyst for combustion of soot particulate under conditions typical of diesel car exhaust [1-3].
We have prepared a series of nanoshaped ceria with cubic and rod shapes and compared their
activity in soot oxidation (both specific rate and overall activity) with the activity of
irregularly shaped polycrystalline ceria. By comparing samples within the same surtace are
range, higher activity and conversion is observed over nanocubes and nanorods as compared
with polycrystalline ceria octahedral particles. Thermal aging at T>773 K markedly affects
the crystal shape by truncation of the edges and corners, generating surfaces with higher index
plane exposure, resulting in an increase in the specific activity. Interestingly, it is shown that
starting either from nanocubes or from polycrystalline ceria, similar morphologies and shapes
are obtained after aging [1]. These results open up new possibilities in the design of highly
active ceria-based catalysts with controlled morphologies.

Specific rate

[1] E. Aneggi, D. Wiater, C. Leitenburg, J. Llorca, A. Trovarelli, ACS Ca&tal72 (2014)
[2] E. Aneggi, N.J. Divins, C. Leitenburg, J. Llorca, A. Trovarelli, J. C&8®H2, 191 (2014)
[3] E. Aneggi, C. Leitenburg, J. Llorca, A. Trovarelli, Catal. Today, 119 (2012)
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The Enigmatic Single-Atom Catalyst (SAC): Bridging the Heterogeneous
and Homogeneous Regime

Jun Li ' Jin-Xia Liang® Xiao-Feng Yand,and Tao Zharfy

! Department of Chemistry, Tsinghua University, Beijing 100084, P. R. China
ZDalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, P. R. China

E-mail: junli@tsinghua.edu.cn

Nanocatalysis has aroused significant interest in the past several decades with the rapid
and rich development of nano-sized materials. While small nanoparticles or subnanometer-
sized clusters are often catalytically more active than their bulk materials, the stabilities of
such particles or clusters tend to decrease. On the other hand, with the consumption of noble
metals (e.g. Ru, Rh, Pd, Ag, Os, Ir, Pt, Au, etc.) in nanocatalysts, how to reduce thef usage o
expensive noble metals also becomes a key concern in controlling the cost in catalytic

industries. We have recently
Single atom shown that singly dispersed

atoms anchored on the surface of
metal oxides demonstrate robust
stability and significant catalytic
activities. We have chosen to
; . call such catalyst with singly
Buk -~ _I_ g dispersed atoms asingle-atom
@ FrT | Supportor catalyst (SAC), and suggested

ligand effect the notation M/EO, for SACs

with single-atom M supported
Minimizing Metal Sizes on oxides EQ[1].

Surface Free Energy

In this talk, we will provide an overview of the computational studies relevant to SACs
using density functional theory (DFT) and wavefunction theory (WFT). The special stability
and catalytic activity of selected SACs involving,/feQ, Pt/FeQ, Au/FeQ,
Pt@graphdiyne, and PdAu bimetallics will be explained on the basis of electronic structures
and covalent chemical bondin2-f]. The catalytic mechanisms of SACs will be explored.

References

[1] B. Qiao, et al., Nature Cherd. 634 (2011).

[2] X.-F.Yang, et al., Acc. Chem. Ret5, 1740 (2013).
[3] J.Lin, etal. J. Am. Chem. Sot35 15314 (2013).
[4] X.Wei, etal., J. Phys. Chem.X16 6222 (2012).
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Contribution of Electron Microscopy to the characterization of ceria based
catalysts

J.J. Delgadd, T. Montin?, S. Collinsg, X. Cher, A. Bonivard?, H. Pan, J.J. Calving E. del
Rio!, M. Lépez-Haré, I. Romerd and P. Fornasiefo

lInorganic Chemistry Department. University of Cadiz

2 Department of Chemical and Pharmaceutical Sciences. University of Trieste

3 Instituto de Desarrollo Tecnoldgico para la Industria Quimica (INTEC). Santa Fe
e-mail: juanjose.delgado@uca.es

It is unquestionable that one of the most important challenges of our society is the
development of new energy strategies to tackle global warming and exhaustion of fossil fuels.
In this context, catalysis has been proven as a critical enabling science for developing the use
of alternative feedstocks, such as biomass or hydrogen, and increasing energy production
efficiency [1].

Real catalysts commonly are complex multicomponent systems whose characterization
usually demands an insight at the atomic level, and they are continuously posing new
challenges and calling for further improvements in Electron Microscopy techniques. On the
other hand, real catalysts contain morphological, structural and compositional heterogeneities
and it is also obvious the need of developing new methodologies, based in statistical studies,
that will give us a real picture of our catalyst. This point is really crucial for the rationalization
of structure-activity relationships and understanding the deactivation processes.

The major goal of this contribution will be to review the possibilities of (Scanning)
Transmission Electron Microscopy to reveal the ultimate details of the structure of
nanostructured catalysts and how this information allow us gaining some understanding of
how they work as catalysts. Data obtained between the labs at University of Cadiz and
University of Trieste will be shown. We will specially focus on the use of an environmental
reaction cell specific for an anaerobic-transfer TEM holder is an alternative approach that
allows carrying out the pre-treatment of the sample under more realistic conditions and
subsequently transferring it to the TEM, under conditions which prevent any ulterior sample
modification. Although the dynamic aspects of the gas-solid interactions are lost in this
alternative approach, the characterization of those structural and compositional features which
are induced by realistic thermo-chemical treatments, which could be lost by interaction with

A L RN
Figure 1. Anaerobic transfer holder and reaction cell (left) and High-resolutiamographs of a Rh/CeQO
sample after pre-treatment undep-At (central) and one Pd-Ga nanoparticle using the anaerobic transfer
approach. Digital diffraction patterns showing the presence of a ceria rediigd structure is also
included(central) and R@as [2].

[1] G.M. Whitesides and G.W. Crabtree, Science, 315 (2007), 796.

[2] S. Collins et al, Journal of Catalysis 292 (2012), 90.
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Size and shape of cobalt spinel nanocrystals revealed by HAADF-STEM

and DFT first-principles calculation
-RDQ QD *WaRk RaczmarczykFilip Zasada Juri Barthel, Juan Jose Delgado Jéan
and Zbigniew Sojka
! Faculty of Chemistry, Jagiellonian University, Ingardena 3, Krakow
2 Ernst Ruska-Centre, Forschungszentrum Jiilich GmbH, D-52425 Jilich, Germany.
%lnorganic Chemistry Department, University of Cadiz
grybosjo@chemia.uj.edu.pl

Being widely used in heterogeneous catalysis, oxide nanocrystals are characterized by
clear-cut structure and substantial surface area. This makes them excellent model systems for
experimental and theoretical investigations into the surface related properties at atomic scale.
New catalytic materials of enhanced activity and selectivity can be designeglbyieg the
phenomenon that faceted polyhedral crystals expose well-defined crystallographic planes,
depending on the synthesis method. In such an approach, facets exposing crystallographic
planes of high activity or with a higher density of active sites could be intentionally promoted.
It has been shown that HAADF/ADF imaging allows for a quantification of the number and
location of all atoms in a 3D arbitrary shaped nanocrystal without the need for calibration
standards [2]. We propose a simplified approach to determine the 3-dimensional shape of
nanocrystals, which involves combined use of HAADF STEM imaging and DFT ab-initio
calculations together with 3D morphology determination using Wulff construction. The
validity of our approach is tested with £ nanoparticles with a controlled cubic
morphology. Samples were obtained by microwave assisted hydrothermal synthesis. The
experimental part of the shape analysis is based on the acquisition of HAADF STEM images
with an intentionally increased electron probe size. The high-angle elastic scattering signal is
registered as a fraction of the incident probe current by a respectively calibratedrdetec
Numerical calculations of HAADF STEM images under such a condition show a linear
dependency of the recorded signal on the specimen thickness for randomly oriented
nanocrystals and for probe diameters larger than the crystal unit cell. By inversion of the
relation between local object thickness and HAADF signal, thickness profiles are extracted
from calibrated HAADF STEM images of g0, nanocrystals, The 3D shape of nanocrystals
is deduced from the thickness profiles in comparison to energetically favourable
morphologies as suggested by DFT calculations. Such theoretical structure models have been
calculated using DFT/PW91 level of theory within the VASP code [3]. The geometry of the
exposed (100) surface was constructed by cleaving the solid in the normal (100) direction
(Fig.1). It is planned to apply this approach for a shape analysis of nano-oxide catalytic
materials with lower crystal symmetry, such as t- and nyZrO
Figl. Structure and HAADF STEM images of Co304 nanocrystals together with
thickness profile analysis and HAADF STEM image simulation.

simHAADF STEM
[1] J. M. LeBeau, S. D. Findlay, L. J. Allen, S. Stemmer: Nano1@(2010), p. 4405-4408.

[2] J. Hafner: J. Compt. Cher29 (2008), p. 2046.

The project was financed by the Polish National Science Center awarded by decision number
DEC-2011/03/B/ST5/01564
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Solid Oxide Fuel Cells (SOFCs) are promising devices for effective energy generation.
Nevertheless, improvements of their performance rely on a fundamental understanding of
their components, such as the anode, the electrolyte and the cathode. The FWF SFB FOXSI,
which is hosted at TU Wien, aims at elucidating the involved processes on a molecular level.
In order to model SOFC anodes well-ordered ultrathin films ot Zv&e grown in ultrahigh
vacuum (UHV) by oxidation and annealing ofRtor PgZr single crystals [1]. Ni or Pd was

then deposited by physical vapor deposition. Ni particles supported byare@lso widely

used in the field of heterogeneous catalysis, such as for reforming reactions.

The chemical composition of the Zr@odel system was examined by high resolution X-ray
Photoelectron Spectroscopy (XPS), the structure was characterized by Scanning Tunneling
Microscopy (STM). Water and CO were used to probe the chemical properties of the ZrO
film and the metal nanoparticles, studied at near ambient pressure by AP-XPS and
polarization modulation infrared reflection-adsorption spectroscopy (PM-IRAS).

A previously described route was followed to obtain a well-ordered and ultra-thin trilayer
ZrO; film [1]: A cleaned P#Zr (0001) alloy substrate was oxidized at 673 K, followed by
post-annealing at 1023 K. Apart from a signal characteristic of metallic zirconium resulting
from the substrate (49, (synchrotron) XPS showed two distinctive oxidic specieg {Znd

Zr, ). Depth profiling indicated that £ extended to deeper layers than ZrAfter post-
annealing of the oxide at 923 K, STM detected many small clusters with a height of about 1
nm. Increasing the annealing temperature to 1023 K led to the disappearance of most of the
small clusters, accompanied by a significant decrease of the intensity0f ZPS. Thus,

Zr1, and Zp,were assigned to Zr oxide species within the trilayer zirconia film and a Zr
oxide species in the zirconia clusters, respectively. Density Functional Theory (DFT)
calculations corroborated and explained these assignments. Thermal Desorption Spectroscopy
(TDS) using CO as probe molecule was then utilized to demonstrate that the entire substrate
was covered by the zironia thin film.

The interaction of Zr@ with water was examined by synchrotron XPS (Lund). Surface
defects, likely oxygen vacancies, created by soft sputtering, induced water dissociation, which
was also enhanced at higher water pressures (low mbar range).

Ni and Pd nanoparticles grown on Zr@ere characterized via CO adsorption, monitored by
TDS, XPS and PM-IRAS. At 200 K CO adsorbed on Ni particles in on-top adsorption
geometry but at increasing temperature CO dissociation was observed that led to catalyst
deactivation. Corresponding experiments with Pd-Zd@ not show CO dissociation but

likely encapsulation of the Pd nanoparticles.

Support by the Austrian Science Fund (FWF SFB-F45 FOXSI; projects 01/02/05/11) is
gratefully acknowledged.

[1] M. Antlanger, et al., Phys. Rev. B6, 03451, (2012).
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Solar Thermochemical Syngas Production by a Ce{based Redox Cycle
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H,O and CQ can be reduced to,Hand CO by a Cefbased solar thermochemical RedOx
cycle! Due to its excellent high temperature-, thermodynamic-, and kinetic properties,
cerium dioxide is a very promising metal oxides for this application. In a 2-step solar
thermochemical cycle, above 1400°C and under vacuum, Ceria releases oxygen from its
lattice by forming oxygen vacancies (Cef In a following up step, the oxygen vacancies
react with HO and CQto form H, and CO below 1000°€ Stoichiometric Ce®is regained

by closing the RedOx cycle.

Doped Ce@® based reticulated porous ceramics (RPC) has demonstrated high conversion
efficiencies for this Solar to Fuel conversion process. The control of thermodynamics, kinetics
and the transport of concentrated solar energy to the reactant is essential for designing highly
efficient ceria based structurgs.

Doping of CeQ@ with isovalent cations was proposed to have remarkable impact on ceria
RedOx properties. For this purpose, dope#..O,.4 (M = Hf, Zr, Pr, Ti; 0 < x < 0.2) were
investigated concerning RedOx characteristics, CeO2 phase conversions, microstructural

evolution as well as sintering properties.

15t step: 2%t step:
Solar reduction (~ 1500°C) Non-solar oxidation (~ 900°C)
602 6802_5 H20
4\ ( co,
SH,

The Solar Thermochemical Cycle with GeCeramic foams
[1]  A. Steinfeldet al, Solar Energy2005 78(5), 603-615

[2] P. Furleret al, Energy & Fuels2012 26, 7051-7059
[3] P. Furleret al, Phys. Chem. Chem. Phy2014 16, 10503-10511
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Catalysts combining copper and cerium oxides are an economically interesting alternatiisie to
metal catalysts for various processes involved during production-purification of hydrogen generated
from hydrocarbons or biomass feedstocks. In particular, they show promising characteristics for
processes involving CO oxidation like the water-gas shift reaction (WGS) or preferential oxidation
of CO (CO-PROX). Their catalytic properties for such processes depend strongly on the
characteristics of the interface formed between the two oxide components [1,2]. However, direct
information on interfacial properties as well as about those of well dispersed copper oxide
nanoparticles interacting with CeOn powder catalysts is not generally available due to the
important difficulties for the characterization of such nanosized generally amorphous entities. The
present contribution explores these issues by means of near-ambient XPS spectroscopy
complemented with theoretical DFT analysis. Two samples of copper oxide dispersed on two
different ceria supports (in the form of nanosphetéS- and nanocubed\NC-, respectively), which

allow comparison between well differentiated situations in terms of degree of dispersion and
interfacial morphology, are employed for this purpose. Direct evidence of reduced interfacial coppe
entities, considered as active sites for CO oxidation in this type of catalysts [1\2Ellags
significant details of the electronic properties of the dispersed partially reduced copper oxide entities
are provided by detailed analysis of the results obtained.

Details of the preparation and multitechnique (XRD, HREM, Raman, XPS, ERRPR|, Se7)
characterization of the two catalysts can be found elsewhere [3]. The catalysts subjecatchéntire
under diluted CO up to 30 are examined bYPS in gas environment (100 Pa) obtained at ISISS
station of the BESSY Il synchrotron in Berlin. Figure 1 provides an example of the results obtained.
New XPS Cu 2p (at 930.1 eV) and AugeiM4sM s signals (at ca. 913 eV) specific of interfacial
Cu’ entities are identified on the basis of theoretical analysis and consideration of respaotive
and characteristics of the interfacial sites present in each sample [3]. The evolution ofrtlealche
state of the various copper
species as a function of the
reduction temperature
under CO will be shown
while information from
other spectral regions,
Y N : providing interesting hints
N T T e on the characteristics of the

Figure 1. XPS Cu 2p; (left) and Auger kM 4sM s (centre) spectra for the indicated samples un carbonyl species formed
CO at 150°C. Example of a model employed for the theroreticalystuith (111) exposed face o H
Ce(Q indicating the calculated core level shifts with respe pure CuO under CO’ will be also

Cu/CeO,NC
Forgf gy SN oy e

Cu/CeO, NS

presented.
[1] X. Wang et al. J. Phys. Chem.1R0, 428 (2006).

[2] D. Gamarra et al. J. Am. Chem. S@29, 12064 (2007).
[3] D. Gamarra et al. Appl. Catal. B3B0-131 224 (2013).
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We characterise high-quality ceria thick (150 nm to 250 nm) films grown with a hexagonal

Pr,03(0001) buffer layer on Si(111) substrates by molecular beam epitaxy [1]. The as-
prepared film exhibits a surface morphology dominated by pyramidal structures resulting
from kinetically limited growth modes (Figure, frame 1). By annealing the surface under

ultra-high vacuum (UHV) conditions, we create a high-temperature morphology characterised
by large terraces separated by steps with triple-layer height (Figure, frg2le Rpwever,

during this procedure, the film is significantly reduced.

We discuss the process of reduction and explore to what extend the film can be re-oxidized.
We use non-contact atomic force microscopy (NC-AFM) to analyse the film topograghy a
morphology as a function of annealing temperature and oxidation/reduction state. To
determine the (near-)surface stoichiometry, photo-electron spectroscopy (XPS) is applied.

First, we show that the high-temperature morphology can also be obtained by annealing in air
(Figure, frame 2), however, in comparison to UHV annealed samples, a contamination,
mostly by surface hydroxyls and carbon (as verified by XPS) results in a surface ssughne
that is considerably higher than that for the vacuum annealed surface. Annealing in oxygen at
a pressure of 5 x 10mbar at temperatures of 850 K in UHV removes the contamination
(Figure, frame 3), and yields a much more well-defined surface, however, with a nanoscale
granular structure. We show that cycles of annealing in UHV and oxygen result in a
reproducible partial reduction and oxidation evidenced by the changing surface morphology
and stoichiometry.

: nm - - i i s0n
Figure Topography images of 180 nm thick ceria films obtained by NKBAAn UHV. As-prepared -th
surface after the preparation by molecular beam epifdrannealed the surface is flattened after an annealing
in air during 15 h at 1100 K. The granular structure on the terrachseigo surface hydroxyls and carbon
containing speciesO,-annealing -the surface is cleaned from the contaminamtdHV annealingAfter an
additional reduction by UHV annealing, the surface is almost atomically flat.

[1] M. H. Zoellner, J. Dabrowski, P. Zaumseil, A. Giussani, M. A. Schubert, G. Lupina,
H. Wilkens, J. Wollschlager, M. Reichling, M. Baumer and T. Schroeder, Phys. Rev. B
85, 035302, (2012).

[2] R. Olbrich, H. H. Pieper, R. Oelke, H. Wilkens, J. Wollschlager, M. H. Zoellner,
T. Schroeder and M. Reichling, Appl. Phys. L&fi4, 081910, (2014).
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Stability parameters and dissolution behavior in aqueous systems is critical to assess
functionality and fate of engineered nanomaterials under environmental conditions. Using
electron microscopy and X-ray diffraction we investigated the stability of cubic MgO
particles which were synthesized by different combustion techniques,OnMgO dis-

solution proceeding via water dissociation at the oxide surface, disintegration®6Ofg

surface elements and their subsequent solvation ultimately leads to precipitation of Mg(OH)
nanosheets. MgO nanocubes with a size distribution below 10 nm quantitatively dissolve
ZLWKLQ IHZ PLQXWHYVY DW D S+ e,narbspéatd R ¥ffedt M/diffepet R 0J 2
from MgO cubes originating from magnesium combustion in air. With a size distribution in
WKH UDQJH QP " G 7 QP WKH\ H[KLELW VXEVWDQWLDC
these particles water induced etching generates (110) faces whindve a critical face area
tdissolve at a rate equal to that of (100) planes.[2] The delayed solubility of microcrystalline

MgO is attributed to self-inhibition effects occurring at the (100) and (110) microplanes.[3]

The present work underlines the importance of morphology evolution and surface faceting of
particles during the dissolution of engineered nanomaterials.
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Time-dependent XRD pattern evolution of MgO nanocube (a) and MgO cubes (b) in contact
with liquid water. The EM images in the right panel show MgO cubes after 2 hours in water.
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[1] A. Gheisi, A. Sternig, M. Rangus, G. Redhammer, M. Hartmann and O. Diwald, Crystal
Growth & Design, DOI: 10.1021/cg500538d (2014).

[2] P. Geysermans, F. Finocchi, J. Goniakowski, R. Hacquart and J. Jupille, Physical
Chemistry Chemical Physic], 22282233 (2009)

[3] F. Ringleb, M. Sterrer and H.-J. Freund, Appl. Catal. A-General, 474198§2014)
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Much attention has been focused on the surface science of titanium dioxide due to its
numerous scientific and industrial to its applications in photocatalysis, electrochemistry,
active coatings, gas sensors. Among these studies, many have focused on the interaction of
water with rutile and anatase (110) surfaces, due to the fundamental role of water in many of
the present and potential applications of Ji0he vast majority of experimental and

theoretical understanding of the adsorption behaviour of water os(1@ concerns gas

phase adsorption in ultra-high vacuum environments (<&@1@bar). Here we present work
that has characterised the atomic scale structure and composition of the liquid water interface
using surface X-ray diffraction. For rutile (110), a 2x1 an ordered interface of terminal

hydroxyls is formed, with water in the second layer.
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Cu/ZnO-based catalysts are used for the synthesis of methanol and the water-gas shift reaction
on an industrial scale [1]. In spite of their widespread use, a number of questions regarding
the nature of the active sites, deactivation mechanisms and the role of Cu-Zn alloying in these
catalysts remain unresolved. Furthermore, recent studies also showed evidence of noticeable
dynamic changes in the structure and shape of the Cu nanoparticles (NPs) supported on ZnO
as a function of reaction conditions [2]. These changes have been discussed in terms of a
surface defect mediated wetting/dewetting process and pointed out the important role of
beneficial metal-support interactions for high catalytic activity of the Cu/ZnO system [2]. In
view of the fact that the most active catalysts have primarily polar ZnO faces exposes [3] it

of great interest to investigate the interaction of Cu with the polar ZnO faces.

In the present investigation we have studied thermally-induced Cu-ZnO interactions
using a model Cu/ZnO system prepared by depositing 0.2 ML of Cu on a UHV-treated
Zn0O(0001)-Zn polar surface. The model system was subjected to cyclic thermal annealing up
to 650 K and characterized in-situ by a combination of Scanning Tunneling Microscopy
(STM), X-ray Photoelectron Spectroscopy (XPS) and Thermal Desorption Spectroscopy
(TDS). To better understand the experimental observations, the model system has also been
examined in detail using density functional theory (DFT) calculations.

Both the STM and XPS data indicated that Cu diffuses into the bulk ZnO starting from
as low as 380 K concurring with the process of NPs coarsening via Ostwald ripening. In
contrast, high-temperature annealing (above 450 K) in UHV results in a complete wetting of
Zn0O(0001) by Cu. The experiments suggest that the presence of Cu on the surface leads to
charge transfer from shallow ionized donors (most probably substitutional hydrogen trapped
on oxygen vacancies,dito Cu. Upon annealing, these subsurface defects drift towards the
surface. DFT calculations confirmed that the drift of charged subsurface defects sugh as H
towards the surface is favorable in presence of Cu adatoms. Furthermore, the calculations
revealed that the presence af i the subsurface region results in increased Cu adhesion. As
the concentration of such defects in the subsurface region increases upon annealing, this effect
may account for the experimentally observed wetting of ZnO(0001) by Cu at high
temperatures.

References

[1] M. Behrens, F. Studt, I. Kasatkin, S. Kuhl, M. Havecker, F. Abild-Pedersen, S. Zander, F.
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The precise mechanism of the water gas shift WGS reastmmatter of intense debate, but
the dissociation of water is generally considered a keyistépe reaction. In this work, we
report a study of the relationship between the catalytiwitgcand the reducibility of the
support (oxygen vacancies) to activate water on well charzadeplatinum catalysts
supported on pure and gallium-doped ceria [18{/CeQ and Pt/CeGap catalysts
investigated here presented a remarkable reducibility, eatidncthe incorporation of &a
cations [1,3] and a very stable metal dispersion. An invagelation was found between the
catalytic activity to WGS and the amount of oxygen vacanéig In situ time resolved X-ray
diffraction, mass spectrometry and diffuse reflectanaaiieél spectroscopy (DRIFT) showed
that the replenishment of oxygen vacancies by water is alvemyseither in Pt/Ceor
Pt/CeGaQ DFT calculation provides molecular insights to understand thevpsitof water
reaction with vacancies at the of metal-oxide interfaites. Concentration-modulation
spectroscopy (c-MES) in DRIFT mode under WGS reaction conditibows the selective
detection of key reaction intermediates. Altogether etkerimental and DFT results clearly
suggest that although the oxygen vacancies can react with, ias not the rate-determining
step in the WGS reaction mechanism on these catalysés.c-MES results suggest that
monodentate formate (m-HCOOQO) and carboxylate {QQre reaction intermediates, which
clearly indicate the prevalence of an associative mestmarictivated at the oxide-metal
interface of the catalyst.
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Figure: Left, DG as a function of the chemical potential of oxy@em, in eV. Right:
schematic mechanism for the water filling mechanésncalculated with DFT methods. The
relative energy for each intermediate is reportee\M.
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Spontaneous two-dimensional ordering of adatoms oalreepported thin oxide
films is of potential applicative interest due to theirgular magnetic, electronic and optical
properties. It is also relevant to heterogeneousysasalvhere design and control at the
atomic level is the ultimate goal. Most of the attention te tias been directed at the
interaction between the adatoms and the supposieVer the interactions between the
adatoms is also a critical factor that can control the atondgering. While transition and
noble metal adatoms were often in focus of catalysis-tekitalied, adsorption of simple
metals may display novel and qualitative differfeattures. Indeed, such atoms may be
directly incorporated into the supported oxide filmpfiarg ternary phases with crystalline
structures and stoichiometries which would nottarishe bulk. These so-called “surface
oxide” phases are expected to display new fundclitbes as well as flexible electronic and
structural properties as a function of preparationditions, in particular the metal coverage

In this joint experimental and theoretical work,[Me focus on a model ternary oxide
system Barli,O3 obtained by the deposition of Ba adatoms on an epitaxial YA »Q@s

honeycomb ultra-thin films grown on Au(111) [2]. Starting from isolated atoms adsorbed in

the hollow sites of the 703 honeycomb lattice, two ordered phases were found vk ST
experiments at 1/3 and 2/3 Ba coverage, separated by datestiphase displaying labyrinth

patterns. Such coverage-dependent phase sequence has been further reproduced in Monte

Carlo simulation on a 2D lattice gas model with parametettsegpairwise Ba-Ba interactions
deduced from DFT calculations on a series of modgliB@s/Au(111) configurations. The
particular ordering pattern of Ba adatoms has been dif@tted to the repulsive character of
first, second, and third neighbour Ba-Ba interactions}{,JJ), induced by the spontaneous
positive charging of Ba in contact with the@#/Au(111) support.

Figure 1: Top panels: STM images
at Ba coverages ¢=0.072, 0.384 and
0.464. Bottom panels:
Corresponding Monte Carlo
snapshots obtained fogk/},=0.1;
Jz/J1:0.25; J3/J2:O.666. OnIy

hollow sites are imaged, which
appear red when empty and yellow
when occupied by a Ba atom.

[1] C. Wu, M.R. Castell, J. Goniakowski, C. Noguerapieparation
[2] C. Wu, M.S.J. Marshall, M. R. Castell, J. Phys. Cherhl&,8643, (2011).
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The FgO4 VXUIDFH H[KLEL®SVf DUHERQVWUXFWLRQ FKDUDF
observation of undulating rows of Fe atoms in scanning tunnelling microscopy images. The
HILVWLQJ PRGHO IRU WKH VXUIDFH LV D 3SRODU” EXON
distortions that couple to subsurface charge ordering [1]. In this presentation it will be shown
that the current model fails to explain the adsorption behaviour of molecules and metal
adatoms. We have solved the structure using a combination of quantitative STM, DFT based
theoretical calculations and a quantitative LEED intensity analysis (RL3, 40 beams, total
database 11000 eV). The true structure, based on an ordered array of subsurface Fe vacancies
and interstitials, explains all existing experimental observations for this surface to date,
including the extraordinary thermal stability of metal adatoms (700 K) [3-5]. This hitherto
unobserved stabilization mechanism is in line with the iron oxides' tendency to redistribute
cations in the lattice in response to oxidizing or reducing environments, and can also be seen
as a surface only ;6 phase. Since many other metal oxides also achieve stoichiometric
variation through reorganization of the cation sublattice, cation vacancy reconstructions may
be commonplace.

[1] R. Bliem...G.S. Parkinsosubmitted (2014).

[2] R. Pentcheva et aRPhysical Review Lette@4, 126101 (2005).

[8] G.S. Parkinsoet al, Nature Materialsl2, 724 (2013).

[4] R.Bliem ... G.S. ParkinsoACS Nan, 7531 (2014).

[5] Z. Novotny...G.S.ParkinsoRhysical Review Lette08 216103 (2012).
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Jan Hacker, William CartasAndreas SchaeferMarcus BSumérJason WeavérJens Falta,
Jan Ingo Flege

Institute of Solid State Physics, University of Bremen, Bremen, Germany

!Department of Chemical Engineering, University of Florida, Gainesville, United States
%Institute of Applied and Physical Chemistry, University of Bremen, Bremen, Germany

flege@ifp.uni-bremen.de

The binary rare-earth oxides (REOs) are widely known for their peculiar struefetonic,
and chemical properties [1]. While cerium oxide has attracted the attesition and its
properties are increasingly well documented [2], surface science model sifidebium
oxide thin films and nanostructures are almost completely lacking [3]. Herpresent the
first structural investigation of terbium oxide growth on a Cu(111) surface. l4singnergy
electron microscopy (LEEM), we follow the growth of terbium oxide in-tima¢ during
reactive deposition of metallic Tb in an oxygen background. Using low-energioale
diffraction patterns acquired from sample regions down to 250 nm, three diftedelat
constituents are identified, whose relative surface coverages are shalepetod on the
growth conditions. Specifically, room temperature deposition followed by themnaaling
induces the formation of dendritic structures with TiQ@1) separated by copper oxide
(Figure 1(a)). Conversely, for reactive deposition at elevated temperature btatotagl11)
and terbia(112) oxide phases are observed. Clearly, the island shaptly daféect the
crystallographic symmetry of the oxide face (Figure 1(b)): The (112) majorisepiaes rise
to the nucleation and growth of rectangular oxide stripes while the (111) minoasg porms
triangular islands. Furthermore, annealing studies show that the relative almudahe
different terbia faces can be controlled by post-annealing the as-eejpidsit

s 710 pm SRS 25 ym
Figure 1. LEEM bright-field images of terbium oxide epitaxial growth on Cu(111) by (a)
room temperature deposition and annealing and (b) reactive epitaxy at elevated temperat

[1] G.-Y. Adachi and N. Imanaka, Chem. R88, 1479 (1998).
[2] A. Trovarelli and P. FornasierGatalysis by Ceria and Related Materia®? ed. (2013).
[3] W. Cartaset al, J. Phys. Chem. €18 20916 (2014).

26



Atomic scale insight into the Ce@Pt interface

P. Lucheg, L. Giordang, S. Prad3 V. Grillo**, M. Campanini, C. Magef,, F. Pagliucd™

G. C. Gazzadj G. Pacchiorij S. Valer®

LCNR +lstituto Nanoscienze, Modena, Italy

ZDipartimento di Scienza dei Materiali, Universita di Milano-Bicocca, Milano, Italy

3 CNR +lstituto Materiali per Elettronica e Magnetismo, Parma, ltaly

“LMA-INA, ARAID and Dept. Fisica de Materia Condensada, University of Zaragoza, Spain
® Dipartimento FIM, Universita di Modena e Reggio Emilia, Modena, Italy

e-mail: paola.luches@unimore.it

Catalysts made of cerium oxide combined with metals have been shown to be surprisingly
active in a number of different reactions. A relevant role for the activity of the cataasts

been ascribed to atomic sites at the interface between cerium oxide and the metal, and systems
in which the extent of the interface is maximized have been shown to have unprecedented
activity [1]. Studies of model systems, such as cerium oxide epitaxial single crystalline films
on metal surfaces, can be of help in simplifying part of the complexity of real catahgkts

may help to identify important intrinsic properties of the combined material.

With this work we provide an atomic scale insight into the ZROnterface by the use of
transmission electron microscopy combined with DFT +U calculations.

A cross sectional lamella has been prepared by focused ion beam out of epiaxdal thin

film on a Pt(111) single crystal, grown by reactive deposition with the procedures exposed in
[2]. TEM measurements have revealed that the coincidence cell between cerium oxide and Pt
lattices at the interface varies locally from 4.5 to 3:4. Moreover the presence of dislocations
both at the interface and within the cerium oxide film along with twinning of the, Ga®

been evidenced. Aberration corrected STEM images with different detection geometries have
been compared with theoretical models in order to determine in detail the relative
arrangement of atoms at the GA® interface. The occurrence of a charge transfer and the
formation of different oxide phases at the interface between the two materials have also been
investigated.

[1] M. Cargnello, J. J. Delgado Jaén, J. C. Hernandez Garrido, K. Bakhmutsky, T. Montini,
J. J. Calvino Gamez, R. J. Gorte, P. Fornasiero, Sc&¥&13 (2012).
[2] P. Luches, F. Pagliuca, S. Valeri, J. Phys. Cheml%:10718 (2011).

isuase

Fig.2: Model of the adsorption geometry of
CeG film on Pt(111) with O interface atoms o
top of Pt atoms, predicted to be the most stg

F|gl TEM image of the interface betwes€ by DFT calculations. The ye”OW atoms are t
a CeQ film and Pt(111). Pt atoms with the shortest Pt-O bonds.
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Tunnel-based frameworks based on manganese oxidesisad as catalytic materials in
various oxidation processes. Among critical factdetermining the performance of such
materials, the interlayer structure that couldlf&te ion insertion and extraction is vital for

their catalytic activity. In the particular case thie cryptomelane - a tunneled potassium
manganese oxide KMn8016 (Fig.1la) - the one-dimentional architecture of nanorods may
contribute to facilitate potassium ion diffusiondaspreading on the activated reactant, which

is beneficial for soot combustion. A cryptomelane potassium manganese oxide KMn80O16
was synthesized through a hydrothermal process. TEM studies revealed nanorod morphology
of the as-synthesized cryptomelane of the crywadlize in the range 20-500 nm. Selected
area electron diffraction (SAED) pattern taken frafarge group of the nanorods consists of
sharp rings that can be indexed in accordance th@éhKMn80O16 tetragonal structure. The

high resolution TEM image shown in Fig.1b, revealsidattiringes with the interplanar
spacing of 0.69 nm, which correspond well to the (110) plane of the cryptomelane manganese
oxide. An in-depth analysis and image simulations (Fig.1b) showed also that bight contrast in
the HR TEM images comes from the K and O ions, ed&®idarker contrast is associated with

the planes containing the Mn and O ions. The EBPE.S and EFTEM techniques were
employed to determine elemental distribution of eléments within the cryptomelane
nanorods. The EELS spectroscopic data were acqused spectrum imaging technique.
Comparison of the EELS spectra obtained at diffeageas in the bulk and at the surface of

the cryptomelene nanorods, revealed significantatians of the chemical composition,
uneven repartition of potassium and variations @nganese valence state. The results
obtained using several S/TEM techniques provided a nanoscale picture of the structural and
spectroscopic changes of cryptomelane with respedts catalytic performance. These
studies, complemented by species resolved thermal desorption and work function
measurements, allow for detailed understanding of potassium ion interlayer and surface
diffusion in the cryptomelane tunnel structureetation to its redox properties.

Figl. Structure and catalytic properties of cryptonelane determined within the scope of
boast combustion process analysis. (a) cryptomelantinnel structure model, (b)
HRTEM image with clearly visible lattice fringes coupled with simulated image, (c)
STEM (HAADF) image together with EDX chemical compaition map.
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The high price of Pt often hinders large-scale applications of cttalystaining this precious
metal. However, the noble-metal efficiency, i.e. the activity peratetm used, can be
improved by dispersing Pt in the form of atoms at the outermost suaigeedf a material.

Nevertheless, atomically dispersed Pt is likely to diffuse and agghdenén catalytic

operating conditions, leading to the undesired loss of per atom efficiency.

By means of DFT calculations, we have identified binding sites fanRtL00} facets of
nanostructured CeQOleading to disperse Ptspecies that are stable enough to resist bulk
diffusion and sintering processes. The predicted behaviour of these systemgood
agreement with XPS measurements on model PtCa@lysts, where the presence of the
different Pt species (cationic and metallic) as well as xtra@rdinary stability of Bt is also
detected. Furthermore, such’'Pspecies and their
anchoring sites are also found in real Pt-€e
nanocomposites featuring high Pt efficiency in fu
cell catalysis.[1] Very recently, we have als
studied the interplay between different Pt spec
and reductive environments and the effect 6&f it
the hydrogenation process. Namely, we he
investigated the hydrogenation and vacar
formation processes leading to the eithéf, RE*,
or metallic Pt, and also considered differe
possible mechanisms which may give rise to &
high efficiency of Pt*-CeQ in fuel cell catalysis.

[1] Bruix, A., Lykhach, Y., MatoI'novi, 1., Neitzel, A., Skfla, T., Tsud, N., Vorokhta, M.,
Stetsovych, V., ewfkovi, K., Myslivefek, J., Fiala, R., Vicl&y/ M., Prince, K. C., Bruyere,
S., Potin, V., lllas, F., Matol'n, V., Libuda, J. and Neyman, K. M., Angew. Chem. Int. Ed.,
(2014) DOI: 10.1002/anie.201402342.
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The high costs of noble metals for catalytic materials are the main factor limiting large-scale
application of fuel cell technology. Principle strategies to resolve this challenge involve either
the replacement of the noble metal or a more efficient use of the precious material. The latter
is achieved by maintaining a very high dispersion during operation. Recently, a significant
progress along this line was made by using nanostructured cerium oxide as a support for
atomically dispersed Pt [1]. We found thaf'Rtan be anchored at (100) nanofacets, which

are abundant at the surface of nanostructured cerium oxide. The outstandingly high adsorption
energy of Pt ions at these surface sites result from a specific coordination, with Pt in the
center of a perfect square formed by four surface oxygen ions, i.e. a square oxygen pocket.
The thermal stability of the nanostructured Pt-gd€pends strongly on the Pt concentration.
Using CO molecules as a probe we identified the changes in the composition and morphology
of Pt-CeQ mixed oxide films caused by annealing in ultrahigh vacuum [2]. We find excellent
stability of P£" in the Ce® film at low Pt content. At higher Pt concentration, a large fraction

of the Pt* is converted into metallic Pt particles above 300 K.

We have investigated the reactivity of Pt-Ga@ixed oxides towards Hand CHOH as a
function of Pt loading and Pt oxidation state under both ultrahigh vacuum and electrochemical
conditions. Several samples were prepared that contained exclusivVélyPE&Ce*, and
P£*/Ceé" in combination with Ptin the form of small particles. The role of’Rh the
activation of molecular hydrogen will be discussed in detalil.
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[1] A. Bruix, Y. Lykhach, I. Matolinova, A. Neitzel, T. Skala, N. Tsud, M. Vorokhta, V.
6WHWVRY\FK . &HYpPLNRYi - O\WOLYHpPHN 5 )LDOD 0 9iFC
Potin, F. lllas, V. Matolin, J. Libuda, K.M. Neyman, Angew. Chem. Int. Ed. 53 (2014) 10525.

[2] A. Neitzel, Y. Lykhach, T. Skala, N. Tsud, M. Vorokhta, D. Mazur, K.C. Prince, V.

Matolin, J. Libuda, Phys. Chem. Chem. Phys., submitted (2014).
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Platinum is the mostly used element in catalysts for fueteghnology, but its high price limits
large-scale applications. Platinum doped cerium oxide represente@ratave solution due to
very low loading, typically few micrograms per 1 Trat the proton exchange membrane fuel cell
(PEMFC) anode. High efficiency is achieved by using plasmaneelddamagnetron sputtering
deposition of cerium oxide and Pt of 10 nm thick nanoporous films on larfgce carbon
nanoparticle substrates coated by,@Nn films.

Thin film techniques permits to grow the catalyst film auserised by highly dispersed
platinum, mostly in ionic Pt state. Such dispersed Pt species show high activity and stability
These new materials may help to substantially reduce the dewraegpensive noble-metals in
catalytic applications.

We measured Pt-Cg@hin film anode catalyst activity in a hydrogen PEMFC and coetpé
with performance of a standard reference cell. Photoelectron spectrosaepged to investigate
chemical composition of Pt-Ce@hduced by the catalyst interaction with hydrogen.
Nanostructured character of the catalyst was confirmed by electrooscopry.

PEMFC test of Pt 2*-CeO,/nanoGDL /CN , anode
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ABO; perovskites are widely used as cathodes in intermediate temperature solid oxide fuel
cells (IT-SOFCs)ABO; compositions containing more than two types of metal ions &-the

site are more active for oxygen reduction reaction (ORR) than those with only one type of
metal ion [1]. Therefore, plenty of researches have been focused on cathodey propert
improvement of B-site substitution in LaSKCo.Fg0s3., (LSCF), that are currently
employed in IT-SOFCs [2]. It is well accepted that experimental studies are unavoidable
limited in getting specific mechanism of multi-steps ORR. Theoretical tools such as first
principles DFT calculations are often used as complementary approach [3].

In our preliminary investigations, Pd and Ni substituted LSCF prepared by sol-gel citric
method have shown enhanced cathode performances than pure LSCF, as it was confirmed by
XPS, TGA, TPR, EXAFS and AC impedance spectroscopy. In order to well understand the
effect of metal substitution on fundamental cathode property, DFT calculations have been
carried out. Specific attention was paid to the effect of metal substitution on the oxygen
vacancies formation energy and charge redistribution. Computational experiments were
performed on LSCF, LSCF-Pd and LSCF-Ni by the DFT-based computer code VASP5.3 [4
For calculations we used distorted perovskite 2x2x2 supercell and full geometry optimization
was performed for each compound. Obtained energies clearly show that vacancies can be
easier created in the vicinity of Pd and Ni. Doping by Pd reduces thé-Co-formation
energy in the whole supercell by ~1.2eV. Ni, in its turn, reduces th€,Cwm formation
energy two times stronger (0.25eV), and unlike Pd also reduces thg-Ezoformation
energy by 0.13 eV. The charge redistribution in theVic&d is well localized, whereas for
Co-Vo- Ni delocalized.

The preliminary calculations clearly evidence a decrement of oxygen vacancy formation
energy for Pd and Ni doped compounds, confirming experimental results. Strong
delocalization of electron charge redistribution observed foW&N+ needs to be carefully
investigated. Applied method could be used for the future calculations on the compounds with
smaller concentration of dopants.
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The mechanism of the methanol oxidation is studied by density functioral tfe the
VO,/Ce(y(111) system, and found to be different from that forABUD,. In agreement with
experiment the VQ@Ce(Q system is found to be more active. There exist several pathways
which involve different active sites on vanadia, on ceria and on the vanadianterphase
bonds.

The results are used to simulate temperature programmed desorptionvp&ikagree with
previous experiments on thin film \((@eG; catalysts [1].

[1] M.V. Ganduglia-Pirovano, C. Popa, J. Sauer, H.L. Abbott, A. Uhl, M. Baron, D.
Stacchiola, O. Bondarchuk, S. Shaikhutdinov, H.-J. Freund, J. Am. Cheni3202345
(2010).
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Hydrogen is ubiquitous in amorphous silica (a-3iGsilica-based natural minerals, and
synthesized materials used in a broad variety of devices and ajoplec It is known to
strongly interact with network defects, such as oxygen vacancies and dangang ®©
bonds. At the same time it is assumed that both atomic and moleculagérydnteracts only
very weakly with defect-free a-Syhetwork. Indeed, experiments demonstrate that atomic
hydrogen becomes mobile at temperatures as low as 30 K and the loarkediffusion in
silica glass samples is about 0.1 eV, whereagdiHuses in synthetic vitreous silica in a
virtually reversible manner and remains in molecular form at temperatuces #€0 K. In
other words, in the current paradigm the defect-free 8&work is assumed to be an inert
transport medium for hydrogen.

In this presentation we use the result@bfinitio modelling to demonstrate that, contrary to
common perceptions, atomic hydrogen can break ®ionds in a defect-free a-SiGetwork,
generating a three-coordinated Si defect centre facing a sila#i®iS$igroup, which shall be
referred to as a hydroxyl E” centre. The ReaxFF force-field webtosgenerate 116 periodic
models of amorphous silica each containing 216 atoms. Density functional {Z#ery,
implemented in the CP2K code was used to further optimize the geonwdta@sorphous
structures and calculate the hydrogen defects in these models. Thecaofunctional
PBEO\TC\LRC was used in all calculations. The hydrogen reactienpaasible due to the
disorder of amorphous structure and the hydroxyl E” centre is preferemfialbrated at
bridging O sites associated with statistically long€sbonds. The calculated barriers to form
this defect from an H atom in an interstitial position range betweerar@l51.3 eV. The
hydroxyl E” centre can be passivated by further anneal in atomic or molagdlagen but
there exists the possibility that it will be reactivated again in the excessnatdydrogen.

The hydroxyl E centre is similar to the MgQH")(e-kappea CENtre at the MgO surface
introduced in ref. [1] as an alternative to surface oxygen vacancies. Furtheasoites
extreme bondings in the oxide are expected to become more abundant ulieacenbf
strain, this discovery of unexpected reactivity of atomic hydrogen may s$igndicant
implications for our understanding of processes in nano-scaled silica as well asrsved a
light on the behaviour of atomic hydrogen in other amorphous solids.

[1] D. Ricci, C. Di Valentin, G. Pacchioni, P. V. Sushko, A. L. Shluger, BnGiamello, J.
Am. Chem Socl25 738 (2003)
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Thin films involving an oxide heterojunction is a proven strategy for thdysataof water
VSOLWWLQJ UHDFWLRQV XVEgD]) ank @mysterOdxidl& Wave ishitBdewW L W H
properties to achieve such heterojunctions. A major limitation of this strategy shaine

charge carrier diffusion length in hematite. Ultra-thin films were ém@nted to address this

low conductivity issue. Nevertheless, such ultrathin films do not absorb light efficiently. The
present study explores light trapping strategies to increase the gaihdkength of photons

in hematite.

Micelle suspensions were developed to obtain thin films composed of microspheroids array
with a tungsten oxide core and a hematite nanometric overlay. This battcapproach
allows a fine control of the spheroids dimensions at the micrometric to submicioscale.

By tuning the spheroids dimensions, different photonic regimes were observed
experimentally.

Using the Finite Difference Time Domain method, light propagationdénsthe
microstructures was quantitatively simulated. The simulation results were coupked to
analysis of the photoelectrochemical response of the films. Experiments anidtisim
showed good agreement and bring important insights in the relationship betwdgghtthe
interaction with the microstructure and the photoanode performances [1].

incident light

& &8
L'&'; ’

— ; . '
L vesicle templated glass FTO mWO,
sol-gel process

intensity

[1] F.Boudoire, R. Toth, J. Heier, A. Braun, E. C. Constable, Energy Environ7,Sci.
2680-2688
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Electrochemical properties of sol-gel TiQ blocking layers
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Compact TiQ thin films are used as blocking layers in solid state dye sensitizedcetita
(DSCs), and in the methylammonium-lead-iodide (perovskite) based sdkarHere, the
TiO, film serves as an electron collector and simultaneously as a buffer lagreenfing
recombination of photoexcited electrons from the substrate, typically F-doped SnO
conducting glass (FTO) with the hole conductor[1]. The compacifili®is grown on top of
FTO, usually by spray pyrolysis, DC-magnetron sputtering, electrochemical deposition,
atomic layer deposition and spin coating. Recently, we developed daktiel dip coating
technique producing dense and extremely mechanically stable thi® films on various
substrates from precursor solutions containing poly(hexafluorobutylmethacrylate) or
hexafluorobutyl methacrylate as the structure-directing agents[2]. filthe are quasi-
amorphous, but crystallize to TiO(anatase) upon heat treatment at °@00Blocking
properties of the films were tested by cyclic voltammetry using Fef@N)n aqueous
electrolyte solution as the model redox probe[3]. The same test was repeated by spiro-
OMeTAD in dichloromethane electrolyte solution. The as-grown films can exhibit
excellent rectifying interface with almost no pinholes, however, defeetsreated upon heat
treatment at 50 in air, when anatase crystallization occurs. The overall area of thgrmall
induced pinholes is comparable to that in spray-pyrolyzed titania films. flabdand
potentials, £g of the as-grown films are upshifted by about 8.2 V against the values
predicted for a perfect anatase single-crystal surface, but they dtW fihle Nernstian pH
dependence. Proton insertion into titania takes place during electicehemwdoping in
aqueous acidic electrolyte solution at sufficiently negative potential[4]. The goditi-qua
films are ideally compact, mimicking the properties of a macroscapgtescrystal electrode.
In contrast to porous polycrystalline electrodes, the doping of our dense films is permanent,
i.e. it persists for at least weeks, if the electrode is stored in @pmt temperature. Doping
manifests itself by permanent color changes and characteristghohogical differences on
the surface. The doped films still accommodaté hy electrochemical insertion, but
competition between Liand H ions in the lattice is detected by cyclic voltammograms.
Acknowledgement: This research was supported by the COST Action CM1104.

[1] Lee, M. M.; Teuscher, J.; Miyasaka, T.; Murakami, T. N.; Snaith, H. J. S¢83&e

(2012) 643-647.

[2] Prochazka, J.; Kavan, L.; Zukalova, M.; Janda, P.; Jirkovsky, J.; Zivcova, Z. V.; Poruba,
A.; Bedu, M.; Dobbelin, M.; Tena-Zaera, R. Journal of Materials Res@&;qt2013) 385-

393.

[3] Kavan, L.; Zukalova, M.; Vik, O.; Havlicek, D. ChemPhysCh&sn (2014) 1056-61.

[4] Zukalova, M. B., M.; Jirka, I.; Bastl, Z.; Kavan, L. The Journal of Physical Chemistry
(2014), submitted
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Si Py defects at interfaces of Si-passivated SiGe channels with HfO »

O.Madia, J.Kepa, F.Cerb® 9 $IDQVIHY 0 +RXVVD $ 6WHVPDQV
KULeuven, University of Leuven, Celestijnenlaan200D, B-3001 Leuvelgi®dm

Negative bias temperature instability (NBTI) has become a major reljjabdgite for aggressively-scaled
(sub-1nm equivalent oxide thickness, EOT) metal-oxide-semiconductor transistors (M€)Ssikde it
causes a shift in the threshold voltage and a degradation &f Ehel UnhaHiliy] ¥ is commonly accepted
that NBTI originates from the metastable bulk oxide defects igeeverablecomponent) and the
interfacial traps (th@ermanentomponent), both related to the intrinsic defects introduced upon thermal
processing of the semiconductor/oxide entities. Recently [1], high-k metapgaETs with Si-capped
SiGe channel have been shown to exhibit superior reliability as compared to the ghaarit devices.
This finding may pave the way to solve the NBTI problem in deep-scaledTg-RiEowever, the
understanding of the physical mechanism behind this defect density reduction is still missing.

In this work we show that chemical reduction of the interfacial oxide, unavoidabhedobetween the
semiconductor channel and the high-k insulator @hiffdays a critical role causing severe interface
degradation in terms of generation of interfacial dangling bonds (DBs) defdet®rtheless, by
performing ESR analysis on Si-channel reference samples with &#fQoxide insulator, we give
evidences that the use of He gas during the high-temperature scavengass aitmwvs one to reduce the
aforementioned damage and retain the initially low defect density.

Next, by analyzing the Si-passivated SiGe-channel structures with diffeeecr@entrations, we found
that the presence of Si DB defect®vealed also by previous studiest the interface between the Si
passivation layer and the oxide decreases as more Ge is introducedeintbatinel region. This
observation supports the hypothesis concerning the reduction of the permanent coofpdBartdue
to enhanced segregation of Ge atoms at the Si/SiOx interface [1]. Furthermore, bpgchiaadayers
thicknesses in structures with comparable amount of Ge in the SiGe layer, theokef&eain on the
density of Si dangling bond defects becomes visible. In particular, sampkes wiick (3 nm) Si cap
exhibit a low interfacial defect density regardless of the thicknestheofSiGe layer underneath.
Conversely, the samples with a thin (1 nm) Si cap show a higher defedy dehsh the SiGe layer
becomes thicker. Assuming a comparable amount of Ge atoms diffusing towardp tagers, we
suggest that a thicker SiGe layer under a thinner Si cap would accommodate thsingclattice
mismatch by generating dislocations.

These results suggest the impact of two factors on the defect formatanannealing of SiGe/Si/HfO

stacks: First, as hypothesized earlier [1], at high anhgdl PSHUD W X U H aréJl&ely*tdh DWRPV
diffuse from the SiGe layer through the Si cap towards the interface iwethxide. This reduces the
availability of Si atoms at the interface and, as a result, makes the Si 8& defisity lower. Second, as

a consequence of the Ge out-diffusion, a local strain relaxation in the SiGedayes [2].This would

subject the Si cap to a tensile strain which helps to further reduce the Si DB density [3].

[1] J. Franco, B. Kaczer, M. Cho, G. Ene@a * *URHVHQHNHQ DQG 7 *UNBVIMeliability iPSGRYHPHQWV
p-FETs Reliab. Phys. Symp. IRPS 2010 IEEE, lpp. 10824085, 2010.

2] <6 /LP -< [HH +6 .LP ' :-LOFGRRFHBWQODRVEWURSLF *H GLIIXXpRQ LQ 6L*H
Phys. Lett80, 14 2002
[3] A.Stesmans, P.Somers, V.V.Afanas'ev, C.Claeys, E.Simdaherent density of point defects in thermal tensile

strained (100)Si/SiO2 entities probed by electron spin resonanfepl. Phys. Lett. 89, 15 2006
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Characterization of In,O3; and GaO; using positron annihilation
spectroscopy
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Indium oxide (InO3z) and gallium oxide (G®3) are transparent semiconducting oxides
(TSO), a material category that combines electrical conductivity @aptical transparency.
They are used for example in the fields of solid state gas sensors, transpataciscand
LCD-displays. So far, these materials have been mostly used in their polyargstadie
since in typical applications the requirements for material quality are lovseTF®Os could
be used as transparent semiconductor devices if the electric properties cacolatrbéed
similar to traditional semiconductor materials.

In their stoichiometric state both materials are insulating, howevér ¢ogductivities are
achieved byn-doping, often with Sn. kO3 is by far the more widely used material, as heavy
Sn-doping turns it into highly conducting Indium-Tin-Oxide (ITO). Evensrag-grown sate
In,O3 is n-conductive due to unintentional doping (UID). The source of this doping is not
known but oxygen vacancies, cation interstitials and impurity atoms have been suggested
causes. G®j3 is generally less used but has potential applications in UV devices due to its
wide band gap.

In this study, we used positron annihilation Doppler broadening spectroscopy [1] to
characterize the two materials, mostly in epitaxial thin-film foRositron spectroscopy is
sensitive to vacancy type defects, especially in their negatively chargedOataigoal is to
check for interactions between the doping, annealings and cation-oxygeowaocaiplexes.

In In,O3 the results show that annealing in oxygen reduces the number of axaggties in

In-O vacancy complexes and that donors are compensated by somethingelsedibm
vacancies. In G®3; we find a high concentration of vacancies, most likely, s a possible
source fom-compensation.

[1] F. Tuomisto and |. Makkonen, Rev. Mod. Ph, 1583, (2013).
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Stoichiometry and structure control of iron-oxide ultra-thin film
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Iron oxides are promising materials because their physical and chemical properties can be
tailored by changing their stoichiometry and structure. Binary iron oxides vary their electrical
properties from conductors, like magnetite, to insulators, like maghemite, and their magnetic
properties range from ferrimagnets to antiferromagnets. For these reasons, understanding the
role of the experimental parameters during their synthesis is a fundamental issue in iron
oxides research, with implications in different fields as corrosion, medicine, catalysis and
spintronics [2-4].

In the present work we aim at understanding the growth details of different iron oxide ultra-
thin films by varying the experimental parameters. The iron oxide were grown on a Ru(0001)
single crystal using oxygen-assisted molecular beam epitaxy. The nucleation and growth of
the iron oxide films have been observed in real time by low-energy electron microscopy
(LEEM), and the films have been characterized using selected-area low-energy electron
diffraction (LEED).

First, the influence of the oxygen pressure on the growth mechanism will be presented. We
propose that, during the initial stages, the film thickness is controlled by the concentration of
oxygen absorbed on Ru(0001)[5]. Second, the influence of the iron dosing rate on the iron
oxide ultra-thin film will be reported. We finally discuss the possibility to control the
stoichiometry and structure of the ultra-thin film by choosing accurately the iron deposition
rate.

[1] R. Cornell and U. Schwertmann, The Iron Oxides; (1997)

[2] M. Bibes and A. Barthelem{i£EE Trans. Electron. Devicésl, 1003 (2007)
[3] W. Weiss and W. Rank&rog. Surf. Sci70, 1, (2002)

[4] M. Monti et al.,Phys. Rev. B5, 020404 (R)(2012)

[5] I. Palacio et al.J. Phys.: Condens. Mattes, 484001 (2013)
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Cobalt oxide nanopatrticles on Au(111): Structure, composition andate chemistry

Alex Walton,Jakob Fester and Jeppe. V. Lauritsen
Interdisciplinary Nanoscience Centre (iNANO), Aarhus University
Gustav Wieds Vej 14, 8000 Aarhus C, Aarhus, Denmark
walton@inano.au.dk

Nanostructured cobalt oxide is a promising catalyst for the emyayolution reaction (OER)half
of the water splitting reaction. Its OER activity has been showmpoove dramatically when
promoted with gold* However, a detailed understanding of the structure and surface chemistry o
this catalyst is lacking as is an explanation for the promotional effect of gold. We usetha
resolved Scanning Tunneling Microscopy and X-Ray Photoelectron Spgojrosstudy a model
system of cobalt oxide (CoO) nanoparticles synthesized on a siggtal gold substrate, Au(111).
We find that the gold substrate stabilizes an extra layer of oxygen,iogeatO-Co-O trilayer. We
hypothesize that this weakly bound oxygen is highly activexmtadion catalysis and this may
explain the promotional effect of gold. Furthermore we note that thiyer structure is identical
§} <]vPo 0-GpOGH }fraposed to be the true active phase for the ©ERand therefore
represents an exciting model system for the search for the active ditdsssamportant catalytic
material.

Finally, we present STM and XPS data on the interaction of Au sup@u@dslands with water.

We find that water adsorbs at the edges of the islands where it easilyaigss, forming
hydroxyls. Furthermore, these hydroxyls can diffuse from the edges ietstand centre,
mediated by the presence of water molecules.

Low oxygen pressure High oxygen pressure

O Gold @ Cobalt @ Oxygen

1. Yeo, B. S.; Bell, AJTAmM. Chem. Sd011,133, (14), 5587-5593.

2. Bajdich, M.; Garcia-Mota, M.; Vojvodic, A.; Ngrskov, J. K.; Bell, AnT..Chem. Si013,

135, (36), 13521-13530.

3. Friebel, D.; Bajdich, M.; Yeo, B. S.; Louie, M. W.; Miller, D. J.; Sanchez CasalongugaH.; Mb

F.; Weng, T.-C.; Nordlund, D.; Sokaras, D.; Alonso-Mori, R.; Bell, A. T.; NiRksgs, @hem. Chem. Phys.
2013,15, (40), 17460-17467.
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TiO,4, Zn0O14, WO3, : a perspective on reducible oxides from hybrid DFT

Cristiana Di Valentin, Gianfranco Pacchioni
Dipartimento di Scienza dei Materiali, Universita di Milano-Bicocca, Milano Italy
cristiana.divalentin@mater.unimib.it

In this talk we will present a comparative theoretical analysis of oxygen deficientanO

and WQ based on hybrid density functional calculations. Substoichiometric forms of these
semiconducting oxides have relevance in many technological applications including
photocatalysis, touch screens, electrodes and smart glasses. Most of the interesting chemical,
electronic, optical and magnetic properties essentially arise as a consequence of the
defectivity introduced or intrinsically present in the lattice. Crucial differences are found in
the nature of the oxygen vacancy defect of these three semiconducting oxides which have
been studied by means of the same hybrid density functional (B3LYP) for comparison on an
equal footing. In some cases, the introduction of a portion of exact exchange in the exchange-
correlation functional is found to lead to a completely different picture than that obtained with
local or semilocal functionals. Electronic transitions associated to absorption or emission
spectroscopies are estimated in terms of optical and adiabatic transition energy levels. The
degree of localization/delocalization of the defect is estimated in terms of the spatial
distribution of the excess electron charge density. A critical issue is to establish whether the
extra electrons deriving from the oxygen depletion cause the reduction of the lattice cations
oxidation state or are, instead, simply trapped at the vacancy site through stabilization by the
lattice potential. Computational results will be directly compared to experimental

spectroscopic data when available.
CB
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[1] C. Di Valentin, G. Pacchioni, Acc. Chem. Res. dx.doi.org/10.1021/ar4002944 (2014).
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Properties of two-dimensional insulators: a DFT study of Co adsorption on
NaCl and MgO ultrathin films
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Lately an increasing attention has been dedicated to the properties of two-dimensional
crystals. Recent experimental and theoretical results have shown that Co atoms deposited on
ultrathin NaCl films grown on Au(111) result in spontaneous substitutional doping of the two-
layers insulating materiaf. This result opens the general question of the reactivity of
transition metal (TM) atoms with ultrathin films consisting of few atomic layers. In this study,
density functional theory (DFT) has been applied to compare the adsorption properties of Co
atoms on three different supports: (1) models of bulk NaCl and MgO(100) surfaces; (2) free-
standing two-layer (2L) NaCl and MgO films; (3) metal supported 2L NaCl/Au(111) and
MgO/Ag(100) films.We found that Co interacts strongly with NaCl/Au(111) 2L films, and
that Co incorporation in interstitial positions between the first and second NacCl layers is
thermodynamically preferred compared to adsorption on the surface sites. Differently from
NaCl, Co adsorbs preferentially on top of O in both unsupported and supported MgO 2L
films. Co incorporation in the interstitial sites of MgO is highly unfavorable. These results
show that the reactivity of TM atoms like Co is completely different on NaCl or MgO
ultrathin films, which can be attributed to the smaller lattice constant of MgO than that of
NaCl and the stronger Madelung field in the oxide compared to the chloride. Plus, the
supported metals make the charge transfer possialeCo atoms can donate charge to the
metal support in the cases of Co adsorbed on hollow site, incorporated into interstitial site of
NaCl/Au(111) 2L films and incorporated into interstitial site of MgO/Ag(100) 2L films; this
forms Co®, reduces the steric repulsion and thus increases the energy gain, compared to the
unsupported films.

Co/NaCl/Au (111) Co/MgO/Ag(100)

o BT 0060

Fig. 1 Structures of a Co atom incorporated into interstitial site of NaCl/Au(111) and
adsorbed on top of O of MgO/Ag(100) 2L films

[1] Z.Li, H.-Y. T. Chen, K. Schouteden, K. Lauwaet, L. Giordano, M. I. Trioni, E.
Janssens, V. lancu, C. Van Haesendonck, P. Lievens and G. Pacchioni, Phys. Rev. Lett.
112 026102 (2014).

[2] H.-Y.T.Chen, L. Giordano, G. Pacchioni, J. Phys. Chehl& 12353 (2014).

[8] H.-Y.T.Chen and G. Pacchioni, Phys. Chem. Chem. Phys, in press (2014).
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Study of formate species in the CEDH/CeO, reaction: combining IR
spectroscopy and statistical thermodynamics techniges

P. G. LustembergA. Bonivardi? M. V. BoscG, H. F. Busnengoand M. V. Ganduglia-
Pirovand
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3Instituto de Catalisis y Petroleoquimica (ICP), Madrid,iSpa
lustemberg@ifir-conicet.gov.ar

Formate species (HCOO-) have been suggested as intatesedr spectators in chemical
reactions of industrial relevance, such as the waterfgéisa&nd the methanol steam
reforming reaction [1]. Several catalysts, some of thesedb@an ceria, have been proposed to
improve the performance of these reactions. One of the reasons of choosing ceria has
been its intrinsic redox properties, but only few works desdhibdormate formation under
the oxidizing/reducing environment, usually modulated by the reaitsieih In this work, we
have studied the stability of formate groups in the@HCeQ system.n situ transmission
infrared spectroscopy was used to study the temperature-prograsumide reaction
(TPSR-IR) of adsorbed methanol. Three types of formates elEerved based on the OCO
stretching frequencies (OCO)] (Figure 1). Type IIl formate £ = 1550 crit) was the first
one obtained over 450 K, where no®Cevas detected. However, after increasing the
temperature, types | and I1,{ = 1580 and 1561 cf) species emerged accompanied by the
appearance of surface Tapecies. The phase diagram of formate structures in covithci
gas environment of Oand H, to simulate oxidizing/reducing conditions, was calculated
using density-functional theory and statistical calculations.fétreate binding structure was
found to crucially depend on temperature and partial pressurdg akactants in the gas
phase. In the absence of methanol the C&@Q.,, O./CeO and several OH-coverages
phases coexist. As methanol pressure increases, we foundga bsrmate with two next
neighbors hydroxyls adsorbed (NN-@#l and no C&, named Brg-A (1535 cil). At higher
methanol chemical potential (Figure 2), a monodentate formifttetivee NN-OHgs and a
bridge state with one NN-Ql, named Mono-B and Brg-B, respectively, appeared together
with the formation of C¥& species (1564nd 1540 ci, respectively). We conclude that the
experimentally observed formate species correspond to those matederd brigde types.

B s T YL T LI Mono-A A“’H (eV)
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E Q_Om-s_ 1.0 ’f'_D‘
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) [] —
£ ¥ e
e -
0k o el i4-1.5
3('"] S%U dlllﬂ 450 54;!] 550 thlﬂ 550 T('l[l ?I5l] 1% 1.6“
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Figure 1. Thermal evolution of IR sign: Figure 2.Phase diagram of forma
of formate and C& species. species in oxidized/reduced surfaces.

[1] T. Shido and Y. lwasawa, J. Catdl36, 493 (2003).
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The effect of atomically thin TiOy structures on the morphology and
reactivity of nano-sized Rh films
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The impact of atomically thin TiQstructures, being on top, beneath or mixed with
nano-sized Rh films on the morphology and reactivity of Rh films has been investigated by
AES, STM, LEIS, XPS, TPD and work function measurements under UHV conditions. Rh
layers were formed on a nearly stoichiometric J#Q0) single crystal by PVD. T
encapsulation layers were produced on ultrathin Rh films by appropriate heat treatments and
their morphology and composition has been determined. The desorption of CO test molecule
from the CO-saturated Rh nanoparticles was characterized by a molecular (Tp=550 K) and a
recombinative (Tp=770 K) desorption state, the amount of latter being proportional to the
extent of CO dissociation. The TiQverlayer had twofold effect on both Rh nanoparticles
and on highly defective continuous Rh films produced by-iém sputtering. On the one
hand, the uptake of molecular CO was suppressed due to blocking of adsorption sites and a
linear change with TiQ coverage could be established on the Rh films. On the other hand,
the amount of recombinative CO desorption state went through maximum at intermediate
TiOx concentrations on both type of rhodium surfaces, proving that the decomposition of CO
iIs promoted by TiQ. This finding is in harmony with previous high pressure studies
regarding the maximum methanation rate of CO on rhodium at intermedigtec®W@rages
[1]. The promotion exerted by TiOspecies in inverse catalyst systems can be related to
oxide-metal boundary effect [2, 3].

The effect of an ultrathin supporting Tidilm on the adsorption properties of Rh
deposit (0.4 ML) was studied at different temperatures. An RR-RB structure was formed
at 230 K by deposition of Rh on a continuous Jifdm prepared on a 20 ML thick Rh
multilayer. The molecular CO TPD states indicated that this Rh overlayer was nearly intact
and exhibited high reactivity, while the enhancement of the deposition temperature to 265 K
resulted in a dramatic change in the metal-oxide-metal (MOM) structure. The structural
rearrangement is accompanied by the mixing ofxTw@th the post-deposited Rh as it can be
deduced from the appearance of a CO desorption feature with Tp=360 K, characteristic of the
presence of TiQ) overlayer. Enhancing the deposition temperature to 300 K, the reactivity of
the TiO+Rh film towards CO became limited, suggesting a strong interaction between the
Rh deposit and the atomically thin T@Im supported by the Rh multilayer. The low
temperatures allowing the observation of the mixing betweer @@ Rh deposits indicate
that this process possesses low activation energy. The driving force of the restructuring is the
formation of strong Rh-Rh bond and the lower surface free energy qf du€rlayer related
to that of the bare Rh surface. Noticeably, the Rh deposit formed and saturated with CO at
230 K was stable well above 300 K, up to the desorption temperature of molecular CO,
suggesting that the stability of nano-sized MOM structures can be influenced considerably by
the presence of adsorbates.

[1] K. Hayek, M. Fuchs, B. Klotzer, W. Reichl, G. Rupprechter, Top. Ch8ab5, (2000).

[2] J. Schoiswohl, S. Surnev, F.P. Netzer, Topics in Cata®i91,(2005).
[3] J. A. Rodriguez, S. Ma, P. Liu, J. Hrbek, J. Evans, M. Pérez, S@3a8¢&757 (2007).
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Excess electrons in TiQ tdelocalized solutions in anatases.localized
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TiO, is a prototypical metal oxide used in photocatalysis, photoelectrochemical (Gratzel)
solar cells, and transparent conducting oxides. Industrially two forms efafe&used, rutile

and anatase. The behavior of charge carriers is of key importance in virtually all appdicati

of these materials. When excess electrons are added to the conduction band of an oxide, they
can either retain a delocalized (band-like) character, or form localized (small) polarons due to
the strong electron-phonon coupling [1].

We used a combination of STM, STS and DBT#o investigate the degree of eletron
localization in TiQ rutile and anatase [2]. The excess electrons in rutile can localize at any
lattice Ti atom, forming a small polaron. The polarons in rutile can easily hop to neighboring
sites. Electrons in a perfect anatase lattice prefer delocalized (band-like) solutions, while
electron trapping is only possible at defects. Delocalized electrons were observed in Nb-doped
anatase in vicinity of subsurface Nb dopants. The consequences of different electron behavior
in these materials are illustrated on several applications [3].

7TKH ZRUN ZDV VXSSRUWHG E\ (5& $GYDQFHG 5HVHDUFK *UD

[1] I. G. Austin and N. F. Mott, Adv. PhyS0, 757 (2001)
[2] M. Setvinet al, Phys. Rev. Lett113 086402 (2014)
[3] M. Setvinet al, Angew. Chem. Int. Ecb3, 4714 (2014)
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Titanium dioxide is a versatile material that idisn a wide range of applications. While
the rutile phase of Ti@is well-investigated in surface science, it is ihetastable anatase that
is present in most nanomaterial and often considéine technologically more relevant
polymorph.

The key impediment in the fundamental researchnatase is the lack of suitable single-
crystals of high purity and sufficient size. Whilatural anatase crystals can be up to 1 cm
large, they suffer from contamination by other edats. Synthetically grown anatase crystals
have a well-defined dopant concentration but thewary small (few mm).

We discuss optimal ways of sample mounting andnahgain UHV, in order to avoid
contamination of the surface from the sample mduhtWe compare the surface quality
obtained on polished, cleaved and as-grown an§t@4¢ planes. We discuss the role of bulk
impurities for the surface preparation. Fe is th@shiroublesome material present in natural
anatase single crystals. Fe segregates at thesuwfmon annealing the crystal in partigl O
pressure, resulting in overgrowth of iron oxidetoa surface.

As an alternative to the natural single crystals, present our progress in the growth of
synthetic anatase crystals by the chemical trahspethod [2].

[1] M. Setvinet al, Surf. Sci.626 61 (2014)
[2] L.Kavanetal, JACS118 6716 (1996)
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Transition metal tungstates MW@wvhere M is divalent transition metal ion) have recently attracted
significant scientific and technological interest due to their applicatiorhumidity sensors,
photocatalysts, photo- and electrochromic devices. In particular, NM@©important electrochromic
and (photo)catalytic properties, which are superior to those of the binargridi®VQ constituents.
Nickel tungstate compounds have been synthesized mostly in bulk form, but with theeadfzanc
nanotechnologies there is a growing interest in preparing Nig#Qctures at the nanoscale, whose
physical and chemical properties are unexplored as yet. Recently, we have fabricated a two-
dimensional (2-D) ternary oxide CuW@anolayer on a Cu(110) surface via a UHV surface epitaxial
growth route using a solid-state chemical reaction in two dimensions andcharacterized the
structural, electronic and vibrational properties of this novel terndade araterial [1]. In this work,

we show that this preparation approach can be successfully applied also doowiie of epitaxial
NiWO, films. Specifically, (WQ)s clusters have been deposited from the gas phase onto a NiO(100)
layer supported on a Ni(110) surface. Oxidation in an oxygen pressure of &i@r at 700°C
initiates a solid-state reaction between the @¥Q@lusters and the NiO layer, resulting in the
formation of nanometer-size crystallites, which coexist with bare NiO patdhéswa(WOs)s
coverage, as demonstrated on the STM image in Fig. 1a. The crystallites exhibitdevwekiped
shape, comprising top and side facets (Fig. 1b), with the top facet being imégediomiic resolution
and revealing a good structural order (Fig. 1c). At higher {Midverage the crystallites coalesce and
form a NiIWQ, film (Fig. 1d), as unambiguously identified by ex-situ X-ray diffraction (¥RD
measurements (Fig. 1e). The XRD results show also that the NiMaOs epitaxially oriented with

its (100) crystal planes parallel to the Ni(110) substrate.

Fig. 1: (a) STM image of 1 ML (Wg) clusters
deposited onto a NiO(100) film on Ni(110) an
post-oxidized in 5x1® mbar Q at 700°C leading
to the formation of NiWQ@® nanocrystallites and
bare NiO areas; (b) STM image of an individu
NiWO, nanocrystallite; (c) STM image of the to
NiWO, facet; (d) STM image of 5 ML (Wg
clusters leading to the formation of NiW@Im;
(e) XRD specular diffraction scan of the 5 M
NiWO,(100) film.

[1] M. Denk, D. Kuhness, M. Wagner, S. Surnev, F.R. Negreiros, L.Sementa, G. Bacaro, |. Jobornik
A. Fortunelli, and F.P. Netzer, ACS Nano 8 (2014) 3947

Work supported by FWF Project P26633-N20 and the EU COST Action CM1104
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Cobalt oxide has recently turned out to be a novel, highly active heterogeneous catalyst for
many industrial important reactions. Most important, cobalt oxide-based catalysts hold an
unique potential for replacing or reducing the demand for critical materials (noble metals and
rare earth oxides) for oxidations. However the origin of the high cobalt oxide activity in
catalysis is still not well explained.

We have chosen a thin cobalt oxide film with a well-defined structure as model catalysts for
low temperature CO oxidation. The cobalt oxide film was grown on the surface of an Ir(100)
single crystal by physical vapor deposition (PVD) ip liackground with subsequent post-
oxidation [1-3]. With this routine a 8 ML thick @04(111) or CoO(111) film were prepared.

The characterization of the films has been performed by low energy electron diffraction
(LEED) and X-ray photoelectron spectroscopy (XPS).

Furthermore, we investigated the state of the active component and the interaction of CO,
CO, and gas mixture (CO+pwith different surfaces of cobalt oxide by XPS, polarization
modulation infrared reflection absorption spectroscopy (PM-IRAS) and temperature
programmed desorption (TPD) in the temperature range 2% R0 K and in the pressure

from UHV to 100 mbar.

It has been shown that CO does not adsorb g®Lims at the studied temperatures and
pressures. Using XPS and PM-IRAS it has been shown that for bat®,(Cbl) and
Co0O(111), depending on the conditions of CO adsorption, we obtained appearance of two
different carbon-containing species which could be identified as carbonates and elementary
carbon. Furthermore, in case of:0g(111) film CO adsorption leads to partial reduction of
cobalt oxide, for higher gas pressures even at room tempera&t&e& H V V X Tl th&rsdl
stability of carbonates and elementary carbon formed during CO adsorptions@5(124)

film was investigated by TPD. It has been shown that both desorbed from the surface at 520 K
-700 K as C@, at the same time the ¢y(111) film has been reduced to CoO(111). It could

be shown by IRAS, that CO adsorbs in an on top geometry on CoO and upon subsequent
reduction to Co(0) no adsorption was observed any more.

Experiments showed that it is possible to recover the film (initial state of composition and
structure) after CO adsorption and desorption experiments by an oxidation treatment at 550 K
and subsequent annealing in UHV to 670 K.

[1] K. Biedermann, M. Gubo, L. Hammer, K. Heinz, J. Phys.: Condens. Mater,
185003, (2009).

[2] M. Gubo, C. Ebensperger, W. Meyer, L. Hammer, K. Heinz, J. Phys.: Condens.
Matter,21, 0474111, (2009).

[3] W. Meyer, D. Hock, K. Biedermann, M. Gubo, S. Miller, L. Hammer, K. Heinz,
Phys. Rev. Lett.101, 016103, (2008).

Support by the Austrian Science Fund (FWF DACH | 1041-N28) is gratefully acknowledged.
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Interaction of NO with ceria has been studied by density functional modeling and FTIR
spectroscopy. The spectral studies using isotope labeled nitrogen monoxide revealed various
bands corresponding to different types of nitrogen-containing species on ceria - nitrite
species, hyponitrite species and nitrate species. The conversion of the species with the
temperature and the amount of NO was studied in order to estimate their stability. In order to
clarify the structure of those species we modelled computationally such species on different
positions on the facets and edges of a ceria nanopatrticle. The calculations were performed
with DFT+U approach using periodic code VASP. Ceria was modelled agdge
nanoparticle, used in previous studies [1,2]. For all nitrogen-containing species the vibrational
frequencies were calculated and compared to the experimentally measured value. Similar to
previous work on surface carbonates [2], this approach allowed assignment of the IR bands to
specific structures of the surface species.

Fig. 1. Selected model structures of nitrate (a), nitrite (b), and hyponitrite (c) species on ceria
nanoparticle.

AcknowledgmentsThe authors are grateful for the support from the European Commission
(FP7 project BeyondEverest), COST Action CM1104, Bulgarian National Science Fund
(project DCVP 02/02) and the Bulgarian Supercomputer Center for provided resources.

1. Migani, A.; Vayssilov, G. N.; Bromley, S. T.; lllas, F.; Neyman KJMMater. Chem.
201Q 20, 10535.

2. Vayssilov, G. N.; Mihaylov, M.; Petkov, P. St.; Hadjiivanov, K. I.; Neyman, KJMPhys.
Chem. 2011, 115 23435.
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The layered compound NiOOH, especially when Fe-doped, is one of the best catalysts for
evolution of Q in photo/ electrocatalytic water splitting, the mechanism involving probably
Fe™ or Ni** species [1]. That compound is however not well understood, as the protons in it
are disordered and its electronic structure is not well clarified. The only DFT studies made, at
the GGA+U level [2], assume that all OH groups are at the same side in each layer and
propose a location of Fe for the most active site.

Here the bulk system, doped or Fe-free, is modelled with hybrid functional method PBEO
ZKHUH WKH IUDFWLRQ takeh, pR thal bas[s-df O\WW thidorl Yoncepts, as the
inverse of the optical dielectric €@V W D Qeférntined if needed self-consistently by the
same method. This gives accurate bandgap values for very different semiconductors [3].
Calculations use periodic code VASP on a model having 50% of protons at each layer side, to
DYRLG XQSK\VLFDQesutiIHFWV RQ WKH O

The NIOOH structure was relaxed with a GGA+U+vdW functional, giving for Ni a distorted
octahedral coordination with 2 longer Ni-O bondstrians situation. Ni* ions (low spin)

show ferro-magnetic order, the antiferromagnetic one having slightly higher energy.

and an indirect bandgap of 1.45 eV, agreeing with the absorption edge measured at 850 nm
[4], are computed for the ground state. The resulting DOS is given in Fig. (a).

From this structure a Fe-substituted model was built and relaxed at the GGA+U+vdW level,
DQG FDOFXODWLRQV ZLWK VDPH ') 7 M wiRGoDXX&Ee thy DOXH :
iron substituent to Fé (in agreement with XAFS data [5]), with ejection of two protons from

the OH ligands bound to the latter ion and formation of 0A& Mie gap decreases to 0.95 eV

(Fig. (b) ), which may help to increase (hole) conductivity as observed experimentally [1].

The same systems (Fe-doped or not) computed at GGA+U level give much lower gap values
(below 0.3 eV), they are even metallic for some OH positions GGA+U is not suitable here.

NiOOH

PBEO ( 3:0.15)
44
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Figure DOS obtained at B ( O H Y H O for (a) NiOOH (b) Fe-substituted NiOOH

[1] L. Trotochaud et al., J. Am. Chem. S&86 6744 (2014).

[2] Y.F.Li, A. Selloni, ACS Catalysid, 1148 (2014).

[3] E. Menéndez-Proupin et al., Phys. Re\@® 045207 (2014) and references therein.
[4] A.J. Varkey, A.F. Fort, Thin Solid Film&35, 47 (1993).

[5] M. Balasubramanian et al., J Phys. Chem0B 4300 (2000).
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The interaction of water with ionic surfaces is of fundamental interest across many scientific
areas, such as atmospheric chemistry and heterogeneous catalysis. The MgO(001) and
NaCl(001) surfaces have been extensively used as prototype substrates in the literature.
From a theoretical point view, the density functional theory (DFT) with semi-local GGA
approximations has been most frequently used to describe water-surface interactions.
However, in the GGA-formalism, the important dispersion interactions are not explicity taken
into account. Recently, several new density functionals have been proposed which account for
the missing non-local correlation in DFT, collectively known as vdW-functionals [1-4]. To the
best of our knowledge, a comparative study of the performance of such different vdw-
functionals for the watefonic surface systems has not yet been published.

Here we present a systematic comparison of various vdW-functionals (vdW-DF, vdW-DF2,
cx-vdW-DF, optPBE-vdW-DF, optB88-vdW-DF, optB86b-vdW-DF) for the adsorption of a
water monomer, small water clusters and a water monolayer on NaCl(001) and MgO(001).
The resulting adsorption energieg,d) and structures are compared with published
experimental values and reference calculations made at the CCSD(T) and MP2 level of
theory.

We observe that all vdW-functionals perform better than PBE with respect to the reference
experimental and high-level theoretical results. In all cases, the dispersion contributions to the
water-surface interactions are much larger than for the weaéer interactions. All the
functionals (vdW as well as PBE) display similar trends as the water coverage is increased
from monomer to monolayer.

The optPBE-vdW-DF, optB88-vdW-DF, and optB86b-vdW-DF functionals [3] give the largest
Eads (@nd are similar among each other). The vdW-DF2 [2] and the very recent cx-vdW-DF
functional [4] give quite similaEggsfor NaCl(001) but not for MgO(001). All the functionals
predict similar water configurations on NaCl(001). However, for water on MgO(001), some
of the functionals favor dissociation of water while others favor molecular adsorption.

[1] M. Dion, H. Rydberg, E. Schroder, D.C. Langreth and B.l. Lundgvist, Phys.Rev.
Lett.92,246401 (2004).

[2] K. Lee, E.D. Murray, L. Kong, B.l. Lundgvist, D.C.Langreth, Phys. R&2,B881101
(2010).

> @ - .OLPHBV "5 %RZOHU $ OLFRBRBRI0GEOL0); 3K\V &RQG
Phys.Rev. B3, 195131 (2011)

[4] K.Berland, P.Hyldgaard, Phys. Re\8® 035412 (2014).
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Metal-oxide sites for facile methane dissociation
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Experimental and theoretical studies have lately revealed that under-coordinated Pd-sites in
the PdO(101) surface act as efficient centers for methane dissociation [1]. Here, the density
functional theory is used to explore the underlying reason for the low activation energy by
systematically investigating a range of hypothetical metal-oxides in the PdO structure [2].

The investigated metals are chosen to probe how the filling of the d-shell affects the methane
dissociation energy. The adsorptid)( final state Ef) and activation energiegE#) over the
considered metal oxide surfaces are reported in Fig. 1.The present calculations suggest low
activation energy for oxides with metals having open d-shells.

To further investigate the methane dissociation process, the one-dimensional potential energy
surface (PES) of methane approaching PdO(101) and AgO(101) are shown in Fig. 2. The
favorable catalytic property is traced to reduced Pauli repulsion between methane and the
surface in the case of PdO(101). The results suggest that the ability to dissociate methane is a
local atomic property and provide handles for rational design of new catalytic formulations.
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[1] A. Hellman et al., J. Phys. Chem. L&t6,78, (2012).
[2] A. Trinchero, A. Hellman and H. Grénbeck, Phys. Status Sol&]ig0RL(2014).

59



Ethylene hydrogenation over transition metal surfaces: Whatvgons the reactivity?
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Selective hydrogenation of unsaturated hydrocarbons is an important catalytic process to @nprov
the stability of biologically derived fuel feedstocks. To isolate and, ultimately tqooiate the
governing parameters in such reactions, a detailed atomistic understanding is requirgabotaint
reaction steps together with their sensitivity to reaction conditions, such as temperature, partial
pressures and catalyst identity. However, before treating complex unsaturated aldehydes, we
consider hydrogenation of alkenes by investigating archetypal ethylene hydrbgerover

transition metal surfaces.

We apply plane wave density functional theory methods[1-3] to the elucidation ofaete

energetics, in order to correlate the important parameters for activity. Accurate activation energies,
Arrhenius prefactors and adsorption energies are calculated, which when coupled to a microkinetic
model, allow us to explore the equilibrium properties of the system as a function qfadeture and
reactant coverage.

To this end, we have explored the relevant elementary steps for a large set of late trans@iah

(Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, Os, Ir, Pt and Au) surfaces. Ethylene and hydrogen adsorption has been
investigated at different coverages so as to systematically determine the role of hydrogergloadin
ethylene coverage and catalyst identity for the two-step hydrogenation of ethylene to ethane.

The preference of binding mode for ethylene is found to vary significantly between metad$, whi
impacts upon the activation barrier to hydrogenation, while the coverage of ethylene does no
exhibit a noticeable effect. Hydrogen loading appears to control ethylene binding, both enalget
and by structurally distorting the substrate, promoting the hydrogenation reaction. The partial
pressures of reactants are predicted to play a significant role for the reactivity. Qteeall
hydrogenation of ethylene is found to be a complex process, subtly affected by various reaction
conditions.

[1] G. Kresse and J. HafnBhys. Rev.,B7:558, (1993).
[2] G. Kresse, and J. Joubert, Phys. R&9, B758 (1999).
[3] P.E. Blochl, Phys. Revo® 17953 (1994).
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Oxygen-Isotopes Labeled Titanium Dioxide
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Titania samples labeled lmxygen isotopes 16, 17, 18 were synthesized, each in anatase and
rutile forms, and characterized by Raman spectroscopy[l,2] and by Raman
spectroelectrochemistry of Li-insertion.[3,4] The experimental and theoretical (DFT) Raman
frequencies allowed addressing the open questions about the second-order Raman scattering
in rutile, and the analysis of overlapping features in the anatase spectrum.fAD&iems in

the anatase crystal lattice caused the EPR line broadening, which was interpreted as a
superposition of signals attributed to Ti(lll) with axial symmetry arising from an interaction
with an*’O nucleus[5]. The reactions at the interface of titania and gaseous reactants were
investigated by high-resolution FTIR spectroscopy in dark and upon UV-excitation[6-9]. The
vacuum-annealed 0, exhibited high oxygen-exchange activity with°G,. The product of

oxygen isotope exchange at thé®Di(s)/C°0,(g) interface was €0, with small amount of
c®0™0. The®O«£+°0 acts as an intermediate in the mixture and its concentration
remains almost constant. The UV photocatalytic formation of methane, acetylené®@nd C

was studied at the 0, surface. 7 K H SURGXFWLRQ RI pVRODU IXHOVY
acetylene is promoted by the co-adsorption of HCL[6] Compatible data were acquired for
photocatalytic and catalytic processes of formic acid[7] and COS[8] at 1@, Furface.

The disproportion of OCS to G@nd CS$ is catalyzed by Ff centers on the partly doped
titania.[8] Formic acid HEO™0OH did not exchange oxygen with titania during adsorption

and decomposition processes towards,@®, and HO, but blocked active sites and thereby
inhibited the exchange between £ahd Ti0,.

Acknowledgement: This work was supported by by the Grant Agency of the Czech Republic
(contract No. 13-07724S) by the COST Action CM1104
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In the year 2004, Novoselost al successfully isolated not only graphene but also layers of some
transition metal dichalcogenides (TMDs) [1].

TMDs are well known for their laminar structure. They consist, in the bulk, of three atoms thick
monolayers (trilayers) held together through weak Van der Waals interactions. Each monolayer
consists of a plane of transition metal atoms sandwiched by two planes of chalcogen ones. There is a
strong molecular bonding between metal and chalcogen atoms within the monolayers, which present
an ionic as well as covalent character. Many TMDs have been thoroughly studiredlast 30 years

due to their many potential applications. In this talk | am going to address inteedfdutg
switched on by low dimensionality and edge effects in both, semiconducting as well as metallic
TMD's nanoribbons.

Starting with semiconducting TMD's nanostructures we focus in particular on & WS, which

have gained increasing importance in a number of recent technological applications. RelYirsg
principles simulations, we predict a metal-to- semiconductor transition for zigzag ribbons of small
width and monolayer thickness due to the structural and electronic flexibility associated to polarity
effects.  This finding opens the possibility for controlling the ribbon type during synthesis in
compounds of major technological importance.

We finish by focusing on NBS a metallic dichalcogenide, whose monolayers belong to the 1H
polytype. Bulk Nb$is non magnetic. It presents neither charge nor spin density waves, at variance
with other related dichalcogenides, such as bulk pNb8kich develops charge density waves below

40 K due to 2D Fermi surface instability (nesting).

We have shown that zigzag nanoribbons cut out from the 1H, MRbSolayers present a magnetic
ground state triggered by the zigzag edges and that this ground state is actually a spin density wa
In this presentation, the origin and features of this ground state are going to be traced lhgsdd ana
and compared with the cases of Np$aS and the semiconducting MaS

[1] K.S. Novoselov et al, PNAS 102(2005), 10451
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Ordering of oxygen vacancies and charge localization in reduced bulk ceria
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The importance of ceria (CgDin many applications originates from the ease of oxygen

vacancy formation and healing. The ordering of vacancies angdheabouts of the excess
charge in bulk Ce@Pare of no less significance than at ceria surfaces, buthéesy not
received the same attention. In this work, the formation of neats@en vacancies in bulk
Ce(Q is investigated using density-functional theory (DFT) in the BIFTU is an effective
onsite Coulomb interaction parameter) approach for a broad rangeamicyamoncentrations
(1/64 d 4 d1/4). We find that the excess charge prefers to be localzedtion sites such
that the mean Gécoordination number is maximized, and if nearest-neighbor catemasie
reduced, they rather be nonuniformly distributed [1]. Furthermore,hee $hat a vacancy
repels other vacancies from its nearest-neighbor shell anthehft10] and [111] directions
are possible directions for clustering of second- and third-neighlmangees, respectively.
Vacancies prefer not to share cations. The results are diddnsaesimple physical picture
which enables the separation of the different contributions tovraged vacancy formation
energy. We also consider cells with fluorite structure and saoighiometries as in existing
bulk phases, i.e., G, (4= 1/11), CeO1> (4 =1/ 7), and C#3 (4 = 1/ 4), as well as the
corresponding real structures. We find that the vacancy ordering and theriadatie excess
electrons are consistent with the results for single-phabéced Ce@ but the CgO,,
Ce/01,, and CegOs structures are substantially more stable. The stabilithede phases as a
function of pressure and temperature is discussed. Vacancy-indttees r@laxation effects
are crucial for the interpretation of the results.

= 10°
4 A * xd=1
* +d =2
) *d =3
1 =] od=4
35 —" od> 4 10°® -
& ] % ] B CN = B, 6.5, 6.75 .
Q2 4 E p H WCN=7 725 %
<E8 . 1 mmt e
1 o = 2
. a
2.5+ 4
1 Ce,0
] 203 .
J H Ce;0y o
i Ceyy0g9
2 T T T T T
64 32 16 11 8 7 4 &00 800 1000 1200 1400
Vacancy concentration © T (K)

(@) (b)

Fig. 1(a) Averaged vacancy formation energies as diumof vacancy concentration for all structures ittorite unit cell
considered. The mean coordination number (CN) 6f @as and the closest distance between vacandjexrd indicated
using color and symbols, respectively. (b) Phase diaghowing the stability regions for bulk Ce@nd the reduced
Ce10,0, Ce04,, and (C-type) C£; true bulk phases.

[1] G. E. Murgida, M. V. Ganduglia Pirovano, V. Ferrari, and A. M. Llois, Phys. Rev. B
(2014); in press
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Recently it has been observed an important increase of the emitted Raman signal upon
adsorption of dopamine on titania nanoparticles with respect to the bare molecule [1]. This
phenomenon known as Surface Enhanced Raman Scattering (SERS) is quite common for
metallic supports, but is by far less characterized for semiconducting materials. The
mechanism explaining the enhancement of the Raman signal in the dopamirgdi&in
has been postulated as a charge transfer one, involving an electron charge transfer from the
molecule to the nanoparticle. The goal of the present work is to investigate the interface
dopamine-TiQ on an atomic level by means of Density Functional Theory (DFT) periodic
calculations in order to elucidate the features connecting geometrical and electronic

structures. 120
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Fig. 1: left, periodic model for dopamine adsorbed on a (001) di@tase slab; right, density of
states projected on the molecule and on the slab (arbitrary units vg)/@\E
Dopamine adsorbs by an acid/base mechanism with the surface, transferring thetowo H

surface oxygen sites, and forming two Ti-O bonds [2]. The calculated adsorption energy is
exothermic by more than 1 eV and depends on the anatase surface exposed. The
corresponding electronic structure presents the HOMO states located at the dopamine and the
LUMO states at the surface Ti sites. This picture is coherent with a charge transfer from the
molecule to the nanoparticle and would support the CT transfer mechanism proposed in the
literature to explain the SERS effect [3].

[1] A. Musumeci et al. J. Am. Chem. Soc, 131 6040 (2009)
[2] I. Urdaneta et al. J. Phys. Chem. C 118 20688 (2014)
[3] I. Urdaneta et al. J. Phys. Chem. A 118 1196 (2014)
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Metal oxide catalysed selective oxidations
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Transition metal oxides are used as catalysts in many commercially important reactions.
Structural features strongly influence the catalytic performance. In this talk, | will present our
results on selective oxidation of lower alkanes such as propane and ethane and oxidation of
biomass derivatives. In the former, we observed strong influence of basal planes of mixed
oxides in determining the selectivity of oxidation products. In the latter, we tested various
solid catalysts for catalytic oxidative dehydrogenation of ethyl lactate and found that simple
and inexpensive Ti@efficiently catalyses this reaction under mild conditions. Furthermore,
molecular oxygen was used as the terminal oxidant. This reaction runs well also using
inexpensive commercial solvent mixtures. Both the desired reaction and the by-products
formation follow a free-radical mechanism. Addition of activated carbon, a solid radical
scavenger, enhanced the product selectivity without affecting activity.
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Aspects of morphology, molecular structure, O-lattice order and
defect-induced vibrational properties of CeQ/ZrO , based materials
probed by in situ Raman spectroscopy
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The citrate sol-gel and urea-precipitation
based methods have been used to prepare
Ca.Zr0,.,, (x=0.2, 0.35, 0.5 and 0.8)
materials andin situ Raman spectroscopy
has been applied in the temperature range
300-450C under inert [Ng)] and reducing
. . . . . [4.5%H/N,(g)] atmospheres with a view to:

Ce, 25,0 Fa h 463 (35)  (A)
N,, 300°C

467 (45)

(9) urea, c

Ce, 21, O | a) identify the (micro)phases present; b)
S N2 300°C assess the extent of structural defects and O
< ) vacancies in the O-sublattice; and c)
-‘g (10) urea, (¢ ()t ! examine the response of the materials
e (10) erea, € O 20~ under H(g) atmosphere at 45C. The effect
3 [DMCA=1:15 of the calcination temperature (106G vs
& Co IZr e _ 80C°C) as well as the effect of 5 atom%
N 103%00‘2:8 ! doping with rare earth oxides (RE&, RE=

La, Pr, Y, Nd) at fixed material composition,

(CegZhhi1REe Oy i.e: x = 0.2) is also
examined.

(11) urea, ¢ + t-ZrO,

8) M:CA=1:1.5t-Zr0,

© . . . .
As shown in Fig. @ one single distorted
00 80 600 400 200 cubic €) phase is evidenced for ££16.:0,.w
Raman Shift, cm™ (M:CA, urea), suggesting the incorporation

b . . :
Figure . In situ Raman spectra of GgZr,0,., of Zf" ons in the .Ceg)lattlc'e with some
materials synthesized by the citrate sol-gel & structural perturbations. In.FI.g. 2B (x = 0.5,
urea methods at 360 under flowing N(g). D: C®8Z0020,.) the characteristics of the [[
defect band; t: band due tZrO,; tcanixed Phase are evidenced for the material
(Ce,Zr)O phase. Laser wavelength, 491.5 ni prepared by the citrate sol-gel method,
laser power, 40 mW. whereas the mixed oxide prepared by the

urea-precipitation method exhibits features
suggesting the co-occurrence of both a tetragonaZrQ?) and a cubicc] ” s « { ZDoping

with rare earth oxides creates additional O vacancies (to compensate for the effective

negative charge induced by the €el RE’ substitution). Treatment with hydrogen

containing gas is shown to result in changes that are interpreted to indicate an increase in
the O vacancies. A procedure based on reduction of normalized spectra that disentangles
the inherent structural vibrational effects/properties from thermal (temperature
induced/non-structural) effects is deployed for studying the temperature dependence of the
vibrational properties.

Acknowledgment. Research supported by the RPF/THEPIS progrétdGHNOLOGIA/
THEPIS/031 1 ¥33).
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Polaronic trapping of positrons and holes on acceptor sites in ZnO and GaN
llja Makkonen and Filip Tuomisto
Department of Applied Physics, Aalto University School of Science, Espoo, Finland

Positron annihilation spectroscopy is a very powerful technique for the detection,
identification and quantification of vacancy-type defects in semiconductors and oxides [1].
Recently we have also identified the substitutional Li on Zn sitg)(ld ZnO, a defect

involving only very little open volume compared to a Zn vacancy, using positron techniques
[2]. The characteristic lifetime of i is only a few picoseconds above the lifetime of

positrons in the perfect bulk, which makes the component difficult to resolve. On the other
hand, Be on Ga site in GaN appears to be a similar positron trap [3]. These very same defects
have been suggested to trap holes in polaronic states on anion sites surrounding the dopant
atoms [4]. We model these trapped positrons and holes, compare them to one another, and
discuss the physical origins of their trapping. As an example, Fig. 1 displays isosurfaces of
localized positron and hole densities around a negatpariznO. Comparison is made with
existing experimental positron data.

[1] F. Tuomisto and I. Makkonen, Rev. Mod. Ph§5, 1583 (2013).

[2] K. M. Johansen, A. Zubiaga, I. Makkonen, F. Tuomisto, P. T. Neuvonen, K. E. Knutsen,
E. V. Monakhov, A. Yu. Kuznetsov, and B. G. Svensson, Phys. R&8, 315208 (2011).

[3] F. Tuomisto, I. Makkonen et al, unpublished.

[4] S. Lany and A. Zunger, Phys. Rev8B, 085202 (2009); Appl. Phys. Le®6, 142114

(2010).

Fig. 1: A positron density isosurface for a positron trapped around a negative ZnO
(left), and a spin density isosurface of a hole trappedparhital of a neighboring O site

(right).
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Clean and efficient hydrogen production is of interest because hydrogen is envisioned as the
fuel of the future. In particular, hydrogen production from biomass-derived alchols has
attracted great interest because of the potential application in fuel cells.

A hierarchical synthetic approach has been used to prepare nanohybrids in which
appropriately functionalized multiwalled carbon nanotubes (MWCNTSs) were embedded
inside mesoporous layers of TiQvhich in turn contained dispersed metal nanoparticles (Pd)

[1].

The synthesis can be modulated in order to vary the composition and microscopy
characterization displays that by fine-tuning the reaction conditions, it is possible to obtain
uniform coverage of the MWCNTSs with layers of the inorganic core-shell Pd@sk€dem.

After calcination, the presence of nanotubes induces a specific anatase crystal phase of the
TiO, and we show that the as-assembled catalysts possess a pronounced activity for photo-
catalytic hydrogen evolution from biomass-derived products such as ethanol and glycerol.

calcination ’

—>

CNT@M/MOZ o

[1] 0 &DUJQHOOR 0 *U]HOEgm2dNez,%. SﬁrﬁiahmjsOK. Bakhmutsky, V.
La Parola, L. M. Liz-Marzan, R. J. Gorte, M. Prato and P. Fornasiero, J. Am. Chem.
Soc.,134, 11760 (2012).
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the rutile(IdD) surface and an adsor

flayel

Standard density functional theory (DFT)-based methods have proven unable to p

guantitative description of this interfacial level alignment. This requires a proper treat

the anisotropic screening, necessitating the use of quasiparticle (QP) tec

spectroscopy (UPS), and two-photon photoemission (2PP) spectroscopy. In part

unoccupied molecular levels

* Coverage dependence of the level alignment for methanol on TiQ210), Migani, A.;

Mowbray, D.J.Computational and Theoretical Chemistiyp404041, 259-265 (2014)
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Polarons play a pivotal role in the physics and chemistry of metal oxides. Although it is
difficult to access polarons in the bulk of a material, in principle they can be probed and
manipulated at the surface, allowing their formation, properties and interactions to be
investigated.

It is known that oxygen vacancies on }{0L0) introduce electronic states that lie within the
band-gap (so-called band-gap states or BE8&)e, we probe these BGS using simultaneously
recorded empty- and filled-states scanning tunnelling microscopy (STM) as well as theoretical
calculations. At low temperature, the BGS electron distribution is asymmetric (Figure 1d) and
our calculations indicate this is due to the polaronic character of the band-gap state electrons.
Consistent with earlier work [1], at 78 K (Fig. 1c), we observe a symmetric BGS electron
distribution due to thermally-assisted hopping.

By applying electrical pulses (+4 V sample bias) from the STM tip, we manipulated the
positions of @Q-vacs and show that the BGS electrons follow thev&s. These pulses were
also used to drive ©vacs together, forming dimer, trimer, and tetramer complexes, each of
which are associated with a modified BGS distribution.



A Model Catalyst System for the Water-Gas-Shift Reetion
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Ceria-based materials have been the focus of intense study due tHeirramge of
applications across many fields. The suitability of ceria as erdg#neous catalyst support
due to its excellent oxygen storage and release characteristicd-iswoveh. One particular
system, that of gold nanoparticles supported on ceria, has displayed tatyticcactivity
towards the low temperature water-gas-shift reaction.[1] In this work werilnesihe
preparation and characterisation of model systems employed to study salyilst€aTo
overcome charging problems inherent in the use of electron-based spgmtrcand
microscopy to probe insulating materials such as ceria, we havargdepltrathin epitaxial
films of CeQx(111) on a number of conducting substrates including Pt(111),[2,3]
Rh(111),[4] and Re(0001).[5]

A key aim of this work is to thoroughly characterise the atomic staletsre and
reactivity of the Ce@y(111) surface and its associated defect structures. The key technique to
probe objects at this scale is STM, which we have used to exarygen vacancy structures,
adsorbed water, and individual gold atoms along with small (<5 nm) gold nackgsarive
also report on some of the contrast mechanisms that are observedcoutbe of making
atomically resolved STM measurements.

Figure 1. Filled-states STM image of a Cg®@11) film
on Pt(111). Surface oxygen vacancies appear as
spots located at the sites of top layer oxygen ions.
[50 x 50 nnd, Vs = -3.2 V, | = 0.05 nA]

References:

[1] Fu, Q. et al. Sciencg01, 935 (2003).

[2] Grinter, D.C. et al. J. Phys. Chem1@4, 17036 (2010).

[3] Grinter, D.C. et al. J. Elec. Spec. Rel. Phend@, 13 (2014).
[4] Grinter, D.C. et al. J. Phys. Chem1(C8 19194 (2014).

[5] Grinter, D.C. et al. J. Phys. Chem1C7, 16509 (2013).
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Pt is one of the most versatile elements in catalysis. Howevenjgherice of this precious
metal often hinders his applications in catalytic materials. Ohahe alternatives is
replacement of Pt by other less expensive metals.

By means of density functional calculations, we have studied the adsogpiibioping
effects of single atoms of three different metals M (M = Pd, Ni,@ufeQ nanoparticles.
Binding sites for adsorption of all three metals have been identifigd00} facets leading to
cationic M species. These species are stable enough to resist diffuside icsiia
nanoparticles and sintering processes that may occur in real cat@lystsame anchoring
sites have been recently found in Pt-Ge@nocomposites featuring high efficiency as fuel
cell anode catalysts [1]. Furthermore, the effect of reductive environmente dvi-CeQ
systems has been studied considering two possible mechanisms: dormétioxygen
vacancies (see Figure) and hydrogen adsorption. These processes leadrtoatienf of M
species in different charge states, which may give rise to high efficiency fuehtedyists.

Figure. Model M-doped (M = Pt, Pd, Ni, Cu) Mg,y nanoparticles with a charge-
compensating oxygen vacancy. Yellow, red and different colour balls correspond @ Ce
and dopant M atoms, respectively. The atom M substitutes a Ceiratarnorner position.
Position of the oxygen vacancy,is shown by a dashed circle. Formation energy of the O
(eV) calculated with respect to 1/2, & also given. Negative energy values indicate the
exothermic processes.

[1] A. Bruix, Y. Lykhach, I. Matol'novt, A. Neitzel, T. Sktla, N. Tsud, M. Vorokhta, V.
Stetsovych, K! ev'’kovi, J. Myslivéek, R. Fiala, M. Vicla#, K.C. Prince, S. Bruyere,
V. Potin, F. lllas, V. Mato’'n, J. Libuda, K.M. Neyman, Angew. Chem. Int. 3].
10525 (2014)
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Figure 1. Selected optimized structures of: a) one deposited, Ce¢Q L WL AR@(001)
(top view); b) Cg;0 Q D Q R S D U \WILG:(@09) Riqe view). CE cations are coloreq
in green and oxygen atoms from ceria are orange.
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Nickel catalysts are the most frequently used materials in the reforming 0i@HCO,,
known also as dry reforming (DRM), because of good catalytic activity and cost-effiestve
as compared with Pt, Ru or Rh-based systems [1]. However, the poisoning by carbon, formed
by side reactions, and the sintering of metallic Ni, at the high temperatures used, limit its
applications. To overcome these problems, the addition of second noble metals, such as Au,
Pt, have been investigated [2,3]. We have recently demonstrated that small amounts of Au and
Pt in bi-/trimetallic Ni/ALOs; catalysts strongly influence the structural and reduction
properties and enhance catalytic activity [3]. Moreover, a direct relation betweeyticatal
activity and typology of carbon was found. The best performing catalyst, Ni-Au-BtAl
formed a nice bamboo-like structure not detected for other bimetallic systems of the same
series. In the present work, in order to get more insight into the electronic/geometrical effects
of the addition of Au/Pt/Pd, DRIFTS investigation of CO adsorption have been carried out
over three bimetallic Ni-based catalysts. In Fig.1 (a) the DRIFTS difference specti@Q@fter
adsorption at room temperature followed by flushing under He at 313 K are displayed.

@ Fig. 1 (b) shows the evolutio
of the frequency of the linea
carbonyl or subcarbonyl specié
as a function of the temperatu
of the flushing treatment.

TEM observations carried o
on the catalysts after catalyt
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temperatures revealed a cl
difference in terms of nature ¢
amount of carbonaceous spec
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Fig.1 as a function of the active site
(Ni, Ni-Au/Pt, Pd) and reactio
temperature.
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Figure 1. Evolution of @ CO, CQ concentration with

temperature durinthe TPO tests
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Thermodynamics and Spectroscopy of Pt Species at Ceria Surfaces
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Extensive Prst-principles calculations have been performed to investigae©Pirfaces ir
terms of structure optimizations, electronic structure analyses and swfadewel shifts. At
initio thermodynamics predicts that on the (111) €s@face under O-rich conditions

adsorbed on the stoichiometric surface is thermodynamically favored with a be chaie
whereas lower values of the oxygen chemical potential prefer the samerstprovided tha
subsurface O vacancies are present. When considering the (110) surface it ibdoant
rich, O-moderate and relatively O-poor conditions Pt binds on the stoichiometricestofa
bridge site between two surface Ce leading to the formation of a nearly square
arrangement with the central Pt atom bonded to four O atoms, and being in a Ziorm:
state. Additional calculations suggest that (110) steps on ony(Td) terrace cal
accommodate Pt atoms in the usual square-planar coordination suggesting db@aing$
diffusing in the (111) surface can be easily trapped by a (110)-step, acquiring a 2+ stat:

FIG. 1: a) Thermodynamically most stable surface PtfS&0Octures. b) Calculated surpas:
phase diagram for Pt adsorption/dispersion on the (111) and (119s@é&2es as a functiol
ofI" o.
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Following the discovery of enhanced catalytic properties of oxide supported nanoparticles of
noble metals, especially Au, interactions between the two have become a focus in research [1-3].
The growth of oxides on Au(111) surfaces serves as an inverse model and provides insights into

their interactions. Well-ordered TiCand NbQ layers were grown on
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A class of nanostructure phases have been observed on SrTiO3 (001) surface
by applying atomic resolution scanning tunnelling microscopy (STM). Certain
surface treatment on SrTiO3 (001) including argon ion sputtering(10 minutes,
2-5 Alion current, 1keV beam energy) and annealing in the temperature range
875 +900 °C give rise to the formation of a variety of nanostructures including
nanodots and nanolines. 0.5wt% Nb doped SrTiO3 (001) single crystals were
used in this experiment. This surface preparation produced three types of
linear nanostructures named as nanolines on the SrTiO; (001) surface.
According to the different structure arrangement, these three types of
nanolines are further named as dilines, trilines and tetralines. All these
nanolines consist of parallel rows that assemble into domains that are oriented
in the <001> directions. Auger electron spectroscopy (AES) and X-ray
photoemission (XPS) show that surfaces decorated with nanolines are TiOy
rich. XPS spectra obtained from these three types of nanolines reveals
significant Ti** peak on trilines compared with a small amount on dilines and no

Ti** peak on tetralines.
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