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Establishing Structure Sensitivity of Ceria Reducibility: Real-Time 

Observations of Surface Hydrogen Interactions  

Tom *ab Johanna Hackl,a David N. Mueller,*a Jolla Kullgren,c Dou Du,c Sanjaya D. 
Senanayake,d Caroline Mouls,e Daniel M. Gottlob,a Muhammad I. Khan,a Stefan Cramm,a 
Veltruská,b Vladimír Matolín,b Slavomír Nemšák*af and Claus M. Schneiderag 

The first layer of atoms on an oxide catalyst provides the first sites for adsorption of reactants and the last sites before 

products or oxygen are desorbed. We employ a unique combination of morphological, structural, and chemical analyses of 

a model ceria catalyst with different surface terminations under ambience of H2 to unequivocally establish the effect of the 

last layer of atoms on surface reduction. (111) and (100) terminated epitaxial islands of ceria are simultaneously studied in 

situ allowing for a direct investigation of the structure reducibility relationship under identical conditions. Kinetic rate 

constants of Ce4+ to Ce3+ transformation and equilibrium concentrations are extracted for both surface terminations. Unlike 

the kinetic rate constants, which are practically the same for both types of islands, more pronounced oxygen release, and 

overall higher reducibility were observed for (100) islands compared to (111) ones. The findings are in agreement with 

coordination-limited oxygen vacancy formation energies calculated by density functional theory. The results point out the 

important aspect of surface terminations in redox processes, with particular impact on catalytic reactions for variety of 

catalysts.

1. Introduction  

Catalytic reactions are often classified as structure-sensitive or 

insensitive, identifying the importance of first layer atomic 

arrangements to influence reactivity, and establishing the basis 

for numerous surface science studies.1,2 The ability to tune 

catalytic chemistry by altering the surface structure constitutes 

an important way to take control of reactions. Catalytic 

conversion can accompany the loss of oxygen from oxide 

surfaces, typically invoking mechanistic interpretations such as 

the Mars and Van Krevelen (MvK) type mechanisms. In such 

cases involving oxidation or reduction of reactants, the role of 

the catalyst surface is complex, not only providing electrons to 

facilitate rearrangements of bonds to form the targeted 

compound, but also having the capability for storing and 

releasing oxygen, serving as a reductant or oxidant respectively 

in the catalytic cycle.  

Ceria is an ideal reducible oxide prototype benchmark that is 

often exploited as a redox active catalyst that can impact 

metal support interactions, and store or release oxygen to the 

reaction. Structure sensitivity has been established in some 

catalytic chemistry,3 but typically in the presence of a metal. We 

pose a simpler question regarding the influence of the first layer 

atomic arrangement in governing the efficacy of H2 reaction and 

subsequent removal of oxygen through a reduction of the 

surface. While interaction of protons with ceria is a rather 

elementary reaction, its surprising complexity has been recently 

revealed via contradictory evidence for hydride and hydroxide 

formation, respectively.4,5  

We address the question within the structure activity 

relationship (SAR) framework,  the prevailing concept at the 

forefront of rational designs and functionalization of materials.6 

An elementary subset of SAR involves facet-dependent 

properties and processes that allow for straightforward 

coupling of function to structure, providing convenient means 

to tailor performance in various applications.  This has been 

utilized with great success in the field of heterogeneous 

catalysis. 12 The facet-dependence is typically explored via 

isolated model systems that facilitate access to a singular 

structural feature6—most commonly a low-index surface plane. 

While the achievements of the isolated model system approach 

should not be understated, a considerable limitation of the 

method lies in the obstacles it imposes on the separation of 

equilibrium and non-equilibrium thermodynamics. Specifically, 

such separation necessitates unrealistic precision in the control 

of thermodynamic variables—i.e., the concentration of 

participating species and temperature. Consequently, studies of 
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facet-dependent dynamics in heterogeneous catalysis are 

limited to chemical, rather than physical, investigations13,14 or 

non-trivial techniques.15 

The importance of the limitation mentioned above is 

emphasized in the case of ceria, and reducible oxides in 

general.16,17 One of the parameters governing the chemistry of 

reducible oxides is the oxygen vacancy formation energy.18,19 

Upon forcing the system away from equilibrium by an external 

stimulus, i.e. supplying an oxidant or reductant, egalization of 

the (oxygen) chemical potentials of solid and gas as governed 

by the vacancy formation energy in the former is achieved by a 

cascade of electron and ion transfers across the solid gas 

interface, the microkinetic progression of which is guided by the 

activation barriers of these transfer processes. Any reduction-

oxidation processes are therefore necessarily contingent upon 

both oxygen vacancy formation energetics and the microkinetic 

pathway in a convoluted manner. The heterogeneous nature of 

the microkinetic pathway necessitates the involvement of 

adsorption sites, a factor strongly dependent on the surface 

orientation.20  

In this work, we present a significant improvement of the model 

system approach that allows for direct real-time comparison of 

facet-dependent properties of reducible oxides under identical 

thermodynamic conditions, effectively bypassing the required 

high precision in the control of thermodynamic variables. 

Utilizing recent advances in the heteroepitaxial growth of 

oxides on metals,21 we prepare islands of ceria,22 a prototypical 

reducible oxide, exposing (111) and (100) surfaces side by side 

on Cu(111). Taking advantage of the imaging capabilities of low-

energy electron microscopy (LEEM) and X-ray photoemission 

electron microscopy (X-PEEM), which were previously 

demonstrated in the case of the ceria (111) surface,  we 

follow the structural and chemical properties of the (111) and 

(100) surface planes of ceria under a reducing H2 atmosphere 

simultaneously and in situ on the timescale of the reduction 

process. The direct comparison allows us to show that the 

difference in the facility of H2 oxidation of the two surface 

planes of ceria is not determined by the kinetic rate constants 

of the reduction reaction, but rather by the equilibrium 

concentration of oxygen vacancies. This means that attributes 

of either surface orientation are inconsequential for the rate-

determining step of the reaction. Notably, no evidence of 

oxidation via hydride formation during the interaction with H2 

was observed for either surface. These insights could not be 

provided by the isolated model system approach to date and, 

most importantly, the presented methodology is easily 

generalized to other reducible oxides.  

1. Experimental  

2.1 X-ray photoemission electron microscopy 

All experiments were carried out with the FE-LEEM P90 AC 

instrument commercialized by SPECS and installed as a 

permanent end-station at the soft X-ray undulator beamline 

UE56/1-SGM at the synchrotron facility BESSY II in Berlin. This 

instrument enables the use of LEEM, X-PEEM, UV-PEEM, micro 

low-energy electron diffraction (µ-LEED), and micro X-ray 

absorption spectroscopy (µ-XAS) as combined methods in situ. 

The background pressure of the apparatus was 5×10-10 mbar.  

Ceria islands were grown on a Cu(111) single crystal (MaTeck, 

cut with 0.1° accuracy) via reactive physical vapor deposition. 

Prior to the deposition, the Cu(111) substrate was cleaned by 

several cycles of Ar+ sputtering (1.5 kV) and annealing at 870 K 

in UHV and 5×10-7 mbar of O2 (Linde, 99.998%). The mean 

terrace width of the prepared substrate is of the order of tens 

to hundreds of nm. Cerium (GoodFellow, 99.9%) was 

evaporated in 5×10-7 mbar of O2 from a Focus EFM 3T 

evaporator using a tungsten crucible with the substrate kept at 

the temperature of 720 K. The growth parameters were 

optimized based on previous works, which demonstrated that 

it is possible to prepare both (111) and (100) oriented ceria 

islands on Ru(0001) and Cu(111).26 28 Details of the ceria island 

growth are shown in the Supplementary Information (SI), 

including LEEM images of various stages of the sample 

preparation (Figure S1). 

The thickness of the prepared ceria islands has been 

determined from the attenuation of Cu L3 XAS edge (Figure S2). 

It should be noted, though, that the total electron yield (TEY) 

signal employed in this study includes secondary electrons, 

rendering the information depth and use of inelastic mean free 

path (IMFP) of electrons ambiguous. Frazer et al. experimentally 

determined a characteristic 1/  length (a thickness of material 

that attenuates TEY signal by a factor of 1/ ) of 21 Å for TEY 

measurements at the Cu L3 peak through an overlayer of Cr.29 

Cr and ceria have very similar densities of 7.190 g/cm3 and 7.215 

g/cm3. Moreover, the TPP2M method commonly used for IMFP 

calculation for inelastically scattered electrons, which takes into 

account also band gap and character of valence electrons, gives 

practically the same values for Cr and ceria.30 Therefore, we 

assume that the 1/  value obtained for TEY signal of Cu L-edge 

for Cr is also valid for ceria. Using this characteristic attenuation 

length, the ceria island thickness for both the (111) and (100) 

case are determined to be ca. 9 Å, i.e. ~ 3 monolayers (ML = 

, with a ML thickness of 3.12 Å for the (111) and 

2.71 Å for the (100) orientation. 

The stoichiometry of the ceria islands was determined from the  

Ce M5 XAS signal via comparison to reference Ce4+ and Ce3+ 

spectra (Figure 2) by the least square method. The Ce4+ and Ce3+ 

reference spectra were obtained from the as prepared islands 

kept in O2 pressure of 5×10-7 mbar and from islands reduced to 

the bixbyite c-Ce2O3 , 

respectively.21 The reference spectra match previously 

published results measured elsewhere.23 Exponential 

attenuation of the signal passing through the overlayer was 

then used to calculate the actual stoichiometry of the 3 ML ceria 

islands. Two assumptions in the analysis were: 1. All of the 

oxygen vacancies and, consequently, the Ce3+ ions are present 

in the topmost 3 Å of the islands, as predicted by DFT (see 

below). 2. Signal attenuation length for the Ce M5 edge was 

estimated to be 20 Å, in accordance with the previously 

discussed thickness analysis using the Cu L3 edge. We note that 

if the first assumption is not used and the Ce3+ ions are instead 

assumed to be homogeneously distributed in the film a slightly 
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and (100) terminations as obtained from DFT and experimental 

data.  

In accordance with the initial assumption, the surface 

orientation does have an impact on the reduction behavior of 

the ceria islands. However, the kinetics of the ceria reduction 

are almost the same for the (111) and the (100) surface 

orientations. This might point towards the microkinetic 

processes being the same for both surface orientations. It is the 

higher reducibility of the ceria (100) surface, which leads to an 

easier (and faster in absolute values) reduction of the (100) 

terminated islands compared to the (111) and shows that the 

main difference between the two surfaces lies in the 

thermodynamics. This assertion can be simplified even more, as 

the DFT shows in accordance with experimental values that 

there is a quite intuitive geometric limit to the reduction: Having 

all vacancies accumulated in the surface-most unit cell, the 

barrier is merely the energetic penalty for two oxygen vacancies 

being forced to be next nearest neighbors. In conjunction with 

the kinetics being identical, this limit to the reducibility of the 

ceria islands supports the idea that a more ready supply of 

oxygen from the (100) oriented islands increases the activity 

towards oxidative catalysis.50 We note, however, that at higher 

temperatures or utilizing stronger reducing agents the kinetics 

for the two surfaces might diverge via entropic contributions57 

or oxygen migration pathways.58 

Conclusions 

To summarize, we managed to produce and compare the 

chemistry of epitaxial ceria (111) and (100) islands on a Cu (111) 

substrate side by side for the structure sensitivity of H2 

reducibility. Using a combination of LEEM, µ-LEED, X-PEEM, and 

µ-XAS, we present unique simultaneous chemical, structural, 

and morphological analysis in real-time of the redox behavior 

for (111) and (100) CeOx surfaces under identical driving forces. 

Both surfaces reduce gradually in H2 atmosphere at 700 K 

without any observable hydride formation, and, specifically, no 

oxidation as previously reported at room temperature.4 We 

dynamically observed a more pronounced reduction of the 

(100) terminated ceria islands compared to the (111) 

terminated ones, in accordance with DFT calculations 

performed. Assessing the reduction kinetics for each face 

revealed that the difference in the catalytic activity of the 

surface orientations rather lies in the thermodynamics of 

reduction than the kinetics of the oxygen exchange. 

Corroborated by DFT calculation this difference can be broken 

down to an intuitive geometric reason: The repulsion of oxygen 

vacancies in the surface. This is important consideration for the 

design principles for more complex oxide catalysts. 
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