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10:00-10:30 E. Savinova

I1: “Combining Near-Ambient Pressure Photoemission Spectroscopy with the Density Func-
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O14: “Hydrogenation of CO;, on NiGa polycrystalline thin films”

14:40-15:00 B. S. Mun
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oxidation”
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Material
15:20-15:50 Y. Yu

17: “Towards Understanding the Fundamentals at the Electrochemical Interfaces”
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5

022: “Advances in analysis of Bragg-reflection standing wave photoemission’
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Electro-Catalysis at the atomic scale.

Jan Rossmeisl

Department of Chemistry, University of Copenhagen, Universitetsparken 5, 2100 Copenhagen, Den-
mark

* jan.rossmeisl@chem.ku.dk

The chemical industry should in the future be based on renewable energy. Therefore, material devel-
opment for environmentally friendly, electrocatalytic production of valuable chemicals is needed.

Chemicals could be produced using safe, cheap, more environmentally friendly and more abundant
reactants than today. The products could be provided on demand at the place where they are needed,
reducing expensive and hazardous transport of chemicals. However, stable, efficient and selective cata-
lysts have to be discovered. This requires insight into the surface chemistry at the atomic scale.

Surface chemistry can be revealed based on density functional simulations. However, there are pres-
ently no atomic scale simulations or analysis that capture all the essential parts of the nature electro-
chemical interface. Thus the electrochemical solid/liquid interface represents one of the frontiers of
atomic scale simulations.

I will give examples where the insight from simulations might pave the way for rational discovery of
new catalyst materials and new electrocatalytic processes for sustainable production of fuels and chem-
icals. Some examples are: oxygen reduction to H,O,[1], Oxygen evolution [2] and CO, reduction reac-
tion [3].

[1] Enabling direct H,O, production through rational electrocatalyst design. Siahrostami, Samira;
Verdaguer-Casadevall, Arnau; Karamad, Mohammadreza; et al. NATURE MATERIALS, 12,
1137-1143, 2013.

[2] Beyond the top of the volcano? - A unified approach to electrocatalytic oxygen reduction and oxy-
gen evolution. Busch, Michael; Halck, Niels B.; Kramm, Ulrike I.; et al NANO ENERGY, 29,
126-135, 2016

[3] Understanding activity and selectivity of metal-nitrogen-doped carbon catalysts for electrochemical
reduction of CO,. Ju, Wen; Bagger, Alexander; Hao, Guang-Ping; et al. NATURE COMMUNI-
CATIONS 8§, 944, 2017.
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From classical model catalysts to liquids

Christian Papp
Physikalische Chemie 2, FAU Erlangen, Egerlandstrafie-3, 91058 Erlangen, Germany

* christian.papp@fau.de

XPS at near ambient pressures provides insight into different types of chemical reactions, as will be
illustrated with three examples. In the first, we investigate the effect of higher pressures in the plati-
num-catalyzed CO oxidation and the formation of platinum oxides, and discuss the effect of particle
size and substrate. While we observe the formation of disordered platinum oxides at elevated oxygen
pressures [1], the dominant phase in CO oxidation was found to be metallic platinum. The second ex-
ample discusses the liquid-gas reaction of an amine-functionalized ionic liquid with CO, [2]. We de-
termined the amount of captured CO, in the near-surface region and identified the reaction products
carbamate and carbamic acid. These results are compared to bulk measurements; the lower carbamic
acid content in the bulk is assigned to differences in solvation. The third example concerns liquid bina-
ry alloys of transition metals and Ga [3] that are stable and selective alkane dehydrogenation catalysts.
The beneficial effect of Ga is assigned to the catalyst being liquid during reaction. In XPS, we observe
a temperature-dependent change in concentration, due to the formation of solid intermetallics, leading
to the depletion of the catalytically active transition metal. In the Pd-Ga alloy, Pd is depleted at the sur-
face [4].

[1] D. Fantauzzi, et al. Angew. Chem. Int. Ed. 56, 2594-2598 (2017)
[2] L. Niedermaier, et al. J. Am. Chem. Soc. 136, 436-441 (2014)

[3] N. Taccardi, et al. Nature Chemistry 9, 862—-867 (2017)

[4] M. Grabau, et al. Chem. Eur. J. 23, 1-8 (2017)
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Combining Near-Ambient Pressure Photoemission Spectroscopy with the
Density Functional Theory Calculations for Understanding the Mechanism
of Water Oxidation

V. A. SavelevaJ', T. Jones®, L. Wang3, J.-J. Gallet*’, F. Bournel*’ , A.S. Gag03,
K. A. Friedrich*®, D. Teschner*’, R. Schlégl”, and E. R. Savinova""”
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? Departement of Inorganic Chemistry, FHI der MPG, Berlin, Germany
3 Institute of Engineering Thermodynamics, DLR, Germany
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’ Synchrotron-Soleil, Gif-sur-Yvette Cedex, France
% Institute of Energy Storage, University of Stuttgart, Germany
” Department of Heterogeneous Reactions, MPI fiir Chemische Energiekonversion, Miilheim a. d.
Ruhr, Germany

* Elena.Savinova@unistra.fr

Water electrolysis in proton exchange membrane (PEM) cells is considered as the most promising
means for converting the surplus electricity from renewable sources into the hydrogen fuel. However,
the efficiency of the energy conversion is largely restricted by the sluggish oxygen evolution reaction
(OER) at the anode of PEM electrolysers. Thus, wide dissemination of the PEM electrolysis technolo-
gy largely depends on the progress in the understanding of the OER mechanism and on the replace-
ment of expensive noble metal-based electrodes by cheaper and more abundant analogues.

We apply operando near-ambient pressure X-ray photoelectron spectroscopy and soft X-ray ab-
sorption spectroscopy (NEXAFS) to monitor the core-level XP and the O K-edge spectra during the
OER on Ru- and Ir-based anodes. Density functional theory (DFT) calculations are performed for var-
ious surface terminations of RuO, and IrO, to aid in the assignment of the spectroscopic features to
specific reaction intermediates. Armed with the experimental data and with the results of DFT calcula-
tions, we discuss the nature of the reaction intermediates and the mechanism of the OER on Ru- and Ir-
based anodes.

We suggest that the OER occurs via the so-called cation and anion red-ox mechanisms on the Ru
and Ir anodes respectively, and that the type of the mechanism depends on the d-band structure of the
oxides. We compare oxides of various genesis and show that while strongly affecting the electrocata-
lytic activity, the type of oxide (thermal vs. electrochemical) has no impact on the nature of the OER
mechanism. We finally make a link between the nature of the OER intermediates and the mechanism
of the anode degradation.

L Current address: Electrochemistry Laboratory, Paul Scherrer Institut, 5232 Villigen, Switzerland
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Water at Surfaces

Angelos Michaelides
Thomas Young Centre, University College London

* Angelos.michaelides@ucl.ac.uk

There are few molecules, if any, more important than water. Yet remarkably little is known about
how it interacts with solid surfaces, particularly at the all important atomic-level. This is true despite
widespread general interest and compelling environmental and economic incentives. For example, wa-
ter-solid inter-actions play a crucial role in the activity of fuel cells, the chemistry of the atmosphere,
global warming, corrosion, catalysis, the operation of membranes, and so on. In this talk I will discuss
some of our recent work in which we have been using classical and quantum molecular dynamics ap-
proaches as well as advanced electronic structure methods to better understand the structural and dy-
namical properties of water-solid interfaces. This will include work focused on understanding the for-
mation of ice [1-3], confined water in nanocapiliaries [4], and water diffusion and friction [5-7].

[1] M. Fitzner, G. C. Sosso, S. J. Cox and A. Michaelides, J. Am. Chem. Soc. 137, 13658 (2015)

[2] G.Sosso et al., J. Phys. Chem. Lett. 7, 2350 (2015)

[3] A. Kiselev et al, Science 355, 367 (2017)

[4] J. Chen, G. Schusteritsch, C. J. Pickard, C. G. Salzmann and A. Michaelides, Phys. Rev. Lett. 116,
025501 (2016)

[5] G. Tocci, L. Joly and A. Michaelides, Nano Lett. 14, 6872 (2014)

[6] M. Ma, G. Tocci, A. Michaelides and G. Aeppli, Nature Materials 15, 66 (2016)

[7] L. Joly, G. Tocci, S. Merabia, and A. Michaelides, J. Phys. Chem. Lett. 7, 1381 (2016)
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Dynamic Nanocatalysts: Environmental Effects

Beatriz Roldan Cuenya

"Department of Interface Science, Fritz-Haber Institute of the Max Planck Society, 14195 Berlin, Ger-
many
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In order to comprehend the catalytic performance of metal nanostructures, their dynamic nature and
response to the environment must be taken into consideration. The working state of a nanocatalyst
might not be the state in which the catalyst was prepared, but a structural and/or chemical isomer that
adapted to the particular reaction conditions. Furthermore, deactivation phenomena taking place under
reaction conditions can only be understood, and ultimately prevented, if sufficient information is avail-
able on the catalyst morphology, structure, chemical state, and surface composition while at work.

I will first describe novel approaches for the synthesis of size- and shape-controlled nanoparticles (e.g.
Cu, CuZn, CuNi, NiGa) and their functionalization/activation based on plasma treatments. Subsequent-
ly, I will illustrate how to follow the evolution of their morphology and surface composition under dif-
ferent gaseous environments in the course of a catalytic reaction, in this case, the hydrogenation of
CO2, via NAP-XPS. Emphasis will be given to elucidating the role of the nanoparticle size, shape,
composition, and chemical state of the catalysts in their activity and selectivity).
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Theoretical and in situ studies for the reactivity of metal-ceria (111)
surfaces: Importance of strong metal-support interactions

;s . . L
M. Veronica Ganduglia-Pirovano

Instituto de Catdalisis y Petroleoquimica Consejo Superior de Investigaciones Cientificas,
Calle Marie Curie 2, 28049 Madrid, Spain
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Metal-ceria catalysts are promising systems for industrially important reactions such as the water-gas
shift reaction for hydrogen production, methane dry reforming (DRM: CH,+CO, - 2H,+2CO), and
the direct conversion of methane to methanol (DMTM: CH,+ % O, - CH;0H). However, the com-
plexity of real (powder) catalysts hinders the fundamental understanding of how they work, which is
essential for their rational design. Specifically, the role of ceria in the catalytic activity of ceria-based
systems is still not fully understood. To unravel it, well-defined ceria-based model catalysts consisting
of metal nanoparticles deposited on a ceria surface are prepared experimentally or created theoretically
and investigated.

In this talk, recent results on ceria-supported Ni, Co and Cu model catalysts will be discussed, as ex-
amples of catalysts for DRM." The emphasis is here put on theoretical studies in combination with ex-
periments using ambient pressure X-ray photoelectron spectroscopy, and special attention is given to
the effects of ceria as catalyst support. The ability of ceria to stabilize oxidized species (MO,: Co*" and
Ni*") on the CeO, surface, by relocalizing electrons on localized fstates, and metallic ones (Co’, Ni%)
on the reduced CeO,., support, is essential for CH, activation —that occur at temperatures as low as
300 K— and its reforming at relatively low temperatures (~700 K). Also, the Ni/ceria system is consid-
ered for H,O activation and methanol synthesis from methane and water.’

[1] Liu, Z. et al. Angew. Chem., Int. Ed. 2016, 55, 7455; Lustemberg, P. G. et al. ACS Catal. 2016, 6,
8184; Liu, Z. et al. Angew. Chem. Int. Ed. 2017, 56, 13041.

[2] Carrasco, J. et al. Angew. Chem. Int. Ed. 2015, 54, 3917; Lustemberg, P. G. et al. J. Am.
Chem. Soc. 2018, 140, 7681.

1
The collaboration with P. G. Lustemberg, M. Nolan, Z. Liu, T. Duchoii, M. Vorokhta, V. Matolin, E.
J. Crumlin, D. C Grinter, S. D. Senanayake, and J. A. Rodriguez is gratefully acknowledged.
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Atomic layered Au clusters on a-MoC as catalyst for water gas shift
reaction

Ding Ma
College of Chemistry and Molecular Engineering Peking University

* dma@pku.edu.cn

The water gas shift (WGS) reaction (CO+H,0=H,+CO,) is an essential process for hydrogen genera-
tion/upgrading in various energy-related chemical operations. Normally for a chemical reaction, higher
reaction temperature renders higher reaction rate. However, from a thermodynamic point of view,
WGS is an equilibrium-limited reaction that is favored at low temperature. In particular, the potential
application in fuel cells requires the commercial WGS catalyst to be highly active, stable and energy-
efficient. Under these criteria, decreasing the reaction temperature will not only give a considerable
rise in the CO equilibrium conversion but will also exhibit potential in reducing the energy consump-
tion, and match the working temperature of on-site hydrogen generation and consumption units. Here
by creating Au layered clusters on an a-MoC substrate, we have successfully constructed an interfacial
catalyst system for the ultra-low temperature WGS reaction. Water is activated over a-MoC at 303 K,
while CO adsorbed on adjacent Au sites is apt to react with surface hydroxyls formed from water split-
ting, leading to an unprecedented low-temperature WGS activity.

References

[1] S. Yao, X. Zhang, W. Zhou, R. Gao, W. Xu, Y. Ye, L. Li, X. Wen, P. Liu, B. Chen, E. Crumlin, J.
Guo, Z. Zvuo. W. 1i, J. Xie, L. Lu, C. Kiely, L. Gu, C. Shi, J. Rodriguez and D. Ma, Science, 2017,
357,389

[2] M. Xu, S. Yao, D. Rao, Y. Niu, N. Liu, M. Peng, P. Zhai, Y. Man, L. Zheng, B. Wang, B. Zhang,
D. Ma, M. Wei, J. Am. Chem. Soc. 2018, DOI: 10.1021/jacs.8b03117
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New APXPS endstation at the SLS for the study of model catalysts
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Ambient pressure XPS offers great opportunities for the study of surface chemistry under reaction
conditions. This applies both, for solid-gas and for solid-liquid interfaces. At the Swiss Light Source
(SLS), a new endstation is currently being commissioned that combines such measurements with a
facility for the preparation of model catalyst surfaces under UHV conditions.

The initiative is a next step in the current activities of our group in the study of model electrodes for
pho-toelectrochemical cells for solar water splitting. We started out with UHV based studies of mo-
lecular catalysts immobilized on single-crystalline metal and oxide surfaces [1]. A chamber for wet
chemical preparations and in situ transfer to the UHV chamber allows us to form self-assembled
monolayers of larger molecules from solution [2].

The design of the new endstation combines a UHV preparation chamber with a UHV compatible
analysis chamber for APXPS, connected via a transfer / load-lock chamber. In situ and operando stud-
ies at the solid-liquid interface will be carried out using the dip-and-pull method [3]. Single-crystal
metal samples suitable for this technique are available in the form of ultrathin films grown on Si(111)
wafers [4]. The figure demonstrates the formation of a highly ordered film of RuO,(110) prepared by
oxidation of a Ru(0001) film.

Ru 3d XPD
Ru(0001) thin film RuO,(110) 14A (3 domains)

(1K)

1000
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Figure: X-ray photoelectron diffraction data from a 150 nm thick, single crystalline Ru(0001) film
before and after oxidation at 660K at 10™ mbar oXygen pressure.

[1] D. Leuenberger et al., Nano Letters 17, 6620 (2017).

[2] W.-D. Zabka et al., J. Phys.: Condens. Matter 30, 424002 (2018).
[3] S. Axnanda et al., Sci. Rep. 5, 9788 (2015).

[4] M. Fischer et al., J. Appl. Phys. 104, 123531 (2008).
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Towards Understanding the Fundamentals at the Electrochemical
Interfaces
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Understanding the electrochemical reactions at interfaces between different states of matter has been a
long-term interest for both experimentalists and theorists in wide-range research areas of energy trans-
fer and storage, heterogeneous catalysis, and electrochemistry. Revealing the fundamental chemistry at
such interfaces is critical to the future designs of improved materials. In this talk, we will present a
brief review on our in-situ and operando ambient pressure x-ray photoelectron spectroscopy investiga-
tions in several electrochemical interfaces, from the gas/solid interface of solid oxide electrochemical
cells in redox reac-tions, to the liquid/solid interfaces of magnesium rechargeable batteries (non-
aqueous) as well as the chemical composition profile on a cobalt metal electrode (aqueous). We will
also introduce our newly commissioned beamline, Ambient Pressure Spectroscopy Beamline (APS), at
Shanghai Synchrotron Ra-diation Facility. This bending magnet beamline covers an energy range of
40-2000 eV. The end-station allows measurements at pressures up to 20 mbar, and features a HIPP-3
analyzer equipped with spatial operation mode. This talk will also discuss our new lab-based APXPS
system with a monochromatic Cr X-ray source for further in-depth investigations of the solid/liquid
interfaces under operating conditions.
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Sodium-Oxygen Redox Reactions
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Lower charge overpotential of sodium-oxygen (Na-O,) batteries makes them a promising electrical
storage technology. However, they have an undesirable discharge product, sodium carbonate
(Na,COs;), which has widely been found in many previous studies. Whether and how the carbon com-
ponents in the cathode are involved in the formation of Na,COs is still not well understood. Herein, an
all solid-state Na-O, battery was constructed and its charge and discharge cycles were studied using
ambient pressure X-ray photoelectron spectroscopy (APXPS). The operando XPS results clearly
demonstrate the formation of Na,CO; on the cathode during the discharge cycle. A fraction of the car-
bonate formed can be cycled while charging the battery. Transformation of the carbon-based cathode
to Na,COs is a potential cause of capacity fading of the Na-O, battery. The potential loss over the dis-
charge products is also directly observed using APXPS.
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Fig. Operando APXPS results: the core-level spectra of Na 1s, O s, and C 1s on the cathode of
Na-O, battery during (a) discharge and (b) charge
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The need to understand the oxidation state of electrocatalysts under operating conditions has driven a
rap-id development in electrochemical XPS methodology in recent years. Achieving the combination
of proper electrode wetting, stability at high potential/reaction rate and good quality spectroscopy has
proven challenging however. Here, we show that by sandwiching the electrocatalyst between a proton
exchange membrane and a graphene layer, one can meet this challenge. As depicted in Figure 1, cata-
lyst nanoparticles are deposited on a proton exchange membrane and subsequently covered with gra-
phene. The electrolyte permeates from the backside through the membrane, providing a steady flow of
water. The graphene layer on the other side greatly reduces the evaporation rate of the electrolyte into
the vacuum chamber. We show that this can lead to the formation of a(n ultra)thin layer of liquid elec-
trolyte between the graphene and the membrane. In addition, the graphene layer provides electrical
contact to the catalyst nano-particles, enabling the study of isolated nanoparticles. Thus, electrocata-
lysts can be studied in an aqueous environment using XPS and NEXAFS, while maintaining accurate
potential control.

Our studies on the potential-driven formation of platinum and gold oxides in 0.1 M H2SO4 show clear
differences in the behavior of the two elements. While gold forms only Au’" over the entire potential
range up to 2.15 VRHE, Pt oxidation proceeds via a mixed surface oxide (Figure 1, right) to Pt*". Ad-
dition-al detail is obtained through O K-edge spectra, which allow for high time-resolution and identify
(de)protonation and oxidation processes in the O anion network. Time-resolved measurements on Pt
show that the oxidation process is fast: even bulk oxide growth occurs on the sub-minute timescale.
This suggests that PtO2 may take part in the transient dissolution processes that dominate Pt electrode
degradation. For Au, a transformation in the anion network under oxygen evolution reaction conditions
is identified.
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Figure 1: Schematic representation of the electrochemical cell (Ieft) and Pt 4f spectra obtained by
step-wise increase of the electrode potential vs. RHE (right).
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High temperature oxygen exchange of mixed conducting perovskite oxides
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Mixed ionic electronic conducting oxides (MIEC) serve a plethora of high temperature applications
such as oxygen separation membranes (OSM), cathodes for solid oxide electrochemical cells (SOEC)
and oxy-gen storage catalysts. These applications rely to a large extent on the MIEC’s ability to ex-
change oxygen with the surrounding atmosphere via redox reactions denominated the oxygen incorpo-
ration and evolution reactions, respectively. This facile exchange with a surrounding atmosphere leads
to significant alterations of the defect chemistry and electronic structure both responsible for physical
properties such as electronic and ionic conductivity, rendering the latter a function of temperature and
e.g. oxygen partial pressure.

The family of perovskites of the general formula ABO; is a particularly interesting case, as utilization
of elaborate substitution schemes of redox active 3d late transition metal cations such as Co and Fe on
the B-site allow for a tailoring of physical properties to an application’s need. In order to fully under-
stand the effect of the B-site chemistry on the electronic structure at operating conditions, we em-
ployed in situ X-Ray absorption and photoelectron spectroscopy on the prototypical SOEC cathode
and OSM materials (La,Sr)(Ti,Co,Fe)Os.sto elucidate how doping affects the evolution of the electron-
ic structure with external thermodynamic stimuli. We found out that any evolving dynamics in the
electronic structure centered around the oxygen derived electronic states, corroborating that the transi-
tion metals roles’ in substitution strategies may be limited to providing a framework for the oxygen
redox.
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The hydrogen bonding structure of adsorbed water on ice nucleation active
solid substrates
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The nucleation of ice is an important process in chemistry, physics and atmospheric science. Although
ice nucleation has been studied since long, our understanding of ice nucleation is still far from com-
plete, particularly from a molecular point of view. The hydrogen bonding structure of adsorbed water
on a solid substrate may control deposition nucleation, which is a result of short and long range inter-
actions between the substrate and the adsorbed water molecules.

As a first approach, we have measured electron yield NEXAFS spectra and XPS of adsorbed water on
graphite and two mineral feldspar substrates under subsaturated conditions with respect to ice. Under
isobaric conditions and by varying the temperature of the sample, we can change the relative humidity,
which leads to varying amounts of adsorbed water in equilibrium between the substrate and water va-
por. Preliminary results show that, under different relative humidity, the weakly and strongly coordi-
nated OH bonds of adsorbed water on graphite and feldspars show different contributions to the Auger
electron yield NEXAFS spectra, that is, the resonant transitions near the oxygen K-edge vary with rela-
tive humidity and temperature. We attribute this to the modification of the organization of water mole-
cules in response to the interactions with the solid substrate. Moreover, chemistry composition of the
sample is parallel addressed by XPS investigation. In view of the application of the NEXAFS tech-
nique, we believe it will open up a powerful tool to address the surface science of ice nucleation in the
future.
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The optimization of CO, capture and reduction materials could be accelerated by the development of a
molecular-level understanding of the adsorption and activation mechanisms. Using in sifu ambient
pressure hard X-ray photoelectron spectroscopy (AP-HAXPES) performed at 4 keV, we investigated
the interfacial properties of an organic/inorganic hybrid system suitable for CO, capture.

Employing the “dip and pull” method combined with AP-HAXPES developed at the Advanced Light
Source, we probed ~20 nm of aqueous electrolyte (in equilibrium with its vapor) in contact with an
~50 nm thick TiO, film functionalized with ~1 MLE of APTES (3-aminopropyl(triethoxysilane)). By
systematically changing the pH of the electrolyte, we observe an increase in both the surface hydro-
philicity, and stabilization of a thicker electrolyte layer at pH 14 compared to pH 7. We ascribe this to
a deprotonation of surface hydroxyls which leaves negative charge on the TiO, surface at pH 14. Such
a surface charge induces a change in the band bending in the TiO, as measured by shifts in the sub-
strate and overlayer core level binding energies (Ti 2p, O 1s and Si 1s, N 1s). The findings obtained on
such a model system show the possibility to tune the surface interfacial properties by properly adjust-
ing solution properties. The knowledge gained in this investigation can be applied for the optimization
of CO, capture systems in applied materials.
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Figure 1. Band bending in APTES functionalized TiO, surface passing from pristine conditions to pH
14 in KOH aqueous solution (left, center: Ti 2p and Si Is core levels. Right: schematization of the
band bending).
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The oxidation and reduction of metal oxides and their interaction with the environment play a critical
role in material stability and the ability to catalyze reactions. The local change in valence and for-
mation of surface adsorbates affect the oxide electronic structure and chemical reactivity, yet are chal-
lenging to probe experimentally. Here we present a detailed study of the oxidation and reduction of Cr
in the perovskite oxide family of La;.,Sr,CrO; using ambient pressure X-ray photoelectron spectros-
copy.!! The incorporation of Sr increases the propensity to oxidize at the surface, leading to the pres-
ence of Cr*" and Cr® principally confined to the top unit cell when in equilibrium with O, gas. These
acidic sites are readily reduced to Cr’” in equilibrium with H,O vapor, and the resultant amount of hy-
droxyls formed from the dissociation of H,O is directly proportional to the density of surface sites
which had been oxidized. Our quantification of the redox stability of LaSr,CrOs and the relation-
ship between the extent of oxidation, reduction, and hydroxylation with Sr yield important insight into
the surface functionality during electrochemical applications.

[1] Stoerzinger, K.A. Du, Y. Ihm, K. Zhang, K.H.L. Cai, J. Diulus, J.T. Frederick, R.T. Herman, G.S.
Crumlin, E.J. Chambers, S.A. “Impact of Sr-Incorporation on Cr Oxidation and Water Dissociation
in La(.xSrxCrO5”. Advanced Materials Interfaces 5 (2018) 1701363.
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Time-resolved APXPS characterization of catalysts under reaction
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In-situ XPS and NEXAFS are efficient techniques to determine the local structure and chemical com-
position of heterogeneous catalysts. Despite this, the nature and role of the active species involved in
catalytic reactions is still a matter of debate. This is due mainly to the low concentration of active sites,
their short lifetime, and the requirement to distinguish them from inactive spectators. Operando time-
resolved characterization tools are an important aid to acquiring snapshots of a catalytic reaction [1].
The time-resolved approach can be achieved under transient conditions, that is, modifying the gas or
liquid feed concentration in an attempt to detect a modification of the population of active sites. Time-
resolved XPS experiments performed on real catalysts are challenging due to the necessity of acquiring
well-resolved spectra in milliseconds to seconds. Although ultrafast measurements were achieved on
single crystals [2], measuring a working catalyst is still a challenge due to the low concentration of
active sites, carbon contamination of the samples, and ambient pressure conditions. This presentation
shows time-resolved measurements applied to catalysis obtained so far at the in-situ spectroscopy
beamline at the Swiss light source synchrotron [3]. We investigated both planar samples (Pd foils) and
powders (Pt nanoparticles supported on CeO2 and CeSnOx) as catalysts for the oxidation of CH4 and
for the oxidation of CO, respectively. Photoemission spectra were acquired while switching from a gas
mixture to another. By means of this approach, active sites involved in the reaction can be detected and
the reaction meachanisms can be better understood.

[1] Weckhuysen, B. M. Chem. Commun. 2002, 97-110.
[2] Hofert, O. et al. Rev. Sci. Instrum. 2013, 84, 093103.
[3] Artiglia, L. et al. J. Phys. Chem. Lett. 2017, 8, 102-108.
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The fractionation of ions at liquid interfaces and its effects on the interfacial structure are of vital im-
portance in many scientific fields. [1] Of particular interest is the aqueous carbonate system, which
governs both the terrestrial carbon cycle and physiological respiration systems. We have investigated
the relative fractionation of carbonate, bicarbonate, and carbonic acid at the liquid/vapor interface find-
ing that both carbonate (CO5> ) and carbonic acid (H,COs) are present in higher concentrations than
bicarbonate (HCO; ) in the interfacial region. [2] While the interfacial enhancement of a neutral acid
relative to a charged ion is expected, the enhancement of doubly charged, strongly hydrated carbonate
anion over the singly charged, less strongly hydrated bicarbonate ion is surprising. As vibrational sum
frequency generation experiments have concluded that both carbonate and bicarbonate anions are
largely excluded from the air/water interface, the present results suggest that there exists a significant
accumulation of carbonate below the depletion region outside of the area probed by sum frequency
generation.

[1] O. Bjorneholm, M.H. Hansen, A. Hodgson, L. Limin, D.T. Limmer, A. Michaelides, Ph. Pedevilla,
J. Rossmeisl, H. Shen, G. Tocci, E. Tyrode, M.-M. Walz, J. Werner, H. Bluhm, Chem. Rev. 116,
7698 (2016).

[2] R.K. Lam, J.W. Smith, A.M. Rizzuto, O. Karsliog, H. Bluhm, R.J. Saykally, J. Chem. Phys. 146,
094703 (2017).
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In this contribution, we will be introducing a combination of NAP XPS and NAP core hole clock ex-
periments used to study the surface composition and related electron delocalisation times in a set of
hybrid materials (semiconducting polymer+TiO,) at CO, photocatalytic reaction conditions, i.e. under
CO, and H,0 atmospheres (0.5mbar) and illumination (365 UV light). Initial data was acquired during
commissioning time at the VERSOX beamline (Diamond, UK) and used to calculate electron delocali-
sation times from the area ratio of the characteristic signals of the spectator and non-resonant Auger
channels in the S KLL Auger signal at resonant conditions (Figure 1) and using the life time of the
core hole (1.3 fs)’ as a reference (or internal clock). The calculated electron delocalisation times at
UHYV conditions were 2.3 fs and explain the low electron hole recombination rates observed for these
polymers by TAS. Remarkably, electron delocalisation times changed when exposing the polymer to
reaction conditions, i.e. dosing gases (H,O and CO,) and under illumination (365 nm LED). Moreover,
the study of the NAP XPS data at the same conditions reveals the absorption and desorption of differ-
ent species at the surface (H,O and organic molecules such as CO or HCOO"). To the best of our
knowledge, this is the first study using the CHC method at near ambient conditions (NAP CHC) and in
combination with NAP XPS shows a great potential to study both surface reactivity and charge trans-
fer in photoactive materials at reaction conditions. The presentation will also include the results from
the upcoming October run at VERSOX to study a set of hybrid materials.
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Bimetallic systems attract the great interest of many scientific groups due to its ability to im-
prove significantly catalytic properties in comparison with monometallic catalysts [1-2]. Good exam-
ple proving this statement is the bimetallic Pd-Au catalysts, which exhibit extremely high activity in a
number of industrially important reactions. This motivated researchers on numerous investigations of
Pd-Au systems, which have shown that not only the ratio of the introduced metals, but also tempera-
ture of calcination will affect the surface composition causing the essential difference between Au/Pd
atomic ratios in the bulk and surface [1-2]. Furthermore, surface composition can be varied under the
influence of reaction mixture due to enrichment of the surface with one of the metals. It is evident that
to clarify the influence of the above-mentioned effects on catalytic properties, the detailed in situ study
of surface structure and composition of bimetallic Pd-Au catalysts is necessary to understand the na-
ture of active sites and help to optimize the catalyst composition for the best activity, selectivity and
stability.

Preparation of the model bimetallic Pd-Au/HOPG (highly oriented pyrolitic graphite) catalysts
has been investigated with XPS and STM [3]. Initially, model “core—shell” type Pd—Au/HOPG cata-
lysts with similar particle size distribution (5—8 nm) were prepared. Subsequent annealing of these
samples in temperature range of 300—400°C leads to formation of Pd—Au alloyed particles.

Treatment of the alloyed Pd—Auw/HOPG model catalysts under CO oxidation conditions de-
stroys the alloy structure due to segregation of Pd over Pd—Au particle surface via formation of Pd-
CO,qs bonds. Heating the samples restores the alloy structure due to CO desorption even under the re-
action conditions. All these changes in the particle structure were identified using NAP XPS tech-
nique.

Density functional calculations combined with calculations using topological energy expres-
sion method (TOP method) were applied to reveal the mechanism of this phenomenon and to quantify
the stability of different arrangements of metal atoms in bimetallic PdAu nanoparticles in the presence
of CO adsorbate. According to results of this computational approach, adsorption of CO already at a
rather moderate coverage is sufficient to make energetically feasible segregation of Pd at terraces of
PdAu nanoparticles similar in size with experimentally studied ones.
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Near ambient-pressure X-ray photoelectron spectroscopy (NAP-XPS) was used to study the oxidation
states of methane oxidation catalysts in-situ. A1203 and SiO2-supported Pd catalysts [1,2] were pre-
pared with different particle sizes ranging from 4 to 10 nm. These catalysts were exposed to conditions
similar to those used in the partial and complete oxidation of methane and simultaneously monitored
by NAP-XPS and mass spectrometry. NAP-XPS data show changes in the oxidation state of the palla-
dium as the temperature increases, from metallic Pd° to PdOx, and back to Pd’. Mass spectrometry
shows an increase in CO production (partial oxidation), whilst the Pd is in the oxide phase, and a
switch to CO2 production (complete oxidation), when the metal is reduced again at higher temperature.
A particle size effect is observed, such that CH4 conversion starts at lower temperatures with larger
sized particles from 6 to 10 nm on both supports. The data show that the behavior is different from that
of Pd foil in the same gas environment.

The second part of the talk will address the problem of charging of supported catalysts and ways how
charging can be reduced in the experiment and/or accounted for in data fitting.

[1] Rachel Price, Tugce Eralp-Erden, Ethan Crumlin, Sana Rani, Sonia Garcia, Richard Smith Liam
Deacon, Chanan Euaruksakul, Georg Held, Topics in Catalysis 59 (2016) 516 — 525
[2] Rachel Price, Tugce Eralp-Erden, Ethan Crumlin, Sonia Garcia, Agnes Raj, Georg Held, submitted
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The Ethanol Steam Reforming (ESR) reaction is a well-known process used for hydrogen generation
and especially interesting for the on-site production of this gas. Three different Co-based catalysts have
been studied for the ESR reaction using in situ Near Ambient Pressure XPS (NAP-XPS) and X-ray
Absorption Near Edge Structure (XANES) at the ALBA Synchrotron Light Source. The Co-based cat-
alysts studied are Co;04 (Co-spinel), Cos[Si,Os],(OH), (Co-talc) and [Co,Mg,Al,(OH)6]CO;-4H,0
(Co-hydrotalcite or Co-HT). The use of Cobalt-based catalysts allows decreasing the reaction tempera-
ture since there is no methane generation in the intermediate reaction steps as opposed to other cata-
lysts that do produce this gas, which can only be reformed at high temperature. Furthermore, the possi-
bility to operate at lower temperatures shifts the water-gas shift reaction balance towards the formation
of hydrogen. However, Co-based catalysts can be deactivated under ESR reaction conditions due to
carbon deposition and this fact has been attributed to the formation of metallic Co [1]. Our recently
published results [2] show that when using Co-spinel and Co-talc for ESR metallic Co is detected
while for Co-HT, which exhibits an excellence performance for ESR, there is no formation of metallic
Co. This interesting result allows designing cobalt-based catalysts for ESR without coke deposition by
placing in appropriate environments Co®" active species.

[1] R. Espinal, E. Taboada, E. Molins, R.J. Chimentao, F. Medina, J. Llorca. Cobalt hydrotalcite for
the steam reforming of ethanol with scarce carbon production, RSC Adv. 2 (2012), 2946-2956.
[2] C. Huck-Iriart, L. Soler, A. Casanovas, C. Marini, J. Prat, J. Llorca, Carlos Escudero, Unraveling
the chemical state of Cobalt in Co-based catalysts during Ethanol Steam Reforming: an in situ
study by Near Ambient Pressure XPS and XANES, ACS Catalysis 8 (2018), 96259636
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Low-cost pathways to CO, activation promise sustainable and green alternatives to current energy car-
rier formation. Ni-Al catalysts have long been used in methanation reactions, including more recently
the methanation of CO,. We found that Fe or Mn promoters improve the activity of a mixed NiAlO,
oxide towards this reaction. In a recent near ambient pressure X-ray photoelectron spectroscopy (NAP-
XPS) study at the Diamond Light Source synchrotron facility, we followed the chemical status during
activation of a co-precipitated NiAlOy catalyst. Using the radiation delivered from the bending magnet
line BO7 (VerSoX), the evolution of the Ni 2p, Ni LMM, Al 2p, O 1s and C 1s signals was monitored.
The reduction of the catalyst during activation in hydrogen at 723 K is evidenced by formation of Ni’
while the Al 2p peak remains unaffected. Interestingly, impregnated Ni/AlO, catalysts are reduced to a
similar extent after activation under the same conditions but lead to a significantly lower activity.
These findings indicate the importance of the structural differences of the decomposed mixed NiAlO,
catalyst with respect to the ones of the impregnated Ni on a well separated AlO, support. Difficulties
occurring during in situ catalyst characterization of the activation process are discussed. Finally, CO,
methanation of the activated catalyst in a 5 mbar reactive atmosphere (CO,+H,, 1:4) was monitored in
situ by differentially pumped QMS in addition to NAP-XPS.
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A successful catalytic conversion of carbon dioxide into high-value chemicals as a means of
abating the global CO, emission has been a pressing challenge. A complete mechanistic under-
standing of hydrogenation of CO, holds the key toward an effective utilization of chemical reduc-
tion of CO,. Herein, we report on an APXPS study of CO, hydrogenation reaction on bimetallic
nickel-gallium thin films, with research objective aimed at identifying surface reaction intermedi-
ates and possibly altering chemical reactivity by varying the atomic ratio of alloy. The measure-
ments were carried out in a newly constructed endstation located at a soft X-ray bending magnet
beamline (BL24A) in Taiwan Light Source. Four types of NiGa films of different atomic ratios,
Ni, Ni;Ga, NisGaz and NiGa,, were prepared via vacuum deposition in a UHV preparation cham-
ber, and CO,/H, gaseous mixtures up to 1 mbar were in use. Our results show that all four types of
NiGa alloy films are quite reactive and capable of producing carbon-containing species such as
CO,*, CO, HCOO, CO;, and HCO; at 300 K already. The addition of Ga into the alloy films alters
the reaction pathway, producing more CO,> and HCOO for the films of increasing Ga content. In-
terestingly, for the highest Ga content film, NiGa,, the oxidation of both Ni and Ga is simultane-
ously inhibited even after 600 K reaction, suggesting that a strong electronic structure modification
of alloy films indeed occurs.
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With the combination of ambient pressure STM and ambient XPS, the presence of catalytically
active interfacial Pt-NiO,_, nanostructures are investigated. Under UHV condition, the surface forms
Pt-skin layer. Then, as the oxygen pressure is introduced, NiO, 4 clusters forms on surface as Ni atoms
segregate to the surface. During CO oxidation, the coexistence of NiO, clusters on the Pt skin is ob-
served. DFT calculation of Pt;Ni(111) also support that a CO molecule adsorbed on Pt-NiO;_,
nanostructures has a lower surface energy barrier than Pt surface.
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Ni-based superalloys are highly coveted and their superb corrosion resistance is combined with excel-
lent mechanical properties. The oxidation process is characterized by the competition between the for-
mation of chromia, and the rapid nucleation and growth of NiO. We target in our work a temperature
regime of where the competition between chemically distinct oxides (NiO, Cr,0;, NiCr,O,, non-
stoichiometric) offers critical information to develop our understanding of NiCr alloy oxidation.

We observed the oxidation of Ni 5wt%Cr, Ni 15wt%Cr and Ni 30wt%Cr for p=0.1 mbar/ 10 mbar
and followed the evolution of the oxide layer and alloy compositions at 773 K at NSLS II, beamline
10S/23-1ID-2. The native oxide was removed by annealing to 1073 K leading to a slightly Cr-enriched
surface. The rapid formation of an ultrathin Cr-oxide layer, whose thickness scales with the Cr-
concentration in the alloy completely depletes the alloy surface layer of Cr, and is followed by rapid
growth of Ni-oxide in an island growth mode. The most rapid growth is seen for Ni 15wt% and can be
attributed to the Cr’*-Vacancy complex which promote Ni-transport in the oxide (see Figure). Cr-oxide
is retained at the alloy-oxide inter-face. NiO contribu-
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Atomic layer deposition (ALD) enables ultrathin high-quality oxide layers that are central to all mod-
ern metal-oxide-semiconductor circuits. However, the quality of the semiconductor-oxide interface is
still limiting the performance especially of I1I-V semiconductor-based (opto)electronic devices due to a
high defect density and remaining native oxide. X-ray photoemission spectroscopy studies performed
at ultra-high vacuum revealed that the chemical reactions during the first ALD cycle are crucial for a
successful self-cleaning effect, but the details and dynamics of these reactions are still partially un-
known.

Here we present ambient pressure XPS (AP-XPS) studies of the ALD of HfO2 on InAs, using tetrakis-
(dimethylamino)-Hafnium (TDMA-Hf) and water precursors: By performing subsequent half-cycle
steps of the ALD process within the reaction cell of an AP-XPS system, we were able to monitor this
techno-logically relevant ALD reaction and thus obtain fully in-situ and real-time XPS measurements
of the high-k deposition on III-V semiconductors. From correlating time-resolved As 3d, In 3d, In 4d,
and Hf 4f core-level spectra (Figure 1), we could reveal the temporal evolution of complete As-oxide
and almost complete In -oxide removal, Fermi level unpinning, and formation of HfO,. Furthermore,
we observed an unexpected and previously unknown two-step reaction mechanism including molecu-
lar adsorption of the Hf-precursor, demonstrating that the previously widely accepted ligand exchange
model has to be revised. These results have strong potential for improving interface quality and per-
formance of III-V semiconductor-oxide based devices.

As 3d ;Iiﬁ/\
18 /\/\

Figure 1:

Alternating (a) As 3d and
(b) In 4d / Hf 4f core-level
spectra acquired during the
: initial deposition of TDMA-
brangemeare ©| Hf. The insets show the
e[ 08 same spectra without being
shifted along the y-axis. Red

counts [x107]
&
|
counts [x107]

o
T

o
@0

17

binding energy [eV]

__J/

15

13

g 067 12 g . L
2 11 8 062 (a) and blue (b) lines indi-
2 o B ° 2 cate the binding energy posi-
g ¥ SK o4 3 tion of (a) As-In bulk prior
o o H to the reaction and (b) Hf-
024477 05 &3 P i L Oxide after the reaction.
AL 04 o—o—o* e S A e

03

e

i i - From Ref [1].

0'0_"_;“ = T T M T T —0.0 :
@) @ 4 a (b) i . i [1] R. Timm et al., Nature
binding energy [eV] binding energy [eV] Commun. 9, 1412 (201 8)




" Annual APXPS Workshop 2018
December 11" to 14* 2018, Berlin, Germany

In Situ Surface Characterization of Pt-Cu Single-Atom Alloy Model System
in Ambient Pressure of Gases

J. P. Simonovis', A. Hunt', R. M. Palomino®, S. D. Senanayakez, I Waluyo*1

! National Synchrotron Light Source II, Brookhaven National Laboratory, Upton, NY 11973
2 Chemistry Division, Brookhaven National Laboratory, Upton, NY 11973

* iwaluyo@bnl.gov

In heterogeneous catalysis, the interaction between reactant molecules and the surface of the catalyst
often causes changes in the surface composition and chemical state of the catalyst, which, in turn, may
affect its chemical properties and reactivity. Therefore, it is important to systematically characterize
such interactions using well-controlled model systems with in situ techniques such as ambient pres-
sure XPS. Pt-Cu single-atom alloys, in which Pt forms highly dispersed, isolated atoms, have recently
gained increased interest as an active hydrogenation catalyst that is tolerant to CO poisoning. In this
talk, [ will present recent AP-XPS results from the 23-ID-2 beamline at the National Synchrotron Light
Source II in which we studied the interaction of common reactants (CO, H,) with the Pt/Cu(111) sin-
gle-atom alloy model system. By probing the Pt 4f core level, we were able to clearly distinguish Pt
atoms in different chemical and physical environments as well as monitor their evolution in various
experimental conditions. Ambient pressure of CO stabilizes surface Pt atoms at high temperatures and
can draw out Pt that has diffused into the bulk back to the surface. However, restructuring of the sub-
surface layer due to heating causes changes in the Pt-CO interaction that has important implications in
the catalyst’s ability to activate H.,.
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In situ X-ray photoelectron spectroscopy by using an environmental cell
and Al Ka source
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Utilization of environmental cells for in situ XPS measurements of solid/liquid interfaces has been
much attention.'> We previously constructed an in situ electrochemical XPS apparatus for electro-
chemical processes at solid/liquid interfaces under potential control using hard x-rays from synchrotron
light sources and an environmental cell equipped with a 15 nm-thick silicon membrane as a X-
ray/photoelectron window, and observed electrochemical growth of Si oxide in contact with water.’
Because conventional XPS utilizing an Al Ka source is too surface sensitive to detect the photoelec-
trons generated at the Si membrane/water interface through the 15 nm-thick membrane, we utilized
hard x-rays to effectively detect those photoelectrons. Here, we present our recent progress on the de-
velopment of a lab-based in situ XPS apparatus which is equipped with an Al Ka source. By using a
newly developed x-ray/photoelectron window, solution species encapsulated within the environmental
cell are successfully observed.
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Mn, Cr-spinel Oxide’s Formation from APXPS’ Perspectives

Akbar bin Kaderi'?

! Previously at ZEA-3, Forschungszentrum Jiilich, 52428 Jiilich, Germany.
? Graduate Student of the Faculty of Georesources and Materials Engineering, RWTH Aachen, 52056
Aachen, Germany

* akb.kaderi@gmail.com

Spinel oxide is a very interesting compound. The general formula for spinel oxides is AB,O,4. The
compound has interesting physical properties including electronic and magnetic as well as chemical
properties including oxidation and catalysis. The unique properties of spinel oxide have found its
use in many technological energy applications such as in solar cell, fuel cell and batteries. In this
abstract, interests and works on Mn,Cr-spinel oxides are presented. Mn,Cr-spinel oxides has been
known to prevent Cr,O; evaporation in Solid Oxide Fuel Cell’s operating environments. Normally,
this Mn,Cr-spinel oxides would form a layer on the interconnector part of the solid oxide fuel cells
during operations. Nevertheless, the formation mechanism of these Mn,Cr-spinel oxides has yet to
be addressed clearly. In this work particular attention is given on the Mn,Cr-spinel oxides formation
from the solid state reaction of MnO and Cr,0O; at 500 °C and 700 °C. The in-situ APXPS observa-
tions of the reaction was performed in po, = 5 mbar in the said temperatures. The in-situ observa-
tions has demonstrated the importance of Mn in preventing the evaporation of Cr,O; at high tem-
perature by means of Mn,Cr-spinel oxides formation. Additionally, Mn also has been shown to be
more significant in regulating the oxidation of Cr.
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Given the surface sensitivity of XPS, surface cleanliness is of paramount importance. Typical methods
for removing contamination, for example, argon sputtering, heating or the use of ozone cleaning is de-
structive to organic crystals. We have developed an anti-solvent surface treatment method for the non-
destructive removal of surface contaminant. Optimization of the cleaning protocol was performed ini-
tially by using atomic force microscopy (AFM), in which ultra-pure water, ethanol, methanol, isopro-
pyl alcohol, and dichloromethane (DCM), as well as saturated solutions of all solvents, were exam-
ined. In the case of paracetamol crystals, the solvent that provided the best cleaning results was DCM.
With the polar solvents all significantly altering the surface topology of the crystals. The optimized
cleaning protocol was then taken forward for NAP-XPS experiments at the NSLS-II 23-ID-2 CDX-II
beamline. Spectra were acquired before and after cleaning on the same facet of a crystal at 3 mbar wa-
ter vapor pressure. Paracetamol Cls XPS spectra have a distinctive carbonyl shoulder at 287.7 eV
binding energy, which was used to calibrate the energy positions and normalize the spectra intensities.
Elemental analysis showed a 14% reduction in total C after cleaning. The total amount of paracetamol,
as determined from the carbonyl shoulder, remained unchanged. No chlorine was detected in the sur-
vey spectra suggesting that there was no residual DCM solvent at the surface.

Paracetamol Cls at 1000 eV
Excitation Energy

—— DM Clzaned
—— Before Cleaming

Intansity (a.u,)

20 89 B8 287 |6 B/ B4 B3 82
Binding Energy (e V)

Figure 1. Cls high-resolution spectra of paracetamol obtained at 1000 eV excitation energy.
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S. Nemsak,' O. Karshoglu,2 M. Gehlmannf’4 J. Miiller,” H. Bluhm,l’z’(’ C.S. Fad1ey3’4

" Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley CA, USA
2 Chemical Science Division, Lawrence Berkeley National Laboratory, Berkeley CA, USA
3 Material Sciences Division, Lawrence Berkeley National Laboratory, Berkeley CA, USA
* Department of Physics, University of California Davis, Davis CA, USA
I Computational Research Division, Lawrence Berkeley National Laboratory, Berkeley CA, USA
% Fritz Haber Institute of the Max Planck Society, Berlin, Germany

* snemsak@Ibl.gov

Standing-wave ambient pressure photoemission spectroscopy is a recently developed experimental tool
possessing a huge application potential due to its superb depth resolution [1]. In comparison with con-
ventional photoelectron spectroscopy, however, both data collection and subsequent data analysis are
much more complex processes. Depth profiling in standard X-ray photoemission spectroscopy usually
involves variation of the incident photon energy and/or electron emission angle to vary the effective
information depth. From the complexity point of view, this is in stark contrast to standing-wave exper-
iments, which use several tens of different angles/photon energies spread over the Bragg peak in order
to capture the phase of the standing wave reliably.

The current level of automation at both soft X-ray endstations at beamlines 9.3.2 and 11.0.2 of the Ad-
vanced Light Source allow for rapid and relatively autonomous data collection of standing-wave scans,
but the data analysis is still a very time consuming effort. Data analysis is performed via structure op-
timization process (that requires frequent user intervention), which compares experimental data to X-
ray optical and photoemission simulations, where several thousands of iterations are usually required
to converge the optimized structure.

Here we present a newly written code for the analysis of standing-wave data, called SWOPT, that au-
tomates this trial-and-error optimization process. The program includes an algorithm that has been de-
veloped for computationally expensive problems, i.e. a so-called “Black-box optimizer”. It also in-
cludes a more efficient version of the Yang X-ray Optics Program (YXRO) [2]. Apart from the initial
setup of the optimization ranges and precisions, human interaction is not required during the optimiza-
tion. Some examples of the optimization algorithm performance solving real and hypothetical prob-
lems will be discussed and we demonstrate that it finds better solutions significantly faster than a ran-
dom search approach. The total optimization time depends on the sample structure and is typically of
the order of tens of minutes to a few hours on a modern multi-core computer and is up to 100x faster
than a corresponding manual optimization. These speeds make the SWOPT program an indispensable
tool for real-time data analyses, which can in return enable more educated steering of the synchrotron
ambient pressure photoemission experiments. [3]

[1] S. Nemsak et al., Nat. Comm. 5, 5441 (2014)
[2] S.-H Yang et al., J. Appl. Phys. 113, 1 (2013)
[3] O. Karshioglu et al., J. El. Spec. and Rel. Phenomena, submitted.
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Reactive oxygen species on iridium: testing hypotheses from DFT in situ
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Reactive species of heterogeneous catalysts are difficult to identify with X-ray spectrosco-
py. They usually have a low steady state concentration, simply due to their reactivity, and appear
only on the sur-face. The same applies to electrocatalysts active in the oxygen evolution reaction
(OER), which are highly desired for their ability to produce hydrogen from water with excessive
energy of renewable sources. In order to tackle this challenge we used two strategies: first, we
enhanced surface sensitivity and, secondly, we used time resolved spectroscopy to avoid low
steady state concentrations and track transitions from one species to another. \/acijum

@IrNPs|

Firstly, we developed a methodology which facilitates
surface sensitive X-ray spectroscopy on a working electrocat-
alyst. We achieve that by blanketing iridium nanoparticles on

a permeable membrane with graphene. The thin carbon layer PEM
is the current collector and, in its function as an evaporation 40
barrier for water, it leads to condensation and consecutively to 0N HSO , il |

a thin layer of electrolyte. In this way, we can perform electro-
chemistry and photoelectron spectroscopy at the same time.

Figure 1: Schematic drawing of the methodology.

Secondly, our ab initio calculations predicted the p;-O
species to be most active in water oxidation and suggested
that pu,-OH is transferred into a p,-O species at the onset of
oxygen evolution. By using time resolved spectroscopy we
were, indeed, able to show a relationship between the electro-
chemical current (figure 2a) and an intensity shift from the

PEM/IrNP/GO|
----PEM/GO 1

GABM LO[JEPIXO pUZ

distinctive spectroscopic feature of p;-OH (figure 2b) to the

(=]

one of p;-O (figure 2c¢). It was confirming that full spectra of
the catalysts steady state were in good agreement with the ab

initio calculations, too.
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Figure 2: Tracking of the electrochemical currents
and the absorption intensity of reactive oxygen spe-

cies.
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The sodium superoxide (NaO,) batteries have solved the problem of large overpotential in
Li-O, batteries, nevertheless, the capacity is still limited by the one-electron transferring process
comparing with the sodium peroxide (Na,O,) battery, which still suffers from the same issue as
the Li-O, battery (large overpotential). Here we report a brand new type of an all-solid-state Na-
O, battery using traditional nanoporous gold (NPG) material as the air electrode, ceramic Na-B"-
ALO; as the solid electrolyte and sodium metal as the cathode. We found sodium peroxide
(Nay0,) as the discharge product and can be reversibly cycled at a very low overpotential, which
is different from previous reports. We conducted qualitative and quantitative studies on the dis-
charge-charge products of the cell using in situ ambient pressure X-ray photoelectron spectrosco-
py (APXPS).
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Key words: in situ, ambient pressure X-ray photoelectron spectroscopy, sodium-oxygen batteries,
nanoporous gold.
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All-solid -state Na-O, batteries have attracted great attention recently due to their high theoret-
ical energy densities and high security which make them attractive candidates for application in Evs.
The major challenge of Na-O, battery is the chemical composition of product is still controversy. [1-3]
Thus understanding the chemistry behind Na-O, batteries is critical towards enhancing their perfor-
mance and advancing their development. [4] In this study, we built an all-solid-state Na-O, battery us-
ing porous cerium oxide as oxy-gen electrode, and studied the oxygen reduction reaction and oxygen
evolution reaction during discharge and charge process using ambient pressure X-ray photoelectron
spectroscopy (APXPS). The results indicate that the Na-O, battery using porous cerium oxide elec-
trode can cycle well, and the porous cerium oxide electrode provides a suitable three-phase interface
for the deposition of discharge products. The electrochemical reaction in the battery is the formation
and decomposition of Na,CO; based on the analysis of the spectra, while the large interfacial re-
sistance lead to large discharge polarzation of ~0.5 V. This study has demonstrated that oxygen elec-
trode using porous cerium oxide for all-solid-state Na-O, batteries shows potential for the battery de-
velopment, while large resistance at the interface limit the cycle performance and coulomb efficiency
in those batteries.
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In nature the oxygen evolution reaction (OER) takes place at the oxygen evolving complex
(OEC) in photosystem II 1. The [Mn4O,:Ca] core structure of the OEC resembles inorganic manganese
oxides, making the latter interesting candidate OER catalysts 2, 3. Birnessite, a layered manganese
based ox-ide, is well known to be active under OER conditions 4, 5. Here we compare the in-situ re-
sults obtained with different detection methods for K-Birnessite and an electrodeposited MnOx (Bir-
nessite-like). These two materials are characterized by a high degree of amorphicity and porosi-ty.
Their behaviors during the OER in 0.1M phosphate buffer pH7 as well as in 0.1M KOH solution are
similar. The changes in O K-edge are correlated with the oxidation state of manganese. Un-der the
OER most-ly Mn** was detected. At this condition the O K-edge resonance at 529.6 eV can be seen to
increase with potential, which would suggest an increase in O 2p hole-character as a con-sequence of
O-Mn hybridization 6. This leads to the conclusion that the active form of manganese oxide has more
cova-lent character. The same phenomena were observed for neutral and alkaline solution and the re-
sults are confirmed with surface sensitive and bulk sensitive in-situ measurements 7, 8. It was also
possible to detected oxygen during OER.

[1] Cox, N. et al. (2013), Accounts of Chem. Research 46, 1588.
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Atmospheric relevant molecules at aqueous interfaces probed with APXPS
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Environmental questions related with climate change are very important problems nowadays.
Problems like, the role of atmospheric aerosol particles on the tropospheric chemistry and cloud for-
mation are a great challenge for science. Atmospheric aerosols can affect the global radiative balance
by light scattering and act like condensation clouds nuclei. The effects of aerosols have been identified
by International Panel on Climate changes (IPCC) as an important source of uncertainty in climate
models [1]. The liquid-gas interface is important for aerosols due to their small size, but surface effects
are not generally taken into account in current climate models. To include surface effects in climate
models, it is paramount to improve our molecular level understanding of atmospheric surface phenom-
ena and processes. An effective way to study the composition of the surface of liquids at molecular
level is by using X-ray photoelectron spectroscopy (XPS) associated with the liquid microjet technique
[2,3]. Using a thin liquid jet (20 micrometers) we can study the chemical properties of the surface of
solutions in a molecular level. In this work we will discuss the results of liquid jet XPS experiments of
atmospheric relevant organic molecules (aminoacids, amines, carboxylic acids) and salts, obtained by
an international collaboration between institutions of Sweden and Brazil. Particularly we will show
that thermodynamic potentials that describe the structure and reactivity of interfaces can be obtained be
careful analysis XPS spectra measured for liquid jets at variable like concentration, pH and tempera-
ture.

60



" Annual APXPS Workshop 2018
December 11" to 14* 2018, Berlin, Germany

NAP-XPS of Functionalized GaN Surface for Biomolecular Sensing
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The wide-band gap gallium nitride (GaN) semi-
conductor is nowadays considered as a favorable
candidate for use in biological -based microelec-
tronic and biosensing devices due to its many
peculiar physical and chemical properties, in
addition to its excellent natural living-cell bio-
compatibility and its ability to convert biological
return directly into an electrical signal. The po-
tency of GaN to detect biological species has
been assessed via studying surface modification
of priori-cleaned/annealed GaN surface upon its
functionalization with few monolayers of low-
pressure water and L-cysteine molecules by
atomic force microscopy (AFM), low-energy
electron diffraction (LEED), and near ambient
pressure (NAP-) X-ray photoelectron spectros-
copy (XPS). It has been noted that not much
change took place in the chemical structure of
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studied water/GaN interface, but there was some evidence of surface modification and change of
bonding mechanisms on L-cysteine/GaN interface related to the sulfur-group of amino acid, which
may help to get more understanding of the bio-physical-chemical interactions and bonding processes

active at functionalized organo/GaN interfaces.
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Nickel based catalysts play an important role in the chemical transformation of CO,.[1-3] A funda-
mental understanding of the interfacial interaction between CO, and nickel at atomic level is neces-
sary.[4,5] In this study, the interfacial reactions of CO, on Ni(111), Ni(110) as well as Ni(100) surfaces
were studied using ambient pressure X-ray photoelectron spectroscopy (APXPS). On all surfaces, the
chemisorbed CO, only appeared on Ni(110), being both a precursor for dissociation of CO, into CO”
and O" and a reactive species that undergoes conversion in the CO2 hydrogenation process. The
Ni(100) has the highest ability to dissociate CO, into CO” and O". As the dissociated species CO" de-
sorbed from the Ni(111) surface, the Ni(111) is more easily to be oxidized with increasing tempera-
ture. In particular, the surface adsorbed carbon on Ni(100) is more stable than those on Ni(111) and
Ni(110), which was thought to be the carbon sources in the dry reforming of methane. In addition,
since the oxidation of nickel surfaces is obviously suppressed under the presence of adsorbed carbon
species, it is proposed that the CO” and graphite carbon species could inhibit the oxidation of nickel
surfaces. Further investigation may be needed to confirm this view. Our findings improve our under-
standing of the CO, activation on nickel single crystal surfaces.
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We have recently established that gas phase pair formation can be used to minimize surface charging
in NAP XPS measurements on electrically insulating organic crystals. We have used this technique to
examine the overlayer formed on a paracetamol crystal surface in the presence of 23% relative humidi-
ty (10°C, 3 mbar water) by variable photon energy NAP XPS. Assuming layer-by-layer growth of ho-
mogeneous phases we have modelled expected signal variations as a function of stoichiometry and
thickness of the overlayer formed by water adsorption. Using least squares fitting against the experi-
mental data we find that within the probing depth of XPS the system is dominated by an aqueous para-
cetamol solution layer, indicating that significant dissolution of paracetamol takes place, rather than
condensation of a pure water overlayer. The best-fit model also suggests that adventitious hydrocarbon
may rise to the surface of the solution. The study demonstrates that gas phase ionisation makes it fea-
sible to examine electrically insulating organic crystals at ambient humidity conditions, i.e., in the ab-
sence of a dedicated charge neutralization system. The results also highlight the importance of cleaning
of organic crystals surfaces before reliable quantitative conclusions can be drawn from surface analy-
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Figure 1. The proposed model for the overlayers covering the paracetamol crystal in the presence of
23% relative humidity at 10°C.
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Atomic layer deposition (ALD) is a powerful technique for dep-
osition of thin film materials with atomic scale precision. Ideal
ALD schemes, relying on the assumption of a self-limiting na-
ture of the growth, provide guidelines to understand how ALD
grows and which structures are produced. However, the surface

chemistry in ALD process is not fully understood' . In our
work, we explore possibilities to acquire exact understanding of
the surface chemistry in ALD process from the application of in
situ and operando methods, which allow the investigation of
surfaces during the reaction.

The ALD of HfO, on a oxidized SiO,/Si(111) surface and on an
anatase TiO,(101) surface from tetrakis(dimethylamido)-
hafnium (TDMAHf) and H20 was studied using ambient pres-
sure XPS (APXPS) and in situ-Fourier transform infrared spec-
troscopy (FTIR). The ALD was conducted at 280°C, and the
surfaced species during the process were investigated. The FTIR
data show that adsorption and reactions of TDMAHf and H,0O on
the oxidized Si(111) surface is self-limiting at this temperature
(Fig.1). Operando APXPS at high temporal resolution illustrates
the evolution of the N1s and Hf4f core levels on SiO, (Fig.2)
and high-resolution spectra for both the surface were acquired.
The data from the two different substrates show different surface
species involved in the reaction. On SiO, Hf-amido adsorbates
and methyl-methyleneimine surface species were identified. A
component in the Nls spectra on TiO, was identified as al-
kylammonium"! (Peak A in Fig.2). Hence, surface sensitive in
situ and operando methods provide detailed understanding of
ALD surface process during growth.

[1] F. Zaera, Coord. Chem. Rev. 257, 3177 (2013).
[2] A. R. Head et al., J. Phys. Chem. C 120, 243 (2016)
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Water interactions are among the most common natural and synthetic chemical processes. Of particular
interest is the hydroxylation of oxides in a humid environment, an essential function of industrially
relevant steam reforming reactions. While hydroxylation is typically probed via -OH signature in the O
1s core-level spectroscopy, the resonant photoemission offers unique ad-vantages for investigation of
oxides. In this contribution, we illustrate these using a prototypical reducible oxide frequently utilized
in water-based applications, namely cerium oxide. We carry out a resonant photoemission investiga-
tion at the Ce 3d — Ce 4f photoabsorption threshold in 100 mTorr of water. The results reveal an order
of magnitude higher sensitivity towards surface hydroxyl groups compared to conventional core-level
spectroscopy. Furthermore, the interatomic nature of the utilized resonant photoemission process di-
rectly probes the cation-anion hybridization in the system, providing valuable information about the
nature of the Ce—OH bonding. As such, the resonant photoemission allows us to reveal the fact that c—f
hybridization in cerium ox-ides extends to the surface hydroxyl groups. Our results highlight the utility
of resonant photoemission, a technique accessible at conventional synchrotron-based APXPS systems,
for investigation of relevant chemical processes in the ambient pressure regime.
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Strong Metal Support Interaction (SMSI) in CuxNil-x/CeO2 Nanoparticles
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The Strong Metal-Support Interaction (SMSI) effect plays a central role in many important reactions
either hindering or enhancing the catalytic activity. In order to elucidate the nature and mechanisms of
the SMSI effect on CeO,-based nanoparticles, we have investigated Cu,Ni;/CeO, (0 < x < 1) nano-
particles under reducing (H,) and oxidizing (CO,) conditions at 500 °C by means of in-situ spectro-
scopic techniques. Near Ambient Pressure X-ray Photoelectron Spectroscopy (NAP-XPS) and X-ray
Absorption Near Edge Spectroscopy (XANES) were used to probe the kinetics and mechanisms of
both nanoparticle and support reduction and oxidation processes. In reducing conditions, Cu atoms
migration towards the surface of the Cu-Ni bimetallic nanoparticles was observed, which was reversed
under oxidizing conditions.

The core-shell-like structure changes with the Cu concentration in the nanoparticle. A capping layer
from the support (CeO,,) surrounding the metallic nanoparticles after reduction treatment in H, at-
mosphere -characteristic of the SMSI effect- was detected in some specific cases, depending on the Cu
concentration. The surface of the nanoparticles presenting the SMSI effect is recovered to the initial
state, free of the capping layer, after exposure to CO, atmosphere. Regarding the mechanism of the
SMSI, it was found that the capping layer interacts with the Cu and Ni atoms via Ce3d'°02p°Ce4f’ and
Ce3d"°02p°Ce4f" initial states, depending on the case.

As a consequence of the SMSI effect, the Cu atoms of the nanoparticles reduced at lower temperature
than for similar nanoparticles not presenting the SMSI effect. Therefore a lower reduction temperature
is directly related to the interaction between the CeO,., capping layer and Cu and Ni atoms.
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Ambient Pressure X-ray Photoelectron Spectroscopy (AP-XPS) and Scanning Tunneling Microscopy
(AP-STM) have provided numerous important insights into the behaviour of materials under condi-
tions out of reach of traditional surface science experiments. In my presentation I will highlight the
application of AP-XPS and AP-STM to a number of model heterogeneous catalyst systems based on
reducible oxide single crystals and ultrathin films (TiO, and CeO,)."* Catalysts composed of metal-
oxide supported nanoparticles have wide ranging industrial uses with particular energy-related applica-
tions including alter-native fuel synthesis via methane reforming.>* I will demonstrate how AP-XPS
plays a vital role as part of a multi-technique approach into investigating molecular interactions with
the surfaces of such materials. The figure below shows AP-XPS and AP-STM of the exposure of a
TiO,(110) surface to 0.2 Torr CO, at 300K, leading to the formation of a weakly-absorbed condensate
layer.
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Figure 1. AP-XPS and AP-STM of 0.2 Torr CO2 on TiO»(110) at 300 K.
References

[1]J. Rodriguez, D. Grinter et al. Chem. Soc. Rev. 2017

[2] R. Hamlyn, D. Grinter et al. PCCP 2018
[3] P. Lustemberg, D. Grinter et al. JACS 2018
[4] Z. Liu, D. Grinter et al. Angew. Chemie 2017
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A work function is an intrinsic surface electronic property and has a close relation to surface
reactivity. As a good example, the charge transfer between adsorbed molecules and reacting surface is
critically related to the degree of surface work function.

An ambient pressure X-ray photoelectron spectroscopy (AP-XPS) has been applied to measure
the work function on Pt(110) surface during oxygen-rich CO oxidation condition, P(O,) / P(CO) = 10.
Before the reaction, the surface is covered with CO and its work function is increased by 0.2 eV. At the
onset of CO oxidation reaction, the surface oxide is formed and the surface work function is increased
by 0.9 eV. The work function of surface oxide is higher than that of atomic oxygen surface. The for-
mation of oxidic surface and its correlation to work function will be discussed.
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Metal phthalocyanines (MPcs) have been demonstrated to be useful materials for gas sensing ap-
plication due to their favorable transducer response, high resistance to oxygen and moisture interfer-
ence, and good thermal stability. However, the sensing mechanism remains not completely clear. Here,
we use a newly completed AP-XPS endstation to investigate the nitrogen dioxide (NO,) sensing mech-
anism of titanyl phthalocyanine (TiOPc) and derive at how the electronic structure of TiOPc is modi-
fied during the gas sensing process. As the TiOPc film is exposed to NO, gas, an abrupt lower binding
energy shift of 0.4 eV is noted when the gas pressure is increased above 0.025 mbar, in accord with the
detection threshold of 25 ppm determined from OTFT measurements. This binding energy shift is in-
terpreted as an evidence of hole-doping effect by NO, on TiOPc film. With XPS curve fitting, several
N-containing surface species can be identified under NO, ambient. The surface adsorbed NO, under-
goes a disproportionation reaction to produce NO5  and NO'. Reduced nitrogenated species could bind
to titanium central atom and increase its binding energy due to their electron withdrawing nature. In
addition, the changes of unoccupied electronic state of Ti metal atom and the orientation of TiOPc
molecule induced by NO, exposure are also revealed by means of Ti L edge XAS and N K-edge
NEXAFS data.

69



" Annual APXPS Workshop 2018
December 11" to 14* 2018, Berlin, Germany

Watching Atomic Layer Deposition with Synchrotron-based real time
Ambient Pressure XPS: Towards Millisecond Time Resolution
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Atomic layer deposition (ALD) is a thin film deposition technique for depositing uniform and confor-
mal layers on complex three-dimensional topographies. ALD is highly used in different fields of tech-
nology, e.g. in microelectronics for metal-oxide semiconductor field effect transistors. The understand-
ing of the atomic and molecular surface processes underlying the ALD growth are, however, far from
complete, which implies difficulties in further advancing the technology. A thorough investigation for
the identification and role of surface species, surfaces defects, impurities and vapour phase reactions
are therefore very much needed [1].

Here, we have applied ambient pressure x-ray photoelectron spectroscopy (APXPS) to study the ALD
growth of metal oxides on the clean native oxide-covered surfaces with different time resolution.
APXPS has the advantage that it can be carried out during thin film growth, i.e. under operando condi-
tions. Our investigation focuses on the dynamic nature of the ALD process, and it is for the first time
that APXPS has been applied to this subject with millisecond time resolution. This is illustrated in Fig.
1, which shows APXPS spectra taken during the ALD of HfO, on Si(111) substrate and on an
InAs(100) surface at different time resolution. It is possible to follow the evolution the core levels dur-
ing ALD in detail. For this suitable time resolution is important to choose.

Fig. 1. (a) As 3d spectra taken during the exposure of a native oxide-covered InAs(100) surface during
exposure to TDMAT at 107 mbar. In total 1200 spectra were taken in around 70 s. (b) Hf 4f spectra
taken in the same kind of experiment, measured at 0.07 Hz frequency using Si(111) substrate.

References:
[1] F. Zaera, Coord. Chem. Rev. 257, 3177 (2013).
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We employ an Ambient Pressure Photoemission Spectroscopy as a noncontact local probe of electrical
potential to investigate changes in the surface chemistry as well as the band alignment of the hematite
at the semiconductor/KOH interface during photoassisted water splitting as a function of solar illumi-
nation and applied potential. With this tool we could demonstrate the absence of in-gap states, which is
contradictory to previous measurements using indirect methods. We could also give a comprehensive
description of shifts in the band positions and limiting processes during the reaction.
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Ultra-thin oxide layers can act as a tunneling barrier between the redox mediator and photoelectrode
in photoelectrochemical devices. For example, in the now infamous dye sensitized solar cell', it has
been shown that adding an ultra-thin aluminum oxide layer between the titanium dioxide surface and
absorbed dye can reduce recombination effects increasing power conversion efficiency’. A tempting
route to grow these ultra-thin films is atomic later deposition: for the case of aluminum oxide, tri-
methylaluminium (TMA) and water can be dosed alternately producing high purity films to an easily
controllable thickness.

This study uses NAP XPS to follow the growth of alumina, in situ, on a clean TiO,(110) rutile surface
by alternate exposure to 1 mbar of TMA and water. We reveal interesting chemistry at the tita-
nia/alumina interface. For example, as shown in the figure below, exposure to the two precursors leads
to the creation and healing of Ti’* “defects” on the rutile surface. We find monitoring this can be used
as a probe of when complete coverage of the titania surface is reached.

We also compare this data with a comparable experiment where the precursors were dosed in UHV
conditions. This definitively shows using “high pressure” conditions to study this sort of process is
critical to produce conclusions that are relevant to the realistic industrial conditions.
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[1]  O’Regan, B. & Gritzel, M. Nature 353, 737-740 (1991).
[2]  Ganapathy, V., Karunagaran, B. & Rhee, S. W. J. Power Sources 195, 5138-5143 (2010).
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Pressure X-ray Photoelectron Spectroscopy: Structural Sensitivity and
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The conversion of CO, into valuable chemicals and fuels has attracted extensive attention due to its
significance in environment and industry. A detailed understanding of the sur-face-state changes dur-
ing the initial step of CO, conversion is crucial for optimizing the performance of catalysts. Using am-
bient pressure X-ray photoelectron spectroscopy (APXPS), we find that the surface species and chemi-
cal states of Cu surfaces are structure sensitive and pressure dependent during the CO, activation. At
the CO, pressure of 1x10°® mbar, the Cu(111) is partially covered by dissociative oxygen while a com-
plete coverage of oxygen atoms is observed on the Cu(110) surface, indicating that the Cu(110) is
more active to dissociate CO, than Cu(111). As the CO, pressure increases from 0.01 to 1 mbar, the
carbon-contained species undergo an evolution from chemisorbed CO, (CO,") to CO;* on the Cu(111)
surface. However, no carbon contained species are detected on the Cu(110) surface in this pressure
range since the metallic Cu sites are completely occupied by oxygen atoms. When the CO, pressure is
up to 0.01 mbar, both Cu surfaces gradually transform to Cu,O as the temperature increase. Our find-
ings unveil significant insights into the CO, activation on Cu surfaces and provides fundamental in-
formation for developing highly selective Cu-based catalysts for CO, reduction.

73



" Annual APXPS Workshop 2018
December 11" to 14™ 2018, Berlin, Germany

C) Catalysis

74



" Annual APXPS Workshop 2018
December 11" to 14* 2018, Berlin, Germany

Catalysis at Multiple Length Scales: Bifunctional Activation at Nanoscale
and Mesoscale Interfaces in Platinum—Cerium Oxide Catalysts
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Crotonaldehyde hydrogenation is carried out on Pt—CeQ, catalysts to investigate the mechanism of
enhanced C=0 bond hydrogenation by the oxide—metal interface. We show that deposition of CeO,
nanoparticles onto a Pt surface leads to two types of Pt—-CeQ, interfaces: 1) the nanoscale interface de-
fined by the contact of individual CeO, nanoparticles with the Pt surface and 2) a larger, mesoscale
interface de-fined by the boundary between domains of a self-assembled nanoparticles and the sur-
rounding clean Pt substrate. Surprisingly, although the nanoscale interface accounts for greater than
90% of the total 3-phase boundary as shown by TEM analysis, C=0 bond hydrogenation kinetics scale
exclusively with the larger, mesoscale interface. These results indicate that production of unsaturated
alcohols extends well beyond the actual oxide—metal interface. Using in situ ambient pressure XPS, we
show that these kinetics are not the result of variations in the CeO, oxidation state due to H spillover or
of Pt decoration by reduced Ce atoms during reaction. Instead, we hypothesize that reaction is rate lim-
ited by the surface migration of crotyl-oxy intermediates as they form on CeO, nanoparticles and sub-
sequently diffuse and react on surrounding Pt. The surprisingly long length scale for bifunctional activ-
ity highlights challenges and opportunities in nanoscale design of selective catalysts.
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J. Phys. Chem. C, 121, 13765-13776 (2017).
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Ambient Pressure X-ray Photoelectron Spectroscopy (APXPS) is usually employed in fundamental
research in surface science. However, the pioneer work of the group of Salmeron and Somorjai has
developed a new concept: “surface reaction-driven restructuring”, which highlighted the reversible
changes in the composition and the oxidation state of solids in response to the environmental atmos-
phere, so revolutionizing the concept of catalytic surfaces'.

In the Hydrogen technology, the preferential oxidation of CO in excess of hydrogen (PrO, reaction) is
an important process for obtaining CO-free hydrogen for proton exchange membrane fuel cells (PEM-
FCs). PtCu based catalysts are one of the most studied systems for mobile devices because of their
high activity/selectivity balance and their appropriate chemical and mechanical properties for the start-
up/shut-down procedures during fuel processors operation conditions.

In this work, well-defined PtCu bimetallic alloy nanoparticles catalyst were synthetized and studied by
operando APXPS in ALBA Synchrotron (Spain). These studies allowed understanding the surface
electronic modifications in the solid-gas interface catalyst under PrOx reaction conditions, in particular
from the point of view of surface dynamics and of the possible effects of reaction atmosphere and tem-
perature on it. APXPS analyses carried out under model PROX reaction conditions confirm an appre-
ciable surface copper enrichment as well as a modification of the active site electronic density.
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Figure 1. Surface copper/platinum atomic ratio as a function of the reaction temperature calculated by
APXPS study of Pt 4f'and Cu 3p photoelectrons (IMFPs = 4.5 A).Reaction flow: 50% H,, 10% H,O,
10% CO,, 1% CO, 1% O, and N, (balance).

[1] Tao, F.; Grass, M. E.; Zhang, Y.; Butcher, D. R.; Renzas, J. R.; Liu, Z.; Chung, J. Y.; Mun, B. S;
Salmeron, M.; Somorjai, G. A. Science. 2008, 322, 932-934.
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Hydrogen has been considered as a promising candidate for the future fuel cell due to the zero-
pollutants emission and abundant resource, although the safety storage and transportation become the
limitations. Methanol steam reforming (MSR) reaction become known for an attractive and rising pro-
cess for the hydrogen production, which is commonly activated by copper-based catalyst. The guide-
line is that water gas reaction and methanol decomposition reaction are happened at the catalytic site,
and the intermediate state as CO gas formation make the catalyst poisoned and inactive. The strategy
to improve MSR process starts to observe the in-situ chemical reaction with the real environment, if
only to compare the catalytic performance without the kinetics condition is not enough. Ambient pres-
sure X-ray photoelectron spectroscopy offers the gas pressure (up to 1 torr range) and mixtures to
study the catalytic reaction of CuCrO, and CuFeO, surface under the realistic conditions. The system-
atical investigation into the chemical state of heterogeneous surface and adsorbed/dissolved species is
found with different probing depths and detection modes. The chemical state (Cu®" and Fe’) of Cu-
CrO, and CuFeO, under the working temperature is found to be reduced to less oxidation state by ac-
tive gas species, which is corresponding to the increase of hydrogen gas production. Our project is to
observe the chemical evolutions of CuCrO, and CuFeO, sur-face using the in-situ control and operan-
do experiment, offering more comprehensive insights and useful information into the green energy
application.
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Photocatalytic CO, reduction, commonly referred to as artificial photosynthesis, is one of the most
challenging issues in chemical research. Actually low reaction rates and low selectivity to the more
valuable C2+ hydrocarbons are obtained, being CH, and CO the actual main products. This is com-
bined with an almost lack of knowledge about the reaction mechanism. Recently in our research group
we reported the photoassisted hydrogenation of CO, into hydrocarbons with a selectivity to C2+ hy-
drocarbons >30% at nearly 100% CO, conversion, using Na-promoted Co@C nanocomposites as cata-
lysts and working at atmospheric pressure [1]. The effect of light irradiation and the promoting effect
of Na on the reaction mechanism has been studied by near ambient-pressure X-ray photoelectron spec-
troscopy (AP-XPS) and in sitfu Raman spectroscopy. In this sense, Na-Co@C and Co@C samples in
presence of CO, and H,, un-der thermal (with buttom heater) and photothermal reaction conditions
(using a solar simulator, view fig 1) has been studied in the NAP-XPS experiments. Based on the Cls
spectra (fig.1), the direct role of light has been ascribed to an electronic effect where electrons generat-
ed by absorption of UV light are responsible for activating CO, to CO,”, promoting CO, dissociation
into CO, and the stabilization of CO on the catalyst surface (Cls component at 286.5¢V). The stabili-
zation of CO contributes to a higher selectivity toward ethanol by a CO insertion mechanism. Moreo-
ver carbonate species have been observed as spectator species (C1ls component at 289.4eV).
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Fig.1 Ambient-pressure XPS spectra of Na-Co@C sample during CO2 hydrogenation reaction condi-
tions (Pco,= 0.1 mbar and Py,= 0.5 mbar) under photothermal conditions. C1s spectra obtained with
incident X-ray energy of /7v=510 eV.

[1] L. Liu, A.V. Puga, J. Cored, P. Concepcion, V. Pérez-Dieste, H. Garcia and A. Corma, Appl. Catal.
B. Environ-mental, 235, 2018, 186-196
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e An atomically dispersed palladium (Pd) catalyst supported onto a defective nanodiamond-
graphene (ND@QG) is reported here for selective hydrogenation of acetylene in the presence of
abundant ethylene. The catalyst exhibits remarkable performance for the selective conversion of
acetylene to ethylene: high conversion (100%), ethylene selectivity (90%), and good stability (i.e.,
steady for at least 30 hours). The unique structure of the catalyst (i.e., atomically dispersion of Pd
atoms on graphene through Pd-C bond anchoring) ensure the facile desorption of ethylene against
the over-hydrogenation of ethylene to undesired ethane, which is the key for the outstanding se-
lectivity of the catalyst.
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We used ambient-pressure X-ray photoelectron spectroscopy to study the CO+NO+O, reaction system
on Pd(100). The surface was exposed up to ~1 Torr mixtures of the three gases, at temperatures rang-
ing from 25 °C up to ~425 °C. In all the experiments O, was in excess, which—in most cases—led to
the oxidation of the surface after light-off. When CO:O, ratio was 1, addition of NO up to 20% of O,
had no effect on the light-off temperature. When CO:O, ratio was 0.01, addition of NO led to an in-
crease in the light-off temperature and—in the case of 1:1 NO:O, ratio—the prevention of V5-surface-
oxide and PdO formation. In that case, the surface was oxygen-covered-metallic, but never reached the
critical coverage for the surface-oxide formation. Furthermore, mass spectrometry showed that CO ox-
idation was slow, most likely due to the lack of CO adsorption sites on the O-poisoned surface.
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CO; has attracted many attentions due to its possibility of the utilization as a feedstock for various val-
uable chemicals, such as CO, CHy4, and higher carbon products. Thus, many scientists have studied its
conversion to other chemicals, and because of its stability, the use and understanding of catalysts are
critical in CO, conversion.

In this study, the authors studied CO, conversion on Ni(100) with H, using ambient pressure XPS
(APXPS), and mass spectrometer (MS), which is connected to the differential pump. Depending on the
sequence of dosing gases, two different surfaces were observed, and these two different surfaces could
affect CO, conversion rate, which was reported previously. (L. Dietz et al., J. Phys. Chem. C, 2011,
115, 1255) In addition, we observed the trends of surface components along the temperature and found
how the dominant chemical reactions (CO, dissociation, CO desorption, and CO dissociation) changes
as the temperature and the amount of surface components varied. This trend was compared with the
calculation reported before (X. Hao et al., Phys. Chem. Chem. Phys., 2016, 18, 17606), and it helps to
understand the reaction mechanism. And finally, with the help of MS, the real products (CO and H,0)
were observed along the reaction conditions, and we could correlate the surface components and the
products to under-standing reaction mechanism.

These results provide that the combination of APXPS and MS could be a powerful tool for understand-
ing the reaction with observing the change of surface components and the real reaction product simul-
taneously.
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The selective hydrogenation of
propyne over a Pd-black model cata-
lyst (Figure b) was investigated under
operando conditions at 1 bar making
use of advanced X-ray diffraction
(bulk sensitive, Figure c¢) and photo-
electron spectroscopy (PES) (surface
sensitive, Figure d) techniques. It was
found that the population of subsurface
species controls the selective catalytic
semi-hydrogenation of propyne to
propylene due to the formation of sur-
face and near-surface PdC, that inhib-
its the participation of more reactive
bulk hydrogen in the hydrogenation
reaction. However, increasing the par-
tial pressure of hydrogen reduces the
population of PdC, with the concomi-
tant formation of a B-PdH, phase up to
the surface, which is accompanied by a
lattice expansion, allowing the partici-
pation of more active bulk hydrogen
which is responsible for the unselec-
tive total alkyne hydrogenation. There-
fore, controlling the sur-face and sub-
surface catalyst chemistry is crucial to
control the selective alkyne semi-
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Figure: (a) Detection scheme. (b) TEM/SEM Pd-
black characterization. (¢) Operando at 1 bar (c)
XRD and (b) XPS.

hydrogenation. Accordingly, these experiments at high pressure validate the previous reaction model
demonstrated by in situ NAP-XPS at few mbar partial pressure and therefore close the “pressure gap”
in the understanding of the hydrogenation of alkynes on Pd catalysts showing the evident difference
between bulk and near-surface chemistry of the Pd catalyst in contact with both hydrogen and hydro-
carbons. On the other hand, this work is an example for the value of true operando studies even and
because it shows here the absence of a high-pressure gap due to a well understandable reason based in

high sticking.
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Natural gas vehicles (NGVs) are receiving more focus due to relatively clean exhaust products (CO,,
H,, H,O) as compared to gasoline or diesel powered engines. However, methane slip caused by
incomplete combustion makes a catalytic exhaust treatment necessary. Palladium is the highest active
catalyst for low temperature methane oxidation in the range of 200°C and 500 °C relevant for NGVs.
Previous studies show that the activity of Pd based catalyst depends on the ratio of metallic Pd and
PdO, active sites as it is believed that methane attaches itself to both Pd” and PdO, dual sites
simultaneously in the dissociative adsorption and redox mechanism [1,2]. In this work, we will present
results of a combined Ambient Pres-sure X-rays Photoelectron Spectroscopy (AP-XPS) and Temporal
Analysis of Products (TAP) study to investigate the synergy of both chemical and well as physical
processes involved in methane oxidation. AP-XPS and TAP experiments are carried out in continuous
as well as alternative pulses mode (time-resolved). Reactant gases such as CH,4, O,, CO,, and CO were
used to study the surface/gases interaction. In addition, AP-XPS is coupled with mass spectrometry to
give a deeper understanding about different Pd species (Pd° and PdO,) and their correlation to catalytic
activity. Therefore a combination of time-resolved AP-XPS and TAP is believed to highlight the
importance of the chemical and physical aspect of the catalytic methane oxidation.

[1] Huang, F.; Chen, J.; Hu, W.; Li, G.; Wu, Y.; Yuan, S.; Zhong, L.; Chen, Y. Appl. Catal. B Envi-
ron. 2017, 219, 73-81

[2] Tompos, A.; Margitfalvi, J. L.; Hegedus, M.; Szegedi, A.; Fierro, J. L. G.; Rojas, S.; Tomposa, A.
A.; Heged, M. M.; Margitfalvi, J. L.; Heged, M. M. Comb. Chem. High Throughput Screen. 2007,
10 (1), 71-82.
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The study of the catalytic CO oxidation on Pt single crystals and nanoparticles has been a wide
research field since long.! However, the role and the interplay among different coordination sites and
facet planes has never been clarified. This is in part due to the fact that both crystal surfaces and
nanoparticles undergo complex structural/chemical changes during catalytic reactions. In this context,
using multi-facet samples, such as cylindrical crystals, for in-situ studies is highly desirable.” We have
carried out near-ambient pressure X-ray photoemission (NAP-XPS) experiments of the CO oxidation
using a curved Pt(111) crystal. The figure below shows the temperature evolution of the O 1s at the
(335) plane, marking the ignition temperature at 505 K. Once this is known, we freeze the reaction at
fixed temperatures around the ignition point and scan the surface with the synchrotron beam. This
allows us to probe surface chemical species across different crystallographic planes in stationary
conditions. As a way of example, the figure (left) shows the C 1s scan across the curved surface before
the ignition (480 K, poisoned stage).
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Figure 1. Right, temperature scan of the O1s peak at the (335) plane, marking the ignition of the CO
oxidation reaction at 505 K. Left, Cls scan over the curved surface before ignition at 480 K.

The temperature scan at the (111) plane (right panel) shows that, below the onset of the catalytic
reaction, the surface is covered with a variety of chemisorbed CO (Chem-CO) species, in the presence
of CO and O, in the gas phase. When the ignition begins, Chem-CO is displaced by chemisorbed
oxygen and Pt oxides, and this process is accompanied by the quenching of the CO gas signal, the
emergence of CO,, and the rightward shift of all gas phase peaks. The XPS scan in the left panel
demonstrates that, in the poisoned stage, there is a vicinal-angle-dependent variety of Chem-CO
species (terrace-top, terrace-bridge, step-top), similar in nature and concentration to those that saturate
the c-Pt(111) crystal at 300 K in Ultra-High-Vacuum®.

Acknowledgements. We acknowledge financial support from the Spanish Ministry of Economy (Grant
MAT-2017-88374-P) and Basque Government (Grant [T621-13).

[1] Kinne et al.The Journal of Chemical Physics 120, 7113 (2004).
[2] Vendelbo, S. B et al. Nat Mater 13, 884—890 (2014).
[3] Walter, A. et al. Nat Comm 6, (2015).
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For decades, the study of chemical reactions on single metal surfaces has been aimed at identifying
those active sites and crystal planes that feature nanoparticles'.However, nanocrystal facets coexist in a
reduced space, and are expected to simultaneously undergo chemical and structural transformations
during catalytic reactions”. In ALBA we explore chemical-structural interplays among crystal planes
using curved crystals and near-ambient X-ray photoemission (XPS) at CIRCE. As a test case for the
approach, we recently used a curved Pd(111) surface, on which we freeze the CO oxidation reaction at
the ignition temperature. By scanning the photon beam across the curved surface, we observe a smooth
spatial variation of chemisorbed phases, demonstrating a different reaction stage at each
crystallographic plane. As shown in the Figure, the XPS signal from chemisorbed CO reveals the
linearly decreasing fraction of CO-poisoned areas, from the (111) direction up to a 10° critical angle,
and at various temperatures around light-off. This behavior is explained as a collective structural
response of the surface at the reaction onset, consisting in the weighted segregation of less-active (111)
phase and highly-active (223) and (332) facets in A-type and B-type vicinal planes, respectively.

(b)

15 ) e Figure: (a) Cls intensity (color
105 e scale) across a curved Pd(111) sur-
A0 1 SaEeah / \. face  exposed to a 1:lmbar
%‘ 084 " okl N | CO:0,gas mixture at 160°C,
< ° 9 5 W when cooling off the CO oxidation
] = 064 7 / 'k .\-ﬁﬁ reaction. (b) Normalized C 1s inten-
» "’ o i 2 L & & | sity for the adsorbed CO peak of (a),
E 8 1 |8 / { \-\. at different temperatures around
§ 2 1 [T fslec *| light-off, and across the curved sur-
> 10 g 025 // " E face. The linear drop from the (111)
= g 2 ™ . .| center toward 10° miscut suggests
-15 00— 195°C || segregation of vicinal planes into
L RAARI LARAS AL RAAY e active [(332) and (223) at A and
-204 292 290 -288 -286 -284 WS 05005 o or o less active (111) facets

E -E¢ (eV) Vicinal angle o (%)

upon reaction light-off.

Acknowledgements. We acknowledge financial support from the Spanish Ministry of Economy (Grant
MAT2013-46593-C6-4-P) and Basque Government (Grant [T621-13)

[1] Introduction to Surface Chemistry and Catalysis, edit. Somorjai, G.A. and Li, Y. John Wiley &

Sons (2010).
[2] Vendelbo, S. B et al. Nat Mater 13, 884—890 (2014).

85



" Annual APXPS Workshop 2018
December 11" to 14™ 2018, Berlin, Germany

D) Materials

86



" Annual APXPS Workshop 2018
December 11" to 14* 2018, Berlin, Germany

Origin and control of the surface space charge layer in donor doped SrTiO;

M. Andri', R. Dittmann', H, Bluhm?, C. Schneider’ , R. Waser1’4, D. N. Mueller*’, F. Gunkel*

! peter Gruenberg Institute 7, Forschungszentrum Juelich GmbH, Juelich, Germany
2 Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA, USA
3 Peter Gruenberg Institute 6, Forschungszentrum Juelich GmbH, Juelich, Germany
? Insitut fuer Werkstoffe der Elektrotechnik I, RWTH Aachen University, Aachen, Germany

* dav.mueller@fz-juelich.de

Donor-doped ternary transition metal oxides such as donor-doped strontium titanate (n-SrTiO;) are of
fundamental importance for oxide electronic devices as well as for electronic surface and interface en-
gineering. Here we demonstrate the presence of a surface space charge layer defined by the surface
redox chemistry of n-SrTiOs. It is responsible for an oxygen partial pressure (pO;)-dependent surface
band bending and a thickness-dependent electron density in n-SrTiO; thin films. Synchrotron-based
near ambient pressure X-ray photoelectron spectroscopy conducted on n-SrTiO; thin films under ap-
plied thermo-dynamic bias (T, pO,) reveals the presence of a variable surface potential and a corre-
sponding negative surface charge. pO,-dependent surface potential profiles were mapped by spectro-
scopic depth profiling, revealing an electron depletion layer present at the surface of n-SrTiO; thin
films in both nominally reducing (ultra high vacuum) and oxidizing conditions. Reversible pO, gov-
erning of the negative surface charge is obtained by exploiting surface defect equilibria controlling the
formation and annihilation of strontium vacancy defects as concluded from in-situ strontium core level
spectroscopy. Transient sheet resistance response to a change in ambient atmosphere was monitored to
probe the impact of the altered negative surface charge on the electron density contributing to electrical
transport in n-SrTiO; thin films. We correlate the resistance change to the varying concentration of
strontium vacancies at the surface of n-SrTiO;. As underlying process, we suggest a conversion of the
charge-neutral strontium oxide surface termination into strontium oxide clusters accompanied by
charged strontium vacancies in oxidizing conditions.
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Ferrihydrite is a form of Iron(Ill) Oxy-Hydroxide that exists in the form of nanoaggregate loosely cris-
taline."” It has no clear structure (it exists in two types: 2 lines and 6 lines), has no fixed composition
and is metastable' as it will slowly transform into either Goethite or Hematite, the most stable form
Iron(Ill) Oxy-Hydroxide species. Due to its porous nanostructure, Ferrihydrite has a high specific sur-
face area' and offer a high number of accessible sites for adsorption and reaction. It is also consider to
be the main source of Bio-Available iron” (Iron that can be leached from the mineral and adsorbed by
organism) and thus as a huge impact on the marine life. Ferrihydrite mainly comes from dust particle
emitted from desert sand such as the Sahara. Due to its oxide and non-conductive nature, few spectro-
scopic experiences have been carried out and in general few experiments have been made to study its
reactivity as an aerosol particle. Yet it is part of an important redox couple which can interact with dif-
ferent species (most notably acid). Here I will show the first result on how acid interact with the Ferri-
hydrite and modify it. For these, two different acid have been used, ascorbic acid as it also an electron
donor that can reduce Iron (III) and citric acid.

[1] Schwertmann et al. “From Fe(III) Ions to Ferrihydrite and then to Hematite.” Journal of colloid and
interface science. (1999)

[2] Rodriguez-Navarro, C., di Lorenzo, F., and Elert, K.: Mineralogy and physicochemical features of
Saharan dust wet deposited in the Iberian Peninsula during an extreme red rain event, Atmos.
Chem. Phys.
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The combination of n-type strained silicon and p- type silicon germanium (SiGe) metal-oxide-
semiconductor field effect transistors (MOSFET) are of considerable interest for next generation com-
plementary circuits. SiGe has many useful properties including high carrier mobilities and compatibil-
ity with standard silicon based processing. However, controlling the semiconductor- dielectric inter-
face for SiGe is more challenging than Si due to the different thermodynamic stabilities of Si0,, GeO,,
and their alloys. In this study, we have performed laboratory- based ambient pressure X-ray photoelec-
tron spectroscopy (AP-XPS) on SiGe(001) surfaces to better understand the initial thermal oxidation
processes at the SiGe surface. Chemical state resolved AP-XPS was performed at temperatures up to
300 °C and O, pressures up to 1 mbar. We have found that both Si and Ge thermally oxidize with two
distinct regions at 300 °C and 1 mbar. First there is a rapid oxidation regime, which is then followed by
a quasi-saturation regime with a much slower oxidation rate. We find that the Si*/Si’ and Ge*"/Ge"
ratios have very similar rates in both the rapid and quasi-saturation regime, but that the Si*'/Si’ ratio is
always larger than the Ge*"/Ge® ratios. To evaluate preferential SiO, growth we have also performed
experiments at lower oxygen pressures at 300 °C. Prior studies have suggested that Ge can catalytical-
ly enhance the rate of oxidation, so we have performed similar oxidation experiments for Si(001) and
Ge(001) surfaces under identical conditions and have characterized their oxidation rates. These studies
indicate that AP-XPS provides valuable insight into processes relevant to the semiconductor industry.
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The spinel oxide, Co;04, has been recognized to be an excellent catalyst due to its high activity in
oxidation processes, which is ascribed to the generation of oxygen vacancies through disruption of a
weak lattice Co-O bond. This is possible because of Co;0 4 has both octahedral Co’" and tetrahedral
Co”" ions, which particularity leads to the formation of punctual surface defects; besides, Co*"/Co™"
oxidation states stablish a relative variation in oxidative properties of the catalyst [1,2].

In this spirit, this work was focused to investigate how Co;0,4 can be formed during a controlled
oxidation process and monitored by means of NAP-XPS. Co thin films were successfully deposited
on Si (100) substrate by DC-Sputtering technique, using Ar atmosphere and 1 in. metallic cobalt as
target. The sample surface was pretreated before NAP-XPS analysis with Ar™ ion gun sputtering to
ensure a clean metallic coating (Figure 1). Next, the sample was positioned inside the in-situ cell
chamber where XPS spectra were taken, firstly at UHV conditions and later the in-situ cell was
filled with O,, and next keeping a flux of 0.75 mL/min, in order to follow the oxidation process of
Co by measuring the Co 2p XPS signal from RT to 873 K.

Oxidation process of Co coating was effectively monitored by in-situ XPS measurement of Co 2p
signal. Changes in oxidation states of Co were successfully studied; this has allowed us to know in
what way the Co;04 spinel is formed through determination of Co®"/Co’" ratio states throughout the
oxidation experiment (Figure 1).
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Figure 1. Clean-up cycles of Co/Si(100) sample (left) and monitoring of Co 2p signal in the oxidation
process (right).
References
[1] S. A. Singh and G. Madras, “Detailed mechanism and kinetic study of CO oxidation on
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We investigate the oxidation of size-selected Ptn clusters (n = 8—40) on the native oxide of n- and p-
type Si(100). Scanning transmission electron microscopy of Pt clusters on oxidized silicon nitride
films con-firmed that the size-selection is maintained during transport to a synchrotron and subsequent
exposure to oxidizing and reducing conditions.

a — UHV

Pt clusters exhibit a markedly different oxidation behavior L “x10% b O
on p- and n-type Si in ambient pressure X-ray photoelectron
spectroscopy. Upon exposure to <0.5 Torr O, at 300 K, we
observed shifts to higher binding energies in the Pt 4f peaks
of clusters on n-type Si. The magnitude of the shift increas-
es with cluster size, yet remains small. The clusters are thus
not fully oxidized, in agreement with re-ports that the oxi-
dation of Pt nanoparticles is kinetically hindered"’ and ex-
posure to atomic oxygen required for complete oxidation.”
We find that the peaks shift back to lower binding energies
after evacuation. Exposure to CO or H, does not result in I _ozev
further shifts, implying that the clusters are already fully ’
reduced in vacuum.

cps [au]

cps [au]

In contrast, Pt clusters on p-type Si do not exhibit any sig-
nificant binding energy shifts. As shown in the figure, the Pt,,/Si0O,/n-Si
same Pty, clusters show a shift of 0.23 eV on n -doped Si N O
upon exposure to just 4x10”° mbar O,, but none on p-type g seg
Si. Our results suggest that negatively charged Pt clusters  (b) « Pt ISiOé/n-Si ‘
on n-type Si facilitate the dissociative adsorption of O,, o Ptn/SiO Ip-Si

while positively charged Pt clusters on p-type Si do not.
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[1] U. Hejral, A. Vlad, P. Nolte, A. Stierle, J. Phys. Chem.
C2013,117,19955.

[2] L. K. Ono, J. R. Croy, H. Heinrich, B. R. Cuenya,
J. Phys. Chem. C 2011, 115, 16856—16866.
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Figure: (a) Pt 4f spectra and (b)
binding energy shifts of Pt, on silica
on p- and n-type Si.
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Spinel oxide is a very interesting compound. The general formula for spinel oxides is AB,O,4. The
compound has interesting physical properties including electronic and magnetic as well as chemical
properties including oxidation and catalysis. The unique properties of spinel oxide have found its
use in many technological energy applications such as in solar cell, fuel cell and batteries. In this
abstract, interests and works on Mn,Cr-spinel oxides are presented. Mn,Cr-spinel oxides has been
known to prevent Cr,O; evaporation in Solid Oxide Fuel Cell’s operating environments. Normally,
this Mn,Cr-spinel oxides would form a layer on the interconnector part of the solid oxide fuel cells
during operations. Nevertheless, the formation mechanism of these Mn,Cr-spinel oxides has yet to
be addressed clearly. In this work particular attention is given on the Mn,Cr-spinel oxides formation
from the solid state reaction of MnO and Cr,0O; at 500 °C and 700 °C. The in-situ APXPS observa-
tions of the reaction was performed in po, = 5 mbar in the said temperatures. The in-situ observa-
tions has demonstrated the importance of Mn in preventing the evaporation of Cr,O; at high tem-
perature by means of Mn,Cr-spinel oxides formation. Additionally, Mn also has been shown to be
more significant in regulating the oxidation of Cr.
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Calcium carbonate (CaCQO;) is an extensively studied material due to its abundance in nature and wide
application in industry, e.g. fuel, pharmaceuticals and construction sectors. Despite widespread scien-
tific interest, there is still limited understanding of what governs CaCOj; polymorph selection, poly-
morphic transformation dynamics, crystallinity and stability. We are addressing the molecular basis of
these phenomena through time-resolved in situ experiments using X-ray absorption and photoelectron
spectroscopy. Here, we present an ex and in sifu near-ambient pressure XPS study of the C 1s, Ca 2p
and O 1s emissions for the reactive crystallization of CaCO;. NAP XPS provides information on the
electronic structure of the reactants and products involved in the hydration and carbonation reactions
(Fig. 1). Our results indicate for the reaction of calcium hydroxide (Ca(OH),) with CO, that the most
stable CaCO; polymorph, calcite, is formed. Through the C 1s spectra we can differentiate and quanti-
fy the composition of the reactants and products and thereby determine interfacial reaction kinetics.
The multi-element XPS results were complemented by in situ Ca K-edge XANES studies. In foto these
studies provide deeper mechanistic understanding, which should ultimately provide predictive capabil-
ity for controlling the nucleation and crystallisation of CaCO; products.
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Fig. 1. Lime cycle highlighting the reactive crystallization of calcium carbonate (CaCOs).
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Near-ambient pressure XPS makes it possible to characterise samples not compatible to ultra-high
vacuum, and enables the study of liquid-solid, gas-liquid and gas-solid interfaces. NAP-XPS meas-
urements of biofilms, suspended nanoparticles and metal-organic frameworks were performed with
EnviroESCA developed by SPECS.

An interesting application is surface characterisation of biofilms, which are bacterial communities
embedded in a self-produced polysaccharide matrix. Various model systems ranging from pure poly-
saccharides of alginate to biofilms harvested directly from the growth medium have been characterised
in humid conditions [1].

NAP-XPS also makes it possible to characterise nanoparticles in solution. Silver nanoparticles in
aqueous solution were characterised and the Ag 3d-spectrum compared to spectra obtained of dried
nanoparticles in UHV-conditions [2]. The binding energy of the Ag 3d-core level peak was shifted 0.6
eV towards higher binding energy for suspended nanoparticles compared to the dried sample measured
in UHV. This can be assigned to a change in surface potential at the water-nanoparticle interface.

Metal-organic frameworks (MOFs) are suitable materials for gas storage of small molecules due to
their nanoporous, crystalline structure. However, instability in humidity remains an issue for many
types of MOFs. XPS-measurements of the MOF-structure HKUST-1 were performed in various NAP-
conditions to assess the stability of the sample and its interaction with the gas molecules as water,
methanol and pyridine.
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The research of ferroelectric thin film has received much attention due to not only its intriguing
complex nature of condensed matter physics, but also potential industrial applications in the fields of
semiconductor, catalyst, and nonvolatile memories. While electrical stimuli are the popular choices for
controlling the polarizability of ferroelectric thin film, an external modification of surface chemical
potential has proved to be also effective to make structural transition and local polarization. A sponta-
neous polarization switching of PbTiO; (PTO) ferroelectric thin film have been shown by controlling
oxygen pressure and temperature via synchrotron-based in situ X-ray scattering. [1]

SrMnO; (SMO), a well-known ferroelectric material with ABO; type perovskite structure [2], has
lower dipole moment and Curie temperature than PTO and is expected to show the polarization switch-
ing behavior under the variation of surface chemical potential. We investigate the chemically switcha-
ble polarization of SMO thin film with the application of ambient pressure XPS (AP-XPS). In addition,
the presence and role of defect in SMO film has been characterized as a function of oxygen partial
pressure.
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Ceria is one of the most important material in heterogeneous catalysis due to its high oxygen storage
capacity based on the oxidation and reduction of cerium ions. It is used in the water-gas-shift reaction,
for the oxidation of hydrocarbons, histochemistry, electrolytes for solid oxide fuel cells, ultraviolet
absorbents, oxygen sensors, and automotive catalytic converters (1,2,3). Stoichiometric defects such as
oxy-gen vacancies and their mobility on the oxide surface are of great importance for redox reactions
involving gases and metal oxides with multiple oxidation states and are widely exploited in oxygen

storage materials like CeO, by UHV XPS since this important property is related with the Ce*”Ce*"
ratio (1,2).

In this study Ce’”Ce*" ratio was determined under in operando conditions analyzing Ce 3d and O 1s
core levels by means of APXPS technique. CeO, powder was sited into the in-situ cell chamber and
spectra were taken from RT to 873K at UHV conditions (Figure 1a). Next, this procedure was replied
but now filling the in-situ cell chamber with 1 mbar of O, in order to follow the oxidation process
(Figure 1b). Ce*”Ce* ratio was successfully calculated and the results were compared with previous
reported in literature under UHV conditions.
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The study of silicon oxidation has attracted considerable interest since the 1960s as silicon dioxide is
the gate oxide of MOS technology. Phenomenological interpretations of the kinetics of silicon oxida-
tion were accompanied by atomic transport studies and physicochemical analyzes of the Si/SiO, inter-
face, in which synchrotron radiation X-ray photoemission spectroscopy (XPS)"* had the most signifi-
cant role. With the advent of near ambient pressure photoemission (NAP-XPS), real-time monitoring
of the oxide growth was finally made possible.

Here, we present a NAP-XPS study of the oxidation of the Si(111)-7x7 surface under O, atmosphere
using the set-up of the LCPMR (Sorbonne Université) installed at TEMPO beamline, SOLEIL. The
clean reconstructed surface was exposed to dry oxygen at room temperature under pressures ranging
from 10”7 to 1 mbar, and the Si 2p core-level (suboxide distribution and Fermi level position in the
gap) and secondary electron energy distribution curve (work function) were monitored as a function of
time. Two regimes are observed: a regime of low oxygen coverage where O, adsorption and decompo-
sition on surface adatoms dominates the process, and a regime where a continuous SiO, layer has
formed and O, seeks to fit into the free interstices of amorphous silica inducing a change of surface
dipole probably due to ozonyl species stabilized by the dense SiO, network’. By solving longstanding
questions that had previously been addressed only by theoretical calculations, this real-time XPS ex-
periment illustrates the interest of giving a complete electron energy scheme of a surface being oxi-
dized under “realistic” NAP conditions.

[1] Himpsel, F.; McFeely, F.; Taleb-Ibrahimi, A.; Yarmoft, J.; Hollinger, G. Microscopic Structure of
the SiO_{2}/Si Interface. Phys. Rev. B 1988, 38, 6084—6096.

[2] Jolly, F.; Rochet, F.; Dufour, G.; Grupp, C.; Taleb-Ibrahimi, A. Oxidized Silicon Surfaces
Studied by High Resolution Si 2p Core-Level Photoelectron Spectroscopy Using Synchrotron
Radiation. J. Non. Cryst. Solids 2001, 280, 150-155.

[3] Bongiorno, A.; Pasquarello, A. Multiscale Modeling of Oxygen Diffusion through the Oxide dur-
ing Silicon Oxidation. Phys. Rev. B - Condens. Matter Mater. Phys. 2004, 70, 1-14.
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Internal oxidation of lesser noble alloying elements occurs in several steel grades as a side effect
of heat treatment, e.g. annealing, what might be harmful for the desired properties and further processing
steps. Thermogravimetric analysis indicates that the internal oxidation of iron-silicon model alloys is de-
termined by the oxygen uptake, which increases with the silicon content. Even when the oxygen uptake is
boosted by a 5 nm-thick silicon coating, it remains linear across time. Nevertheless, the initial oxidation
phenomena during annealing are concealed by apparent mass changes due to gas flow and surface rough-
ness effects, that most likely are correlated to phase changes on the surface of the sample during heating.
Therefore is NAPXPS the right technique to better assess the very first steps of native iron oxide reduc-
tion and more stable oxide formation, as well as to unveil the kinetics of the oxide formation during an-
nealing and during cooling.
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Ni-Cr alloys are highly coveted as they exhibit a combination of superior corrosion resistance and high-
temperature strength, which allow these alloys to be used in a number of challenging environments. The
properties of this system are further enhanced by the addition of minor alloying elements such as Mo and
W. In example, the addition of Mo is known to reduce catastrophic degradation events such as pitting and
crevice corrosion. The current work performed a series of in-operando oxidation experiments with the use
of Ambient Pressure-X-ray Photoelectron Spectroscopy (AP-XPS) on the following alloy concentrations;
(1) Ni-15Cr, (2) Ni-15Cr-6Mo and (3) Ni-15Cr-6W by weight percent. The objective was to better under-
stand how the addition of Mo and W affects the oxide evolution of NiCr alloys and how that contributes
to enhancing corrosion resistance of this alloy system. The primary results to be discussed in this presen-
tation will include a direct comparison of the nucleation and oxide evolution for Ni-15Cr and Ni-15Cr-
6W at T = 500 °C and p(O,) = 10 torr. The addition of W in the alloy resulted in the suppression of any
Ni-oxide species while enhancing the growth of the desired Chromia layer and different models to explain
this impact will be presented. Another important result is the surface segregation of Cr for these alloys
prior to oxidation as it controls the initial nucleation of the different oxide species.
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Fuel-Cells are electrochemical devices providing efficient and environmentally friendly production of
electricity directly converting the electrons exchanged in a redox reaction into electric current. One of the
still unresolved issues is the limited durability of components that deteriorate the performance.

The authors have developed photoemission imaging and spectromicroscopy methodology based on the
Scanning PhotoEmission Microscope (SPEM) to simultaneously overcome the two limitations of the XPS
technique, i.e. lack of spatial resolution and UHV requirements [1]. Those solutions allow chemical and
morphological analysis of cell components, providing information under operation conditions.
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Figure: (a) SPEM Layout, (b) Effusive Cell for APXPS microscopy

SPEM (figure) uses a direct approach to add the spatial resolution to XPS i.e a small focused X-ray pho-
ton probe to illuminate the sample. The focusing of the X-ray beam is performed by Zone-Plates and
samples surface is mapped by scanning the sample with the focused beam. X-ray beam can be downsized
to a diameter of 130 nm, allowing imaging resolution of less than 50 nm with an energy resolution of 200
meV.

To overcome the UHV requirement an effusive cells (figure) where high- and low-pressure regions are
separated by small apertures of few hundreds micrometers, for photons delivery and photoelectrons col-
lection, was developed. The pressure inside the cell can be raised up to mbar while the pressure in the
main chamber remains in UHV. Four isolated electrical connections are available for heating and biasing
of sample.

Results on the in-situ and in-operando study of Fuel-Cell components performed at the Escamicroscopy
beamline@ ELETTRA synchrotron will be presented.

[1] http://dx.doi.org/10.1002/cctc.201500637.
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The Brazilian Synchrotron Light Laboratory (LNLS) has an endstation dedicated to XPS of lig-
uid-gas interfaces since 2010 based on a Scienta spectrometer, which is used at the undulator beamline
U11-PGM. However, the measured spectra suffered from instabilities which limited its usability in at-
mospheric problems, which require reliable quantification. The stability of both intensity and energy scale
of XPS measurements are of the utmost importance for quantitative measurements. This involves the sta-
bility of the spectrometer, the beamline, and the liquid jet sample introduction system. Recently, the
whole endstation was upgraded to fulfill these stability requirements. In this work, we report the commis-
sioning results of model experiments performed to investigate the stability, with the aim to estimate error
bars on energies and intensities obtained from photoelectron spectra recorded with this setup. We also
show results from our investigation of the surface propensity (partitioning) of certain molecules of atmos-
pheric interest. We will also discuss the future plans for APXPS activities for Sirius, the new 4™ genera-
tion storage ring under construction in Campinas.
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The advent of liquid p-jet setups as proposed by Faubel and Winter — in conjunction with X-ray Photoe-
mission Spectroscopy (XPS) — has opened up a large variety of experimental possibilities in the field of
atomic and molecular physics. In this study, we present first results from a synchrotron-based XPS core
level and valence band electron spectroscopy study on water (10*M aqueous NaCl solution) as well as a
water/methanol mixture using the new ALBA liquid p-jet setup (see Fig. 1). The experimental results are
compared with simulations from density functional theory regarding the electronic structure of single
molecules, pure molecular clusters, and mixed clusters configurations as well as with previous experi-
mental studies. We give a detailed interpretation of the core level and valence band spectra for the vapour
and liquid phases of both sample systems. The resulting overall picture gives insight into the wa-
ter/methanol concentrations of the vapour and liquid phases as well as into the local electronic structure of
the pertinent molecular clusters under consideration, with a special emphasis on methanol as the simplest
amphiphilic molecule capable of creating hydrogen bonds.
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Fig. 1. Left: Photograph of the liquid p-jet setup at the Circe NAPP end station. The conical electron ana-
lyzer entrance nozzle as well as the jet catcher can be seen on the right and left hand side, respectively.
Center: Cls XPS lines of the methanol/water liquid p-jet taken at 750 eV photon energy at a chamber

pressure of 1 mbar. Right: Valence band XPS data from methanol vapour taken at 600 eV photon energy
at a chamber pressure of 1 mbar.
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In-operando AP-XPS, whereby a liquid-solid interface is under external electrochemical control, has so
far relied on specialist apparatus, such as the dip and pull approach’, or cells with a specialist electron-
transparent electrodes, such as a graphene membrane’. Despite AP-XPS growing in popularity, these elec-
trochemical strands of the technique remain inaccessible to many users, despite the increasing prevalence
of lab-source instruments. A majority of these lab instruments have sample environments that are not in-
herently well suited to in situ electrochemical measurements without serious modification to the appa-
ratus. This study presents preliminary in-progress work exploring the possibility of a low-cost two elec-
trode electrochemical cell, mounted on a standard “flag” style sample plate, appropriate for use with
standard lab-source AP-XPS instruments. Specifically, we investigate the viability of using very fine
mesh or microporous working electrodes used to wet or contain a small liquid reservoir.
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We will report initial results from a new laboratory NAP XPS facility that has been commissioned at the
University of Leeds, UK. A flexible multi-user infrastructure for engaging new user communities has
been established, which is configured around a Specs EnviroESCA system coupled to a multi-wavelength
UHV XPS system. The EnviroESCA provides a modular, flexible instrument for NAP XPS on a wide
variety of samples and environmental studies. The Leeds instrument features additionally a gas-cluster ion
beam (GCIB) Ar source for gentle depth profiling a wide variety of samples with minimal ion beam dam-
age of the surrounding substrate. The multi-wavelength XPS features Al, Zr, Ag and Cr anodes covering
photon energies into the HAXPES range. Samples can be transferred between instruments, or from other
sample preparation platforms, via either ultra-high vacuum or environmental suitcases. The EnviroESCA
is particularly user-friendly, lowering barriers to entry and accommodating virtually any sample morphol-
ogy, including liquids. Internal plasma cleaning of the analysis chamber minimizes cross-contamination
between different materials and user experiments. The EnviroESCA also lends itself very well to high-
throughput studies because multiple samples can be mounted on the sample plate and extremely short
times are required for exchanging sample plates. For electrically insulating samples, charge neutralization
is reliably and reproducibly achieved using the self-compensation via gas phase pair formation by ener-
getic electrons emitted from the sample. Using examples from our facility commissioning we will outline
the capabilities of the facility, discuss potential research areas, and show first results from the user com-
munity.
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" PREVAC Sp z 0.0., Rogow, Poland

* Lwalczak@prevac.eu

Many important processes such as energy conversion, electrochemical, corrosion and biological
processes take place at solid-gas and solid-liquid interfaces [1-3]. X-ray photoelectron spectroscopy
(XPS) is the most powerful technique for understanding of these processes at the atomic level and it is the
key to improving the performance of novel battery generation or renewable energy sources such as solar,
wind or hydropower energy conversion devices. We would like to promote the latest equipment, technol-
ogy solutions and innovations for the photoelectron spectroscopies field. Here it will be presented an in-
novative and compact spectrometers for the routine X-ray photoemission spectroscopy and ambient pres-
sure photoemission spectroscopy for study of important phenomena in the current research. The design,
construction, and technical parameters of new analyser will be presented. We will report the research re-
sults of XPS measurements conducted on the photovoltaic [4], catalytical [5] or bio-materials. Moreover,
it will be demonstrated the analyser operation in ambient pressure. Also the results of interaction of oxy-
gen and surface alloy will be presented, in order to permit complete characterization for the different
pressure and temperature conditions.

References

[1] B. Lassalle-Kaisera et al. J. Electron Spectrosc. Relat. Phenom. 221, 18-27 (2017).
[2] Y. Takagi et al. Phys.Chem.Chem.Phys. 19, 6013 (2017).

[3] Z. Y. Ong el. al, Appl. Mater. Interfaces 9, 39259-39270 (2017).

[4] L. K. Preethi el al. Energy Technol., 5, 1-10 (2017).

[5] U. Filek el. al, Appl. Catal. A — submitted.
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Libraries of Core Level Binding Energies: The Added Value of NAP XPS for
Analysing Chemical Shifts in Organic Systems
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An added value of laboratory NAP XPS is the ability to study organic materials with vapour pressures
that are not compatible with UHV environments. We are assembling a growing library of N1s binding
energies of small organic molecules. A total of 32 compounds have so far been measured as crystalline
powders, including amino acids, aliphatic and aromatic carboxylic acids, and more complex nitrogen
bases, such as imidazole and derivatives.'™ N1s is very sensitive to hydrogen bonding, polymorphism and
Bronsted transfer of protons. Laboratory NAP XPS has allowed us to also characterize materials with
significant vapor pressures at room temperatures, with much faster turnaround than in UHV systems.
Imidazole for example would need careful preparation and constant cooling to maintain UHV conditions.
Moreover, we will show that the use of approximately 10 mbar of Ar in the sample chamber reliably
neutralizes surface charges, enabling high throughput studies of organic materials.
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Figure 1. N1s spectrum of imidazole (vapour pressure: 3x10~° mbar)
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Revitalization of ALS Tender X-ray APXPS Beamline
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APXPS brought new life to a 20+ year-old beamline at the Advanced Light Source (ALS). Beamline
9.3.1 is a bending magnet beamline that had a very fragile double crystal monochromator that was no
longer operational as of late 2016. With the interest and excitement generated from the various new types
of science that could be possible using APXPS at tender X-rays to probe solid/liquid interfaces we were
able to procure the financial resources to upgrade all of the optical elements for the beamline: mirror one
(M1), double crystal monochromator (DCM), and mirror two (M2). This talk will provide an overview of
the beamline upgrade including the new optical layout, some lessons learned going through the upgrade.
Additionally, we will show some of our initial commissioning results including scientific results from our
initial experiments as we continue to optimize the beamline and start to reignite our science program. We
will be opening access to this beamline on a limited basis through 2019 as we continue to optimize the
beamline and expand the beamlines functionality.
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Spatially resolved XPS measurements at NAP conditions
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The investigation of complex systems in heterogeneous catalysis requires not only near ambient pressure
(NAP) conditions but often the samples are inhomogeneous by exhibiting different grains or coexisting
phases (materials gap) that must also be overcome. This can be achieved by combining NAP conditions
with spatially resolved measurements. Recent examples of in situ, spatially resolved measurements at
NAP conditions will be presented. [1, 2]

The Scanning Photoemission Microscope (SPEM), hosted at the ESCAmicroscopy beamline at the Elettra
synchrotron light source, uses a focused, submicron X-ray probe to illuminate the sample. A Fresnel type
Zone plate (ZP) in combination with an order sorting aperture (OSA) is used to focus the X-ray beam.
The X-ray beam can be downsized to a diameter of 130 nm. The SPEM can be operated either in imaging
mode or by acquiring XPS spectra from a microspot. The overall energy resolution is better than 200
meV.[3] To achieve NAP conditions a cell containing the sample can be placed within the SPEM cham-
ber.[1, 2] The cell contains small pinholes with diameters of 200 - 400 pum fitting the geometry of the
SPEM for the focused X-ray beam and the emitted photoelectrons, respectively. Their impedance allows
pressures up to 0.1 — 1 mbar within the NAP cell while maintaining a suitable pressure in the SPEM
chamber. Available sample temperatures are up to 600 °C.

[1] L. Gregoratti et al. Top. Catal. 61, (2018) 12741282
[2] H. Sezen et al. Surf. Interface Anal. (2017) doi:10.1002/sia.6276.
[3] https://www.elettra.eu/elettra-beamlines/escamicroscopy.html.
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HIPPIE, The new ambient pressure X-ray photoelectron spectroscopy
beamline at MAXIV
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HIPPIE is a state-of-the-art beamline for ambient pressure X-ray photoelectron spectroscopy
(APXPS) at MAX 1V laboratory in Sweden. The combination of the exceptional performance of the 3
GeV ring with an innovative design of the experimental station results in a beamline which is outstanding
not just in a pure electron spectroscopy context, but which also significantly expands the scientific issues
that can be addressed.

An APXPS endstation will permit in situ XPS and X- ray absorption spectroscopy (XAS) experi-
ments at pressures up to 30 mbar as well as under ultrahigh vacuum (UHV) conditions. The photon ener-
gy range is 310 to 2000 eV with variable polarization and very high flux and resolution. HIPPIE end-
station consists of an analysis chamber equipped with a hemispherical Scienta-Omicron HiPP-3 electron
energy analyzer, an ambient pressure experimental cell (AP Cell) can be docked to the analyzer for ambi-
ent pressure experiments, when the AP cell is retracted UHV experiments can be performed. The analysis
chamber is also equipped with a Bruker PM-IRAS instrument for simultaneous recording of
APXP/APXA spectra and PM -IRA spectra; likewise, the composition of gas/vapour in the AP cell can be
monitored by mass spectroscopy. Furthermore, different sample environments have been developed, in-
cluding high pressure re-actor, electrochemistry cell, photo catalysis cell, high temperature cell and bio-
logical sample cell.
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