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Abstract

In recent years, single atoms have emerged as a new paradigm in catalysis,
promising numerous advantages over traditional approaches. Despite the
growing potential for industrial application, the precise structure of the ac-
tive site is often still poorly understood. In addition, at the atomic scale,
dynamic effects become ubiquitous and influence reactivity. This thesis ap-
proaches these issues for ceria-based single-atom catalysts with various tran-
sition metals as active centers. Via Density Functional Theory modelling,
atomic structures are resolved, local polaron distributions explored, and
electron transfer dynamics between the isolated metal atoms and the sur-
face investigated, proving their ubiquity in ceria-based systems. Moreover,
the influence of surface reduction as the most common chemical modification
of ceria, is addressed, showing how uncommon metal oxidation states can
be made accessible via the electronic interaction with the support. The ob-
tained wealth of data is further used to construct predictive machine learn-
ing models that provide additional physical insight into the metal-support
interaction. In collaboration with experimental groups, surface peroxide as
the origin of the exceptionally high stabilization capability of oxygen plasma
pretreated ceria for atomically dispersed platinum, is revealed. Lastly, the
reactivity landscape for ammonia oxidation to nitrous oxide is explored for
a ceria-based manganese catalyst, allowing to rationalize its high catalytic
performance via a thermodynamically favorable catalytic cycle. The re-
sults prove the pivotal role of ceria as a non-innocent support, influencing
atomic structure, dynamic behavior, and reactivity. They present a further
step towards atomically precise control in single-atom catalysts, desperately
needed for industrial application.
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Chapter 1

Introduction

The world is full of wonders, but they become more wonderful, not less
wonderful when science looks at them.

David Attenborough

Science is not only compatible with spirituality; it is a profound source of
spirituality.

Carl Sagan

Only when our clever brain and our human heart work together in
harmony can we achieve our true potential.

Jane Goodall

1.1 Are we solving climate change?

In this community, in which we concern ourselves themselves with (com-
putational) heterogeneous catalysis, the impact of human industrial activ-
ity and its contribution to anthropological climate change are frequently
brought up topics1,2. With the amount of literature available, I do not
think it makes sense to further discuss them in depth here. We should also
all already be well-aware of them, as we start feeling the effects all around
us, with temperature records being broken year after year, ice caps melting
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at alarming rates, and standing witness to an unprecedented decimation of
wildlife, already classifiable as the sixth mass-extinction3–6. Thus, restoring
and conserving the delicate balances that enable life on our blue marble are
undoubtedly among the most important undertakings of our time. It is for
this reason that I deem the disingenuous use of such motives to fill intro-
ductory paragraphs of scientific articles in the pursuit of securing monetary
funding rather questionable. I would therefore like to approach this topic
in this thesis introduction in a rather different way.

It is often stated that we need more efficient catalytic processes to reduce
the impact of industrial production. While this is certainly the case, I would
argue that the currently prevailing practice of planned obsolescence all but
obliterates any such improvements. What good does optimizing production
do, when the resulting products are intentionally constructed to break early
and be irreparable? Instead, the logical focus should be on durability and
ease of reparation and/or recycling. Yet, such an approach is not desirable
under a system that is predicated on infinite growth and values financial
profit above everything else, human life included. It should come to no
surprise that infinite growth on a finite planet is anything but sustainable.
I would further argue that in the majority of cases, the average person’s
concern for climate change ends where personal comfort begins. This is
particularly true for us citizens of highly developed countries, enjoying un-
precedented prosperity at the expense of the natural world around us. As
such, it stands to reason that the need for more efficient catalysts is vastly
exceeded by the need for fundamental changes to our economic systems and
societies.

1.2 The beauty of science

With such a bleak outlook, is all hope lost already? Fortunately, I would
say quite the opposite. Since the widespread adaptation of the scientific
method in Europe around the 16th century7, its application has enabled us
to achieve absolutely extraordinary progress. We now yield the technol-
ogy of gods. And so, at least from the scientific perspective, many of the
problems outlined above are already solved, or are, in principle, solvable.
For instance, due to significant advances in the efficiency of agriculture, we
currently produce enough food to feed ten billion people8. The fact that
there still exists hunger in this world is of economical and societal origin—
Science has already solved this problem. In accordance, the ability to split
the atom, as well as decades of research on renewable energies, could provide
us with sufficient sources of clean and safe energy (see Fig. 1.1). The pre-
vailing pollution of our planet is of economical and societal origin—Science
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has already solved this problem. Numerous additional examples could be
included here, but I think the message should be clear.

I would further like to pose the question if science really needs to state
ulterior motives to justify its practice. In my opinion, it does not. Its pro-
found positive impact on the development of humanity needs no further
discussion, and some examples have already been given above. And yet,
many of its most important discoveries were made by chance, with their
future impact being vastly underestimated. The “light amplification by
stimulated emission of radiation”, today commonly known as the laser, was
dubbed “a solution in search of a problem” by its inventor, Theodore Harold
Maiman, just to establish itself as one of the most important technologies of
the 20th century9. Similarly, after discovering radio waves, Heinrich Hertz
did “not think that the wireless waves I have discovered will have any prac-
tical application”10. Today, communication via radio waves is crucial for
practically all electronic devices we use on a daily basis. And while Alexan-
der Fleming “did not invent penicillin, but only discovered it by accident”11,
it became one of the most impactful discoveries in the field of medicine, sav-
ing an estimated 80 to 200 million lives up to this day12. These are just a
few examples of the notorious difficulty to predict the impact of scientific
discoveries—and the future in general. It is for this reason that I believe
monetary funding, and with it, the ability to conduct scientific research,
should not be predicated on pre-imagined ideas of their importance, as is
often the case in the current publishing system. Nonetheless, it goes with-
out saying that any serious scientist should have clear ideas in mind when
carrying out their work.

Figure 1.1: Safest and cleanest energy sources available today. Figure
adapted from Ref. [13].
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1.3 Single Atoms: A new frontier in catalysis

1.3.1 Industrial impact of catalysis

The above being said, there is no doubt that finding better and more ef-
ficient catalysts is a valuable undertaking for improving the production of
the materials that provide the basis for our modern life. Around 90% (by
volume) of produced chemicals rely on solid catalysts14, generating global
sales of around $1.5 trillion in value15. The use of catalysts in a different
phase (typically solid) than the reaction mixture (typically gas or liquid) is
called heterogeneous catalysts. This approach provides various advantages,
most importantly the facile separation of the catalyst from the reaction mix-
ture, allowing for easy recycling, long durability, and high efficiency, thus
making it the ideal choice for the industrial production of bulk chemicals.
The efficiency of catalysts can be quantified via the E-factor, which is de-
fined as waste, or “everything but the desired product” per kg of product,
including solvent consumption, chemicals used during work-up, and related
processes16. As shown in Table 1.1, with increasing tonnage of product,
the E-factor generally decreases. Notably, oil refining and bulk chemical
production, which rely practically exclusively on heterogeneous catalysts,
achieve very low E-values. On the other hand, the production of high-value
fine chemicals and pharmaceuticals relies on processes that generate exces-
sive amounts of waste, often far exceeding the product quantity. The reason
for this is that these products are usually complex organic molecules whose
synthesis requires precise control of the active catalyst site and the result-
ing reactivity, usually only achievable with homogeneous transition metal
complexes. However, the presence of the catalyst in the same phase as the
reaction mixture thus complicates separation and work-up.

Table 1.1: E-factors of different sectors of the chemical industry. Table
adapted from Ref. [16].

Industry segment
Product

tonnage (p/a)

E-factor

(kgs waste/kg product)

Oil refining 106 − 108 < 0.1

Bulk chemicals 104 − 106 < 1− 5

Fine chemicals 102 − 104 5− 50

Pharmaceuticals 10− 103 25− > 100
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1.3.2 How SACs bridge the catalysis gap

It is at this divide between the homogeneous and heterogeneous approaches,
where single-atom catalysts (SACs) hold the promise of unification in the
field of catalysis. Typically, the embedding of the catalytically active, iso-
lated metal atoms is achieved in solid matrices like other metals17, metal-
organic frameworks (MOFs)18, doped carbons19, or metal oxides20. Hence,
easy separation from the reaction mixture, one of the main advantages of
heterogeneous catalysts, is achieved. On the other hand, atomically pre-
cise control of the metal atom’s chemical state and environment, commonly
termed the “speciation”1, allows for fine-tuning of the catalytic center, sim-
ilar to homogeneous transition metal complexes. Furthermore, as every
metal atom functions as an active site, SACs provide perfect atom utiliza-
tion, particularly important when scarce and precious metals are being used.

The proposition of isolated atoms as catalytically active sites dates back
all the way to 1999, when atomically dispersed Pt embedded in a MgO
surface was identified as an active catalyst for propane combustion21. In
addition, in their seminal work of 2003, Fu and coworkers proposed single
atoms of gold and platinum anchored on ceria as active species in the water-
gas shift (WGS) reaction22. The term single-atom catalyst (SAC), however,
was first coined in literature in 2011 for a Pt1/FeOx system with exceptional
activity in CO oxidation23. Importantly, it presented the first case in which
the atomic dispersion of the active metal was proven unambiguously. Ever
since, the field of single-atom catalysis has grown significantly, with appli-
cations emerging for thermal, electrochemical and photo-catalytic transfor-
mations19,20,24–29. Fig. 1.2 compiles a number of hallmark developments
from the last two decades, with advancements being made in the synthesis,
characterization, and application of SACs, which typically go hand in hand.

1.3.3 Synthesis of SACs

The first challenge towards the application of SACs lies in the controlled
preparation of materials that expose isolated, active, and stable metal atoms.
This feat is everything but simple and has only become possible in re-
cent years19,30,31. As metal particle size decreases, the fraction of low-
coordinated sites increases, and with it the relative surface energy. At the
complete absence of metal-metal bonds, it reaches its maximum, making
isolated metal atoms inherently unstable. Thus, there is a great thermody-
namic driving force for metal agglomeration (also called sintering) by which

1Speciation refers to the local coordination environment of the isolated metal atom, as
well as its electronic structure, most importantly its oxidation state.

29

UNIVERSITAT ROVIRA I VIRGILI 
CERIA-BASED SINGLE-ATOM CATALYSTS: FROM SIMPLIFIED MODELS TOWARDS REAL-WORLD COMPLEXITY 
Julian Geiger 



Chapter 1. Introduction

Figure 1.2: Timeline of important developments in the field of single-
atom catalysis throughout the last two decades, grouped by synthesis (pur-
ple), characterization (green), and application (blue). Figure taken from
Ref. [28].

catalytically active metal centers are lost in the bulk of growing nanoparti-
cles (NPs), a fate which commonly leading to the deactivation of heteroge-
neous catalysts based on small metal NPs. Therefore, great care must be
taken in achieving metal separation during synthesis, e.g. via low rates of
metal deposition and by providing sufficient (but not deactivating) stabi-
lization on the support.

Today, there exist a variety of techniques that have successfully been
used for the synthesis of SACs19,30,31. The most suited preparation method
naturally depends on the combination of carrier and metal. It can broadly
be classified into bottom-up and top-down approaches. In the former case,
the target single-atom (SA) metal is dispersed and stabilized already during
the synthesis of the support material, while in the latter case, it is intro-
duced on a pre-prepared host. Examples for bottom-up approaches are
co-precipitation from a precursor solution, containing the minority metal,
often in spatially isolated sites32. Another example is the pyrolysis of car-
bon and/or nitrogen-rich compounds, which has been widely used for the
preparation of SACs based on metal-organic frameworks (MOFs) and car-
bonaceous support materials. Top-down approaches are for instance, direct
deposition of the metal from the gas phase, atomic layer deposition (ALD),
and incipient wetness impregnation (IWI)19. Despite the difficulties in their
preparation, the last two decades have seen great progress, and modern,
advanced synthesis protocols have achieved the preparation of SACs with
impressive metal loadings up to 16 wt%33 and 23 wt%34, approaching indus-
trial maturity29.

In addition to the widespread carbonaceous structures mentioned above,
(reducible) metal oxides are among the most commonly used support ma-
terials for the synthesis of SACs20,24,25. Indeed, it was for Pt1/FeOx for
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which the term “single-atom catalyst” first emerged in literature23. Here,
stabilization of isolated metal sites is usually achieved by a strong bond-
ing between the metal and the carrier, with the effect originally discovered
for metal NPs and termed strong metal-support interaction (SMSIs)35,36.
If the interaction is further accompanied by significant charge transfer, it
is often referred to as electronic metal-support interaction (EMSI)2, a term
first coined by Campbell37. In the case of ceria, the reducible oxide host ma-
terial for all SACs discussed in this thesis, the strong electronic interaction
was first noted upon the realization that very small silver nanoparticles are
significantly more stabilized on ceria than on non-reducible MgO38. Fur-
thermore, the effect was shown to be responsible for the increased water
dissociation ability of ceria-supported Pt8 particles39. It is this strong (elec-
tronic) interaction, that allows for the stabilization of metals in the form
of isolated atoms on ceria. Until today, stable ceria-based SACs of the
group 10 metals40–43, gold44, copper45, rhodium46 and manganese47 could
sucessfully be prepared, and will be discussed in more detail in Section 2.3.

1.3.4 Characterizing SACs

In addition to the delicate preparation of SACs, their thorough character-
ization presents another hurdle on the way to becoming a widely adapted
technology. Due to the miniscule size of individual atoms, this presents a
formidable challenge. Nonetheless, the first direct visualization of uranium
atoms anchored on a carbon-based support dates back as far as 197048,
and was achieved via transmission electron microscopy (TEM). However,
the exceptionally high atomic number (Z ) contrast that made it possible
is typically not a given for most catalysts of practical interest. Since then,
significant improvements have been made, and high-angle annular dark-field
(HAADF) detectors, as well as aberration correctors (ACs) have made the
visualization of individual metal atoms almost routine49. And yet, the speci-
ation of the active site of SACs is often still poorly understood. In addition,
microscopy only enables the visualization of a small fraction of the surface,
thus raising the question of its representativeness of the entire catalyst.

Instead, indirect probing methods can provide more comprehensive data
on the system under study. Here, techniques based on X-rays have proven
to be particularly useful50. For instance, X-ray photoelectron spectroscopy
(XPS) can be used to assign oxidation states (OS) of both, the isolated
metal atoms, as well as the species that make up the support material,

2While both terms, strong and electronic metal-support interaction were initially
coined for metal nanoparticles, I would argue that they can be equally applied for the in-
teraction between isolated, single atoms and the support, and I will use them accordingly.
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while energy-dispersive X-ray analysis (EDX) yields information about the
distribution of the different elements over the sample, reaching atomic res-
olution. Furthermore, X-ray absorption near edge spectroscopy (XANES)
and extended X-ray absorption fine structure (EXAFS) analysis can provide
additional information about the electronic structure and local coordination
environment of the isolated metal atoms, such as the nature and distance of
bonding partners. Absence of metal-metal bonds at typical bulk distances
can therefore yield indirect proof of the absence of metal particles, indicative
of atomic dispersion. Similarly, the presence of hyperfine splitting in elec-
tron paramagnetic resonance (EPR) experiments can provide evidence for
the atomic nature of the metal species51, as agglomeration to particles would
broaden out the signal52. The last class of indirect analytical techniques I’d
like to include here, relies on probe molecules to extract information about
the species of interest. Infrared spectroscopy, such as Fourier-transform in-
frared spectroscopy (FTIR) and infrared reflection-absorption spectroscopy
(IRAS) are common examples. For instance, from the vibrational frequency
of adsorbed CO, information of the adsorption site can be inferred43,53. Sim-
ilarly, the location of the desorption peak during temperature programmed
desorption (TPD) experiments provides the strength of the interaction be-
tween the adsorbate molecule and the active site, from which the nature of
the latter can be inferred.

In summary, there exists a large toolbox of different analytical tech-
niques, which provide varied, and often complementary, information about
the systems under study. As such, many works combine multiple techniques
in an effort to achieve a comprehensive characterization of the samples.
However, experimental restrictions frequently arise. For instance, electron
microscopy requires conducting probes and ultra-high vacuum (UHV) con-
ditions (1× 10−7 - 1× 10−12 bar). And while indirect techniques can give
information at the atomic level, they often do so averaged over mesoscopic
or even macroscopic areas of the samples. Similarly, in the temporal do-
main, results are typically averaged over data acquisition times. Further-
more, the use of UHV, common in analytical surface science is many orders
of magnitude away from the elevated pressures often used in real catalytic
converters, a discrepancy well-known as the so-called pressure gap54. The
fact that catalysts frequently exhibit dynamic behavior during operation
further complicates the situation55–58. Strides have been made to acquire
data during catalyst operation, using operando or in-situ techniques59–61,
however, their application is still far from routine.
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1.3.5 The role of computational modelling

In recent years, computational modelling, in particular based on density
functional theory (DFT), has established itself as a valuable element in the
chemical analytics toolbox outlined above62,63. Its success can be attributed
to significant increases in computing power, allowing for the simulation of
ever larger systems, with ever higher accuracy. Despite these advances,
real catalysts still present an overwhelming amount of complexity, covering
length scales from the atomic to the macroscopic. Thus, the construction
of simplified model systems, e.g. based on extended low-index facets or ide-
alized nanoparticles, is still necessary63. Nonetheless, insights derived from
simulations on said model systems can be of high value and aid in the anal-
ysis of experimental results. This is particularly the case for information
that is often not directly accessible to experiment, such as details of the elec-
tronic structure, metastable or transition states (TS), as well as dynamic
phenomena. For instance, in a study combining STM, XPS, synchrotron
radiation photoelectron spectroscopy (SRPES), and DFT simulations, the
amount of charge transfer from platinum NPs to a CeO2(111) support, and
therefore the extent of EMSI, could be quantified64. In other works, it
could further be shown that for many catalysts, the active center is far from
static, but better described by an ensemble of interconverting geometrically
distinct, metastable structures that are responsible for the observed reactiv-
ity56. Such fluxionality remains elusive to direct experimental observation.
In extreme cases, the disintegration of metal NPs via surface diffusion of in-
dividual metal atoms55,65, or the formation volatile species41 was observed,
and could even be used for the synthesis of SACs31. Again, tracking dy-
namics at the atomic scale can benefit greatly from the support of ab initio
simulations61.

With active catalytic centers reaching the sub-Ångström domain, dis-
cerning the actual atomic structure of the catalytic center (i.e. the metal
atom and its coordination sphere) becomes ever more challenging. Here,
X-ray adsorption spectroscopy (XAS) methods, like XANES or EXAFS are
particularly valuable61. In particular, comparison between experimental
and simulated spectra (based on plausible structural models) can resolve the
atomic structure of the catalyst. And even before the synthesis of the first
stable Pt1/CeO2 SACs in 201640,41, the square-planar nano-pocket available
on ceria nanoparticles (NPs) and (111) step edges was proposed as favorable
site to stabilize single-atom platinum by DFT simulations66. In addition,
with decreasing size of the catalytic center, the prevalence of dynamic effects
may further increase. For example, on restructured CeO2(100), surface dif-
fusion of labile oxygen67, as well as dynamic charge-transfer (CT) between
the oxide and adsorbed single-atom platinum68 could be identified. In such
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cases, the required length and time scales become increasingly inaccessible
to experimental techniques.

1.4 High-throughput and machine learning

In addition to assisting experimental characterization, computational tech-
niques have now reached a degree of sophistication that even enables them
to guide experiments and catalyst design. For instance, as various descrip-
tors for near arbitrary materials can be accurately predicted at low cost,
volcano plots3, a hallmark of heterogeneous catalysis research, can now be
constructed based purely on computational data. This allows for promising
materials to be identified even before their actual synthesis69–71.

Similarly, the increased amount of computing power has also allowed for
the advent of so-called high-throughput (HT) simulations, which take the
approach introduced in the previous paragraph a step further. Here, the
idea is that large bodies of (computed) data are created, which can then be
quickly and easily screened for desired catalysts/materials, given that suit-
able descriptors of the target property are known75. This approach has been
used for example in the prediction of novel and stable binary alloys76, the
search for easily exfoliable 2D materials77, and even to verify the accuracy of
common computational methods78. Furthermore, by combining thousands
of HT DFT simulations, Hegde and coworkers could create the “phase sta-
bility network of all inorganic materials”, a network of 21,000 thermody-
namically stable compounds linked by 41 million edges which define stable
two-phase equilibria between most elements of the periodic table79.

However, as shown in Fig. 1.3, raw data still requires refinement and
analysis before it can provide insight, eventually leading to societal im-
pact. This data-driven approach is often called the 4th paradigm of science
(Fig. 1.4). However, the ever-growing amounts and generation rates of data
already far exceed our human cognitive abilities, limiting us to manually
discern only a fraction of the true richness hidden in the data. Instead,
in recent years, machine learning (ML) has firmly established itself in the
natural sciences and proven more than capable of overcoming such human

3Volcano plots emerge from Sabatier’s principle, which states that the interaction be-
tween a catalyst and its substrate should be “just right”72,73. If it is too weak, the catalyst
cannot bind the substrate sufficiently to enable the reaction. If it is too strong, product
release after the reaction might be inhibited, with both effects lowering the reaction rate.
Thus, plotting the relative activity of various catalysts against the binding energy of the
substrate leads to an inverted parabolic shape, often called a volcano, indicating that there
is an optimal region of highest activity. Since its original formulation, similar relations
have been found for a variety of descriptors among different types of catalytic processes74

and the volcano has established itself as a fundamental concept in heterogeneous catalysis.
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Figure 1.3: The flow from data to wisdom and impact. Figure taken from
Ref. [80].

limitations80–84. For instance, Tshitoyan and coworkers trained an unsu-
pervised natural language processing (NLP) model on 3.3 million scientific
abstracts published throughout the last century85. With their model, the
scientists could extract latent, hidden knowledge from the dataset, in par-
ticular, showing that future discoveries are largely already contained within
past publications85. In another work, a neural network (NN) was trained on
materials contained in the open quantum materials database (OQMD)78 to
capture interactions and similarities between different elements, allowing for
the prediction of physical properties at high speed and without manual hu-
man input86. The resulting model could then be used to scan a vast chemical
space of 450 million hypothetical materials of the composition AwBxCyDz

involving 86 possible elements, and to predict novel, stable materials based
on the ML-predicted formation energy. Thus, it could therefore well be that
during the 4th paradigm of science, the importance of human cognition will
quickly diminish and make way for advanced AI, as schematically shown in
Fig. 1.4.

Beyond the capability of discovering hidden knowledge in raw data, the
computational efficiency of trained ML models, holds the promise to bridge
the length- and time-scale problems inherent to ab initio modelling of chem-
ical systems. One common application of ML in the field, lies in the gen-
eration of neural network potentials (NNPs)80,88,89. These are, in effect,
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Figure 1.4: The four paradigms of science. From empirical to theoretical
to computational to data-driven in the 21st century. Figure taken from
Ref. [87].

NN-based force fields trained on DFT data, thus providing ab initio ac-
curacy at the speed of empirical methods. This allows for the simulation
of much larger systems for much longer time scales at high accuracy. For
instance, simulations of systems with up to a billion atoms and hundreds of
millions of time steps90–94, have been reported, bringing the simulation of
previously inaccessible chemical phenomena into reach. In principle, NNPs
circumvent the need for expensive DFT evaluations at each step along the
trajectory, as ML-predicted energies and forces are used to drive atomic
motion according Newton’s equations instead. Similarly, efforts have been
undertaken to circumvent the expensive ab initio evaluation of energies on
entirely novel structures, as well. Of particular importance in the field
of heterogeneous catalysis is the prediction of adsorption energies, as it
would allow for the rapid screening of catalysts and construction of reac-
tion networks, among others. Here, graph-based representations of atomic
structures, used in graph neural networks (GNNs) have proven particularly
suited. The approach was successfully applied for the accurate adsorption
energy prediction of organic molecules on metal surfaces in the open catalyst
project and the GAME-Net model95,96.

Lastly, I would like to highlight a few examples from the broader ap-
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plication of ML in science and technology. For one, researchers at Google
DeepMind could develop a NN-based density functional, DM21, that solves
the fractional electron problem97, as well as AlphaFold, a protein structure
prediction algorithm, that solves the protein folding problem98. Further-
more, in recent months, the large language models (LLMs) based on the
generative pretrained transformer (GPT) architecture99 released by Ope-
nAI100, have conquered the world by storm. ChatGPT has become the
fastest growing app in the history of the web, crossing the 100 million user
mark after only 2 months101. And the capabilities of GPT-4 go as far as to
“show sparks of AGI”102, with AGI, or artificial general intelligence, possi-
bly being the last invention humans will ever make.

Figure 1.5: United States wage development drastically falling behind in-
creases in worker productivity over the past 50 years. Figure adapted from
Ref. [103].

Only time will tell if the last statement of the previous paragraph will be
a curse or a blessing. The current AI revolution has the potential to generate
the most prosperous and productive period of human existence. I do hope
that this time the people will reap the benefits, contrary to what has been
the general trend of the last decades (see Fig. 1.5). However, I think few of
us can even truly begin to imagine how fundamental the impact of advanced
AI will be on our species. Already at current-day sophistication, GPT-4 is
in the top 10% in the bar exam, the United States juridical examination,
which takes the average person around seven years of higher education to
reach, while in the advanced AP Chemistry exam, GPT-4 outperforms 70%
of human contenders100. According to Sam Altman, CEO of OpenAI, this
could drive the “cost of intelligence near zero”104, while providing possible
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financial gains up to $100 trillion to whoever invents true AGI105. Together
with the likely assumption that generative AI will advance in other fields,
such as image or video generation, just as rapidly106–108, this will likely
render humans obsolete, even in the domains, in which we pride ourselves
most, from intellect, to creativity. And while astronomical discoveries of
the past have gradually diminished our role in the cosmic play, advanced
AI will do the same yet again.
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1.5 Objectives

The main objective of this thesis is to gain an in-depth understanding of
various aspects of ceria-based single-atom catalysts (SACs) by density func-
tional theory (DFT) simulations and machine learning methods. This will
include exploring the prevalence and nature of dynamic charge-transfer be-
tween various single metal atoms and CeO2(100) supports, including the
influence of surface reduction for the common Pt1/CeO2 system. The na-
ture of the metal-support interaction will further be investigated by machine
learning models that aim to reproduce the metal adsorption energies, based
on readily available descriptors that do not require prior ab initio evalua-
tion. Moreover, it will be shown how physical insight into the electronic
interaction can be derived from these predictive models. Using the ob-
tained insights, further computational modelling will be used to elucidate
the atomic structure, stability and catalytic reactivity of two experimen-
tally prepared, ceria-based SACs, containing platinum and manganese as
the active metal center.

I will begin Chapter 3 with an exploration of the well-known Pt1/CeO2

catalyst, for which the dynamic oxidation state behavior was first identi-
fied. Based on this system, the correlation between local polaron structure
and oxidation state dynamics will then be introduced. Before widening the
scope to other metals of the periodic table, I will elucidate the influence of
surface reduction on the assumed oxidation state of the platinum atom and
its dynamic behavior. Then, I will address the question if local and restruc-
tured CeO2(100) facets can stabilize isolated atoms of the group 9–11 metals
to identify promising systems. Via an extensive sampling of local polaron
distributions, electronic ensembles of ground and excited states for each
metal will be explored, allowing to discern for which metals dynamic oxi-
dation state behavior is feasible. The actual absence/presence of the effect
at finite temperatures is finally confirmed by ab initio molecular dynamics
simulations.

I will then use the dataset of local polaron distributions obtained from
the exploration of ceria-based SACs to construct a machine learning model
that can predict metal adsorption energies without the need for explicit
DFT evaluation. The first hurdle in this pursuit is the search for a suit-
able feature space of easily accessible descriptors. Then, the algorithm has
to be chosen, its hyperparameters tuned, and the resulting model evalu-
ated. After overcoming these challenges, I will derive physical insight from
the predictive model by analyzing the influence of the individual features.
Identifying the main contributions to the electronic interaction, allows for
their disentanglement via a symbolic regression model, that further yields
an analytical expression to estimate the adsorption energies.
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Chapter 1. Introduction

Lastly, in Chapter 5, I will make use of computational modelling to ob-
tain insight and understanding for two experimentally prepared ceria-based
SACs, starting with single-atom platinum on oxygen-plasma pre-treated ce-
ria. First, the synthesis of the catalyst, as well as reference samples, will be
summarized, with a particular focus on the unique modifications achieved
by the oxygen plasma treatment. Then, I will show how I could assign a
previously unknown oxygen signal in the XPS spectrum to surface peroxide
species, and how their presence alters the adsorption behavior of deposited
platinum atoms. It will further be outlined how the combined effect of
nanostructuring and surface peroxide achieve the exceptionally high stabi-
lization of single-atom Pt enabled by the plasma treatment. The second
system under study is given by isolated manganese on a ceria support. Fol-
lowing a more simple synthesis method, the speciation of the metal atom
was experimentally not know and had to be addressed by simulations. With
representative catalyst models available, I then explored the reactivity land-
scape of ammonia oxidation to nitrous oxide, for which the system showed
exceptional activity and selectivity.
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Chapter 2

Theory

The underlying physical laws necessary for the mathematical theory of a
large part of physics and the whole of chemistry are thus completely
known, and the difficulty is only that the exact application of these laws
leads to equations much too complicated to be soluble. It therefore
becomes desirable that approximate practical methods of applying quantum
mechanics should be developed, which can lead to an explanation of the
main features of complex atomic systems without too much computation.

Paul Dirac

2.1 Density Functional Theory

Density Functional Theory (DFT) presents the workhorse of modern-day
computational research in chemistry, catalysis and materials science109. Its
popularity can be attributed to the fact that it offers high accuracy at rea-
sonable computational cost. In this section, I will outline the foundations of
this very successful theory, starting from the Born-Oppenheimer approxi-
mation, which decouples the motion of electrons and nuclei. This is followed
by the first Hohenberg-Kohn theorem, which states that all properties of an
electronic system are uniquely defined by the ground state electron density.
The second Hohenberg-Kohn theorem then uses the variational principle to
show that the electron density that minimizes the energy of the total func-
tional is the true electron density corresponding to the complete solutions
of the Schrödinger equation.

However, the Hohenberg-Kohn theorem is a pure uniqueness theorem,
so it does not provide a solution to the quantum many-body problem. It
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Chapter 2. Theory

was Kohn and Sham who then showed that a system of hypothetical, non-
interacting electrons produces the same density as the real interacting elec-
tron system, thus allowing for approximate solutions to be found. While
the Kohn-Sham method is in principle exact, the form of the exchange-
correlation functional is not known. Thus, common approximations will be
discussed in the following subsection, which will be followed by the so-called
Hubbard correction, can improve the description of the electronic structure
at low computational cost. Lastly, the special treatment of periodic systems
motivated by Bloch’s theorem, and the introduction of pseudopotentials
(PPs) and the projector augmented wave (PAW) method will conclude the
required foundations underlying the simulations presented in this work.

2.1.1 Born-Oppenheimer approximation

The fundamental quantity underlying all of quantum mechanics is the wave-
function. For the quantum many-body problem, it has the general form:

Ψ (x,X) (2.1)

where
x := (x1, . . . ,xN ) = (r1, σ1, . . . , rN , σN )

X := (X1, . . . ,XM) = (R1,Σ1, . . . ,RM,ΣM)
(2.2)

denote the spatial (r,R) and spin (σ,Σ) coordinates of the N electrons and
M nuclei, respectively. The total energy of the system is then given by the
time-independent Schrödinger equation110:

ĤΨ(X,x) = EΨ(X,x). (2.3)

with the non-relativistic Hamiltonian:

Ĥ = T̂n + T̂e + V̂nn + V̂ne + V̂ee (2.4)

composed of the kinetic energy operators T̂n and T̂e for the nuclei and the
electrons, respectively, as well as the potential energy operators, V̂nn, V̂ne,

42

UNIVERSITAT ROVIRA I VIRGILI 
CERIA-BASED SINGLE-ATOM CATALYSTS: FROM SIMPLIFIED MODELS TOWARDS REAL-WORLD COMPLEXITY 
Julian Geiger 



2.1. Density Functional Theory

and V̂ee for the corresponding interactions, in atomic units:

T̂n = −
M∑
A=1

1

2mA
∇2
A (2.5)

T̂e = −
N∑
i=1

1

2
∇2
i (2.6)

V̂nn = −
N∑
i=1

M∑
A=1

ZA
rAi

(2.7)

V̂ne =
N∑
i=1

N∑
j>i

1

rij
(2.8)

V̂ee =
M∑
A=1

M∑
B>A

ZAZB
RAB

(2.9)

(2.10)

Now, given the significantly greater mass of nuclei compared to electrons,
we assume their movement to be much slower and treat their positions as
stationary111. This allows us to factorize the wavefunction Eq. 2.1 into a
nuclear and electronic part, where the former only depends on the atomic
coordinates, while they enter parametrically in the latter:

Ψ(X,x) = Ψn(X)Ψe(X,x). (2.11)

Substituting the product of Eq. 2.11 in the original Schrödinger equation,
subtracting the nuclear terms on both sides, and dividing by the total wave-
function gives:(

T̂e + V̂ee + V̂ne

)
Ψe(X,x)

Ψe(X,x)
= E −

(
T̂n + V̂nn

)
Ψn(X)

Ψn(X)
(2.12)

Hence, the right-hand side of Eq. 2.12 depends solely on the nuclear co-
ordinates, and we can therefore collate the terms as Ee(X). Now, multi-
plication on both sides by the electronic wavefunction yields the electronic
Schrödinger equation:(

T̂e + V̂ee + V̂ne

)
Ψe(X,x) = Ee(X)Ψe(X,x) (2.13)

2.1.2 Hohenberg-Kohn theorems

Although the Born-Oppenheimer approximation achieves a significant sim-
plification of the quantum many-body problem, the wavefunction still de-
pends on 4N coordinates (three spatial and one spin coordinate for each
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electron), thus making the treatment of larger system computationally pro-
hibitive. Fortunately, however, as shown by the first Hohenberg-Kohn theo-
rem112, a system of electrons with all its properties is completely determined
by the electron density %0 of the ground state. This allows for a reduction of
the dimensionality to only the three spatial variables of the electron density
(spin shall not be considered explicitly in the following). I will prove this via
contradiction by showing that two electronic systems with the same number
of electrons as given by:

N =

∫
dr%0(r) =

∫
dr%′0(r), (2.14)

but with external potentials v and v′ (which differ by more than an additive
constant) cannot have the same ground state electron density %0. For this,
we define the two Hamiltonians Ĥ = T̂ + V̂ee + v̂ and Ĥ ′ = T̂ + V̂ee + v̂′,
where the local multiplicative potentials have the form: v̂ =

∑N
i=1 v (ri),

and the corresponding two ground state wavefunctions Ψ0 and Ψ′0. From
the variational principle, it then follows that:〈

Ψ0

∣∣∣T̂ + V̂ee + v̂
∣∣∣Ψ0

〉
<
〈

Ψ′0
∣∣∣T̂ + V̂ee + v̂

∣∣∣Ψ′0〉 (2.15)

and 〈
Ψ′0
∣∣∣T̂ + V̂ee + v̂′

∣∣∣Ψ′0〉 < 〈Ψ0

∣∣∣T̂ + V̂ee + v̂′
∣∣∣Ψ0

〉
. (2.16)

Adding both inequalities yields:

〈Ψ0|v̂|Ψ0〉+
〈
Ψ′0
∣∣v̂′∣∣Ψ′0〉 < 〈Ψ′0|v̂|Ψ′0〉+

〈
Ψ0

∣∣v̂′∣∣Ψ0

〉
. (2.17)

Since v̂ is a local, multiplicative potential, we can substitute:

〈Ψ0|v̂|Ψ0〉 =

∫
drv(r)%0(r) (2.18)

and the inequality of Eq. 2.15 becomes:∫
drv(r)%0(r) +

∫
drv′(r)%′0(r) <

∫
drv(r)%′0(r) +

∫
drv′(r)%0(r).

(2.19)
With our initial assumption that %0(r) = %′0(r) this leads to the contradic-
tion:∫

drv(r)%0(r)+

∫
drv′(r)%0(r) <

∫
drv(r)%0(r)+

∫
drv′(r)%0(r) (2.20)

concluding the proof.

44

UNIVERSITAT ROVIRA I VIRGILI 
CERIA-BASED SINGLE-ATOM CATALYSTS: FROM SIMPLIFIED MODELS TOWARDS REAL-WORLD COMPLEXITY 
Julian Geiger 



2.1. Density Functional Theory

The second Hohenberg-Kohn theorem now states that any trial electron
density that integrates to the correct number of electrons, will lead to an
energy that is greater than or equal to the true ground-state energy. To
derive this, I will follow a constrained search approach for the ground state
energy E0 of an electronic system with N electrons:

E0 = min
Ψ→N

{〈
Ψ
∣∣∣T̂ + V̂ee + v̂

∣∣∣Ψ〉}
= min

%→N

{
min
Ψ→%

{〈
Ψ
∣∣∣T̂ + V̂ee + v̂

∣∣∣Ψ〉}}
= min

%→N

{
min
Ψ→%

{〈
Ψ
∣∣∣T̂ + V̂ee

∣∣∣Ψ〉+ 〈Ψ|v̂|Ψ〉
}}

= min
%→N

{
min
Ψ→%

{〈
Ψ
∣∣∣T̂ + V̂ee

∣∣∣Ψ〉+

∫
drv(r)%(r)

}}
= min

%→N

{
min
Ψ→%

{〈
Ψ
∣∣∣T̂ + V̂ee

∣∣∣Ψ〉}+

∫
drv(r)%(r)

}
= min

%→N

{
F [%] +

∫
drv(r)%(r)

}

(2.21)

Here, the condition minΨ→N denotes that we are carrying out a constrained
search over all wavefunctions that define an N -electron system. Then, all
wavefunctions yielding a certain electron density are grouped together and
within each of these groups the one is sought which minimizes the energy.
In the third line of Eq. 2.21, the local multiplicative potential v̂ can then
be taken out of the bra-ket and expressed as an integral over the electron
density (see Eq. 2.18). Importantly, for a given electron density, this in-
tegral is fully determined, and it can therefore be taken out of the inner
constrained search. Finally, the remaining inner constrained search defines
the Hohenberg-Kohn functional F [%] of the electron density. Thus, the elec-
tron density %0 that fulfills the minimization in the last line of Eq. 2.21 is the
ground state electron density. Consequently, the ground state wavefunction
is the wavefunction that minimizes the Hohenberg-Kohn functional:

F [%] = min
Ψ→%0

〈
Ψ
∣∣∣T̂ + V̂ee

∣∣∣Ψ〉 , (2.22)

which can finally be expressed as:

Ψ0 = Ψ [%0] . (2.23)

2.1.3 Kohn-Sham formalism

Although the Hohenberg-Kohn theorems enable us to consider the much
simpler electron density rather than the complex wavefunction as the funda-
mental quantity, except for the simplest of systems, the remaining quantum
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many-body problem still cannot be solved analytically. The root of this
lies in the electron-electron interaction operator, thus in the Kohn-Sham
(KS) formalism113, a model system of hypothetical, non-interacting elec-
trons, which we assume to produce the same electron density as the real
electronic system, is introduced. The Hamiltonian of such a system of non-
interacting electrons under the influence of a local multiplicative potential,
v̂s is given by: [

T̂ + v̂s

]
Φ0 = Es,0Φ0 (2.24)

with

v̂s =

N∑
i=1

Vs (ri) (2.25)

Following a similar constrained search approach as in the derivation of the
second HK theorem we obtain in equivalence to the HK functional:

Ts[%] = min
Ψ→%
{〈Ψ|T̂ |Ψ〉} (2.26)

with the wavefunction that fulfills the minimization in Eq. 2.26 as Φ[%].
Now, taking the functional derivative leads to the Euler equation:

δ
{
Ts[%] +

∫
drvs(r)%(r)

}
δ%(r)

=
δTs[%]

δ%(r)
+ vs(r) = µ. (2.27)

Despite the fact that E0 corresponds to the minimum of this functional, we
set its derivative is a constant, µ, instead of 0, as the constraint:∫

drδ%(r) = 0 (2.28)

must be fulfilled (however, a constant does not change the functional deriva-
tive). Eq. 2.27 therefore defines the Kohn-Sham potential:

vs(r) = − δTs[%]

δ%(r)

∣∣∣∣
%=%0

+ µ (2.29)

with the ground-state KS wavefunction:

Φ0 = Φ [%0] . (2.30)

From this we can formally define the exchange and correlation energy func-
tionals as:

Ex[%] =
〈

Φ[%]
∣∣∣V̂ee∣∣∣Φ[%]

〉
− 1

2

∫
drdr′

%(r)% (r′)
|r − r′| (2.31)
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and

Ec[%] =
〈

Ψ[%]
∣∣∣T̂ + V̂ee

∣∣∣Ψ[%]
〉
−
〈

Φ[%]
∣∣∣T̂ + V̂ee

∣∣∣Φ[%]
〉
, (2.32)

respectively. From this, we can now reconstruct the original HK functional
as:

F [%] = Ts[%] + U [%] + Ex[%] + Ec[%] (2.33)

which, when substituted into Euler’s equation, Eq. 2.29, leads to:

vs(r) = v(r) + vH ([%0]) + vx ([%0]) + vc ([%0]) (2.34)

where we have replaced the functional derivatives of the energy terms by
their respective potentials. Eq. 2.34 therefore provides us with a formal
definition of the KS potential, from which the many-body KS equation:[

T̂ + v̂ + v̂H + v̂x + v̂c

]
Φ0 = Es,0Φ0 (2.35)

can be constructed. As no electron-electron interaction is present in Eq. 2.35,
it can be decoupled into the one-electron KS equations:[

−1

2
∇2 + v(r) + vH(r) + vx(r) + vc(r)

]
ϕi(r) = εiϕi(r) (2.36)

2.1.4 Density functional approximations

The theoretical foundations of KS-DFT outlined up to this point are, in
principle, exact. However, we are now faced with the problem that the
exchange and correlation functionals are actually unknown, and approxi-
mations must be introduced. Thus, we present here conceptually important
and widely used approaches, following the so-called Jacob’s ladder classi-
fication, Fig. 2.1, which orders them by increasing accuracy114. The sim-
plest approximation (first rung) is given by the local-density approximation
(LDA)113, for which the exchange-correlation energy takes the general form:

ELDAxc [%] =

∫
%(r)εxc(%(r))dr, (2.37)

and only involves the electron density. It is motivated by the fact that for
the homogeneous electron gas, the exchange functional is known to be113:

ELDAx [%] = c

∫
dr%

4
3 (r). (2.38)

However, as the correlation functional cannot be derived exactly, it must
be obtained numerically, e.g. via Quantum Monte Carlo sampling. Due to
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Chapter 2. Theory

Figure 2.1: Jacob’s ladder of density functional approximations. Taken from
[114].

its foundation in the homogeneous electron gas, LDA works reasonably well
for systems with slowly changing electron densities, such as bulk materials,
however, its accuracy quickly degrades for systems with rapidly changing
electron densities, such as molecules or surfaces.

Hence, a natural extension is the inclusion of the gradient of the electron
density in the functional, leading to the generalized-gradient approxima-
tion (GGA)115,116 class of functionals (second rung), where the exchange-
correlation energy taking the general form:

EGGAxc [%] =

∫
drεGGAxc (%(r);∇%(r))%(r). (2.39)

Various parametrizations have been proposed that aim to reproduce exper-
imental results or meet fundamental theoretical constraints. The resulting
functionals are often named after the initials of their constructors, for in-
stance the PBE functional, developed by Perdew, Burke, and Ernzerhof116,
which forms the basis for the simulations presented in this work.

Following the same line of reasoning, including higher-order derivatives
can further improve the accuracy of density functional approximations.
For instance, so-called meta-GGA functionals (third rung) also include the
Laplacian of the electron density. Nonetheless, this approach quickly pro-
vides diminishing returns, as DFT-inherent shortcomings are not resolved.
For instance, one such shortcoming is the so-called self-interaction error
(SIE). It arises due to the fact that the Hartree energy is computed as the
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Coulomb interaction between every electron and the average density cre-
ated by all electrons, meaning that the electron is artificially interacting
with itself. Although common exchange-correlation approximations aim to
cancel out this nonphysical self-interaction, the removal is usually insuffi-
cient. Practically, this can lead to erroneous geometries and energies, as
well as solutions with over-delocalized electrons.

One possibility to alleviate this issue is to mix in a fraction of the exact
Hartree-Fock exchange energy, to obtain so-called hybrid functionals (fourth
rung). As obtaining the exact Hartree-Fock exchange is rather expensive,
it is common practice to only use it for short-range interactions, and the
DFT exchange for long-range interactions, allowing for smoother conver-
gence. One popular range-separated hybrid functional developed by Heyd,
Scuseria, and Ernzerhof (HSE) takes the general form:

EHSExc = αEHF,SRx (ω) + (1−α)EPBE,SRx (ω) +EPBE,LRx (ω) +EPBEc (2.40)

where 25% of Hartree Fock exchange is usually used (α = 0.25), and typical
choices for the range-separation parameter ω are 0.2 Å−1 (HSE06) or 0.3 Å−1

(HSE03)117–119.

2.1.5 Hubbard correction

While hybrid functionals provide a better description of the electronic struc-
ture than GGA functionals, calculation of the exact Fock exchange is com-
putationally expensive, thus limiting the size of systems that can be stud-
ied. An alternative approach is given by the so-called Hubbard U correc-
tion120–123. Here, an ad-hoc energy correction is added to the approximate
DFT energy, EDFT. In the rotationally invariant formulation124 it takes the
form:

EDFT+U = EDFT +
Ueff

2

∑
σ

∑
m

ρσmm −
∑
m,m′

ρσmm′ρσm′m

 , (2.41)

where Ueff determines the overall strength of the correction, and ρσmm′ is the
spin orbital density matrix of the orbitals to which it is applied. The latter
is obtained via:

ρσmm′ =
∑
i,σ

fσi 〈φσi | P̂ Imm′ |φσi 〉 , (2.42)

with the occupancy number fσi of the φσi quasiparticle orbital and P̂ Imm′ the
projector operator of the atom at site I and m,m′ the magnetic quantum
numbers of the orbitals to which the correction is applied.
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In effect, Eq. (2.41) causes an energy penalty for partially occupied
states, pushing the system towards either fully occupied or unoccupied or-
bitals. It therefore counteracts the excessive electron delocalization caused
by the self-interaction error (SIE) inherent to local and semi-local function-
als. It is therefore particularly useful for the description of strongly corre-
lated materials and materials containing highly localized d or f electrons.
Lastly, it restores the derivative discontinuity at integer electron numbers
(see Fig. 2.2), which is a known property of the true functional.

Figure 2.2: Restoration of piecewise linearity of the total energy w.r.t. the
number of electrons by the Hubbard U correction. Taken from125.

2.1.6 Periodic systems: Bloch’s theorem and plane waves

I will now outline the treatment of the special case of a periodic potential
with translational symmetry, v(r) for which v(r + R) = v(r). Such a
potential is formed, for instance, by the atomic nuclei in a crystalline lattice,
with the lattice vectors R:

R = n1a1 + n2a2 + n3a3 (2.43)

where n1, n2, n3 are integers and a1,a2,a3 are the primitive vectors that
span the crystal lattice. In this case, the solution to the Schrödinger equa-
tion is given by Bloch’s theorem, which states that the electron wavefunc-
tions can be written as the product of a plane wave, eig·r, and a function,
ug(r), with the same periodicity as the lattice126,127:

ψg(r) = ug(r)eig·r. (2.44)

Here, g is a general reciprocal vector that can be expressed as the sum of a
reciprocal lattice vector G and a vector of the first Brillouin zone k:

g = G+ k. (2.45)
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with:
k = k1b1 + k2b2 + k3b3, (2.46)

and

b1 = 2π
a2 × a3

a1 · (a2 × a3)

b2 = 2π
a3 × a1

a2 · (a3 × a1)

b3 = 2π
a1 × a2

a3 · (a1 × a2)
.

(2.47)

With this, we can now rewrite Eq. 2.44 as:

ψg(r) =
(
ug(r)eiG·r

)
eik·r = unk(r)eik·r, (2.48)

where we have introduced the so-called band index, n128. Given that eiG·r

and ug(r) are periodic over the lattice, unk(r) is as well. Consequently, the
KS orbitals can be divided into a plane wave eik·r and a periodic function
unk(r), where k is a wave vector located in the first Brillouin zone.

As the KS one-electron equations cannot be solved analytically (except
for the simplest of systems), for practical applications, they must be ex-
panded in a basis set, and transformed into a form that can be handled by
computers. To this end, we make use of the Fourier transform (FT), which
allows representation of any function as a linear combination of sinusoidal
functions. In addition, as we have just shown, the eigenfunctions of the
Schrödinger equation for a periodic potential can be expressed as the prod-
uct of a plane wave and a lattice-periodic function. Thus, Bloch’s theorem
motivates the use of plane waves as a natural basis set choice for crystalline
solids. In theory, the FT would require an infinite number of basis function,
in practice, however, only plane waves up to a certain energy, given by:

|G+ k| < Gcut with Ecut =
h̄2

2m
G2

cut (2.49)

are used. As eigenfunctions of the FT, plane waves further lend themselves
naturally to transformations between real and reciprocal space, allowing
reduction of computational cost by the use of the highly efficient fast Fourier
transform (FFT). Lastly, plane waves naturally respect periodic boundary
conditions, which are used to simulate infinitely extending crystals/surfaces.

2.1.7 Pseudopotentials and the PAW method

As outlined in the previous section, plane waves are generally a good basis
set choice for crystalline materials. However, one shortcoming is that accu-
rately describing the rapid oscillations of wavefunctions near the atomic nu-
cleus would require such high energy cutoffs that exceed any practical limit.
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In addition, for most problems in chemistry, materials science, and catal-
ysis, only the valence electrons are of interest, while it is usually sufficient
to treat the core electrons as static and inert (frozen core approximation).
This approach has the additional advantage that it reduces the number of
electrons in the system that must be treated explicitly. In practice, it is
achieved by replacing the nuclear potential by a so-called pseudopotential
(PP)129. An illustration is provided in Fig. 2.3. There exist various different

Figure 2.3: Pseudopotential replacing oscillatory all electron potential, re-
sulting in smoother pseudo-wavefunction. Taken from [130].

ways of constructing PPs, which will be outlined shortly in the following:

1. Norm-conserving PPs ensure that the valence electron wavefunc-
tion derived from the pseudopotential matches the “real” (all elec-
tron) wavefunction outside of a certain cutoff radius. This preserves
the norm (i.e., the total probability of finding the electron) of the
wavefunction.

2. Ultrasoft PPs relax the norm-conservation requirement, allowing for
smoother pseudo-wavefunctions, thus further reducing computational
cost. However, this comes at the cost of a higher requirement for
nonlocality in the potential131.

3. Projector Augmented-Wave (PAW) method132,133 retains some
of the information on the full electron wavefunction, thus providing
a compromise between, all electron and PP methods. It therefore
provides a more accurate description of the electron density near the
nucleus, however, also incurs a slightly higher computational cost.

As the PAW method is implemented in the Vienna Ab initio Simulation
Package VASP134–136 (used throughout this thesis), we shall have a closer
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look at its mathematical formulation. Just like with PP-based methods,
our goal is to replace the KS wavefunction ψn(r) by a smoother pseudo-
wavefunction ψ̃n(r), see Fig. 2.3. We can state the problem as:

ψn(r) =

(
1 +

∑
a

T a

)
︸ ︷︷ ︸

T

ψ̃n(r), (2.50)

where we have formally introduced the transformation operators T . These
transform the pseudo-wavefunction within the augmentation spheres (index
a), i.e. core regions of the atoms, into the all electron wavefunction, while
outside, the KS and pseudo-wavefunctions shall be equal. In the PAW
method, these transformation operators are constructed as:

T a =
∑
i

(φai (r)︸ ︷︷ ︸
1

− φ̃ai (r)︸ ︷︷ ︸
2

)〈 p̃ai︸︷︷︸
3

| (2.51)

with 1. the all electron partial waves, which are basis functions in which
the all electron wavefunction can be expanded within the augmentation
sphere (usually the radial solutions to the Schrödinger equation for the free
atom), 2. the pseudo partial waves outside the augmentation spheres, which
are chosen identical to the all electron partial waves, and 3. the projector
functions, or pseudo partial waves inside the augmentation spheres, which
are chosen such that they form a basis for the pseudo-wavefunction with
the augmentation sphere. Plugging Eq. 2.51 into Eq. 2.50 leads to:

ψn(r) = ψ̃n(r) +
∑
a

∑
i

(φai (r)− φ̃ai (r))〈p̃ai | ψ̃n〉

= ψ̃n(r) +
∑
a

ψan(r)−
∑
a

ψ̃an(r),
(2.52)

where in the second line the three components that reproduce the KS wave-
function in the PAW method can be identified clearly. They are given by
a pseudo-wavefunction that remains smooth throughout, to which a sharp
function, specifically defined within each augmentation sphere is added, and,
lastly, a smooth function, existing solely within the spheres is subtracted,
counteracting the first term.

2.2 Machine Learning

Having laid the necessary groundwork, I shall now raise the question, how
efficient DFT really is? It is generally agreed upon that DFT has a scaling of
around O(N3). That means, a doubling of system size leads to an eightfold
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increase in computing time. Increase system size by an order of magnitude,
and a simulation that was previously finished in a day takes almost 3 years.
Thus, it becomes clear why the accurate quantum mechanical treatment of
atomic systems, despite the vast computational improvements of the last
decades, is still limited to small systems of up to a few hundred atoms, and
time scales in the picosecond range.

In recent years, Machine Learning (ML) has emerged as a promising av-
enue to overcome this challenge80,83,137–139. Trained on data generated from
DFT calculations, ML algorithms can learn complex correlations, and sub-
sequently predict properties of new systems at a significantly reduced com-
putational cost. For example, ML algorithms have been employed to explore
potential energy surfaces140–142, construct new density functionals97,143 pre-
dict adsorption energies of molecules on surfaces95,144, and to quickly screen
millions of materials for specific properties, vastly accelerating the rate of
discovery145,146, just to name a few examples. Thus, the integration of
DFT and ML holds great promise for catalyzing scientific discoveries and
technological advancements in a cost-effective and efficient manner.

I will begin this chapter with a discussion of linear regression which
serves as fundamental building block for more complex algorithms. Then,
I will introduce regularization and show how it can improve predictions,
simplify models, and improve their interpretability. Then, the linearity
constraint imposed by the former models will be lifted, and symbolic re-
gression will be introduced as a method to derive closed-form mathematical
expressions from data. Lastly, I will introduce ensemble methods, using the
Random Forest (RF) as a popular example.

2.2.1 Regularized linear models

We begin with Linear Regression (LR) as the conceptually simplest model
to predict a response y from a set of independent variables, X. It can be
formulated as:

y = Xβ + ε. (2.53)

where β are the unknown parameters or coefficients, and ε is the noise of
the measurement. Minimizing the residual sum of squares (RSS) as loss
function:

β̂ = argmin
β
‖y −Xβ‖2 (2.54)

leads to the ordinary least squares (OLS) estimator:

β̂ =
(
X>X

)−1
X>y. (2.55)
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The Gauss-Markov theorem now states that this estimator is the best linear
unbiased estimator (BLUE) under the assumption of independently and
identically distributed errors with zero mean and constant variance (which
is typically given in applications where LR is suitable). It can thus be stated
that the OLS estimator has the smallest variance among all linear unbiased
estimates.

However, it might be desirable to sacrifice some variance to introduce
a certain amount of bias, for instance to mitigate overfitting or to reduce
the number of retained predictors, thus simplifying the model. This can
generally be achieved by introducing a penalty term on the magnitude of the
parameters β in the loss function, also known as regularization. Depending
on the mathematical form of the penalty term, one obtains the well-known
Ridge, Lasso, and Elastic Net (EN) estimators:

β̂Ridge = argmin
β

{
‖y −Xβ‖2 + λ‖β‖2

}
(2.56)

β̂Lasso = argmin
β

{
‖y −Xβ‖2 + λ‖β‖

}
(2.57)

β̂EN = argmin
β

{
‖y −Xβ‖2 + λ1‖β‖2 + λ2‖β‖

}
(2.58)

where λ determines the amount of regularization applied. We can see that
in the case of Ridge, the parameters β enter quadratically, as a so-called
“L2 penalty”, for Lasso with their absolute magnitude, as “L1 penalty”,
and for the EN as a linear combination of both. With the Ridge Regression
loss, one obtains the following analytical solution:

β̂ridge =
(
X>X + λI

)−1
X>y. (2.59)

Due to the non-differentiability of the absolute (L1) term, this is not the
case for Lasso and EN, so here iterative approaches like Coordinate Descent
typically used.

Ridge, Lasso, and EN achieve, in effect, the same modification of the
initial LR model, that is, a shrinking of the feature coefficients which leads to
a reduction in model complexity. One important difference, however, is the
fact that with increasing regularization using the “L1 penalty”, individual
feature coefficients will vanish, while with the “L2 penalty”, they will get
arbitrarily close to zero, but never reach it exactly.

Hence, in addition to providing predictions, regularized linear models
can also be used to extract information about relative feature importances.
As the resulting models are simple weighted linear combinations of the fea-
tures, they are easily interpretable. However, this linearity also limits their
ability to capture more complex data relations. One way to alleviate this
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Figure 2.4: Contours of the errror (red lines) and constraint (blue shapes)
functions for the Lasso (left) and Ridge (right) estimators. Taken from
[147].

shortcoming is by constructing more complex, higher-order feature spaces
via mathematical combinations of the primary set. Here, in-place modifi-
cations of individual features, such as exponentiation or taking the inverse,
but also ratios, differences, summations, or multiplications involving any
number of features, can be created. Although this indeed leads to higher
model flexibility, the artificially constructed feature spaces grow rapidly and
at the expense of interpretability.

2.2.2 Symbolic Regression

An alternative approach more akin to the classical discovery of physical
laws is given by Symbolic Regression (SR). It is a type of regression anal-
ysis that seeks to discover the most suitable mathematical relationship to
fit a given dataset. While traditional regression techniques as outlined in
the previous section require a predetermined expression and optimize a set
of coefficients, symbolic regression focuses on finding the optimal model
structure itself. It yields an interpretable mathematical expression that ex-
plains the relationship between variables. SR is particularly suited when the
theoretical relations underpinning a dataset are not known or when new re-
lationships or insights in the data are sought after. The resulting models
therefore offer more than mere prediction capabilities, but also allow for the
understanding of the relationship and interactions among the variables.
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One such technique is the Bayesian Machine Scientist (BMS) developed
by Guimera et al.148 Given a dataset, the BMS explores the space of closed-
form mathematical models, balancing goodness of fit and model complexity.
Conceptually, this is achieved by representing mathematical expressions as
trees where the internal nodes correspond to mathematical operations, and
the leaves, to variables and parameters. This is schematically shown in
Fig. 2.5. To obtain an initial starting guess for the exploration, the au-
thors scraped (a total of 4080) named scientific equations from Wikipedia,
converted them into the respective trees, and carried out a statistical anal-
ysis on, among other properties, the average number of each operations per
expression, and number of variables/parameters. From this, a statistically
plausible initial equation can be generated, given a set of input properties.
Subsequently, the mathematical space is explored by applying modifications
to the initial formula applying a Markov chain Monte Carlo (MCMC) sam-
pling. The resulting models are evaluated based on the Sum of Squared
Errors (SSE) and the Bayesian Information Criterion (BIC). The goal here
is to fit the data as accurately as possible, while model complexity is penal-
ized. The following modifications are applied during the sampling:

1. Elementary tree replacement, where an elementary tree is defined by
containing at most one operation (50%)

2. Node replacement, where a node can be a function, a variable, or a
parameter (45%)

3. Addition/removal of the root of the tree (5%)

Note that the relative probabilities for these modifications should not affect
the equilibrium distribution, but might well alter the convergence speed.

Figure 2.5: General tree structure used in the BMS to represent equa-
tions and modifications that are applied to explore the mathematical space.
Taken from [148].
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2.2.3 Ensemble Methods

While regularized linear models, such as the EN, and Symbolic Regression,
like the BMS, yield closed-form expressions that can be written down as
equations, this is not the case for so-called ensemble methods. This makes
them highly versatile and able to reproduce arbitrarily complex data rela-
tions, however, their interpretation is usually also less straightforward. I
will focus in this section on the Random Forest (RF) as a representative
example.

Its fundamental building block, the Decision Tree is a flowchart-like
structure in which each internal node represents a “test” on an independent
variable, (e.g., is Feature A greater than a certain value?), each branch
represents the outcome of the test, and each leaf node represents a predicted
numerical outcome, typically the average target value of the training samples
that reach that leaf. This is schematically shown in Fig. 2.6. During the
construction of the tree, the choice for the best feature to split on is based on
reducing standard deviation or minimizing the SSE in the target variable.
This decision is made in a greedy fashion, meaning the locally optimal choice
is made at each step with the assumption that this will eventually yield
the global minimum (rather than trying to directly trying to find a global
minimum). When making a prediction, the Decision Tree traverses the
decision nodes starting from the root, testing the appropriate condition at
each node, and following the branch corresponding to the outcome. This
is repeated until a leaf node is reached, and the value associated with that
leaf node is returned as the prediction.

x1 < a

x2 < b x2 < c

v1 v2 v3 v4

Yes No

Yes

N
o Yes

N
o

Figure 2.6: Schematic representation of a Decision Tree, where the two
variables x1 and x2 are evaluated based on the thresholds, a, b, and c,
yielding the final predictions v (image generated by GPT4 in TikZ.)

However, individual Decision Trees suffer from various shortcomings.
Most importantly, they tend to overfit the training data, especially when
being grown to arbitrary depth. Thus, the Random Forest implements vari-
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ous modifications to alleviate these shortcomings. For one, it is constructed
as an ensemble of many Decision Trees. Each tree then uses a random sam-
ple of the training data, which is drawn with replacement, meaning that
individual points can be contained more than once. In that way, slightly
different artifical training sets are generated for each tree, with the over-
all procedure called Bootstrap Aggregating (Bagging). In addition, at each
split in the Decision Tree, only a random subset of the features is considered.
Both of these techniques help to decorrelate the individual Decision Trees,
by introducing randomness in the model, thus reducing its overall variance
while retaining the low bias. The final predictions are then obtained by
averaging over the results obtained from each tree:

f̂BRF(x) =
1

B

B∑
b=1

T (x; Θb), (2.60)

where Θb denotes the nth decision tree. These modifications allow RF to
perform generally well on a wide variety of regression tasks149.

2.3 The chemistry of ceria

In this section, I shall briefly introduce the material that the chemical sys-
tems discussed in this work are based on. Cerium oxide, CeO2, crystallizes
in a fluorite structure with the space group Fm3m, in which the cerium
(oxygen) ions occupy the regular (interstitial) sites of a face-centered cubic
(FCC) lattice, with an experimental lattice parameter of 5.41 Å150. In this
structure, the cerium centers adapt an oxidation state (OS) of 4+ at an
electron configuration of [Xe]4f0, meaning a complete depletion of the 4f
orbitals. While the other stable, more reduced cerium oxide polymorph,
Ce2O3, is well-known and studied, it will not be treated in this work, and
will therefore not be discussed further. Astonishingly, despite being clas-
sified as a rare-earth metal, there is actually more cerium (66.5 ppm) in
earth’s crust than copper (60.0 ppm)151, making it the most abundant of
all lanthanides. Thus, ceria is a relatively common and cheap material,
showing a long history of industrial use. Its main applications are the treat-
ment of gaseous emissions, in particular as part of the three-way catalyst
(TWC), the oxidative treatment of liquid waste, as well as in solid oxide
fuel cells152–155. In recent years, it has attracted further attention for a
variety of additional chemical transformation, among others, the water-gas
shift (WGS) reaction22,156,157, halogen production via oxidation of hydro-
halogenes in the Deacon process158, and hydrogenation reactions, where it
facilitates the activation of hydrogen as key step159.
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The catalytic versatility of ceria can be traced back to its rich chemistry,
showing both, acid-base and redox-activity, facile oxygen transport, easy
oxygen vacancy formation, and a large oxygen-storage capacity (OSC)159.
In particular the latter properties make ceria an exceptional support mate-
rial in oxidation reactions, as it can provide reactive oxygen directly from
the lattice, rather than requiring prior dissociation of gas-phase O2, which,
instead heals the resulting vacancies. This reaction sequence is known as
the Mars-van Krevelen (MvK) mechanism and is frequently proposed in
ceria-assisted chemical transformations160, for instance in CO oxidation to
CO2. As the expulsion of neutral oxygen leaves behind excess electrons in
the material, their facile stabilization is crucial for the feasibility of this
process.

In ceria, such excess electrons can be readily accommodated due to the
easy interconversion of the Ce4+/Ce3+ redox couple and the formation of
small polarons in the material68,161–163. A polaron is a quasi-particle com-
posed of an excess charge carrier (i.e. an electron or an electron hole) and the
accompanying lattice distortions, as presented in Fig. 2.7 a. The distortions
arise due to attractive/repulsive interaction of the localized charge with
the surrounding ions, forming a self-generated potential well that traps the
charge. Thus, an electron polaron leads to an additional occupied electronic
state in the band gap, below the Fermi level, as opposed to the delocaliza-
tion in the conduction band, typical for metals (see Fig. 2.7 b). The lattice
distortions around the localized charge can be considered virtual phonons
(that is, lattice vibrations) which follow the charge carrier through the ma-
terial. Similarly, the propagation of lattice vibrations through a crystal can
drive the movement of the localized charge. Though, in the absence of suf-
ficiently strong lattice vibrations (i.e. the polaron hopping barrier for ceria
is approximately 0.4 eV164), its localized nature gives rise to a local polaron
structure — which will be one of the main concerns of this work.

Naturally, oxygen expulsion (and all other observed catalytic activity
for that matter) must occur at the surface of the material, thus influencing
reactivity165. The commonly exposed low-index surfaces of ceria are (111),
(110), and (100), with computed surface (vacancy formation) energies of
0.70 J m−2 (1.68 eV), 1.06 J m−2 (1.17 eV), and 1.46 J m−2 (1.57 eV)159,166.
On the respective facets, the cerium (oxygen) atoms are seven (three), six
(two), and six (two) fold coordinated. All have been observed experimen-
tally and nanocrystals exposing each surface can be achieved by specific,
targeted synthesis protocols (see Fig. 2.8)159. While (111) as the most sta-
ble surface is the majority facet exposed on commercially available ceria
powder, it is the least reactive. On the other hand, CeO2(100) is espe-
cially intriguing due to its polar nature after bulk cleavage, which leads to
significant oxygen expulsion, making the resulting surface very dynamic67.
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Figure 2.7: Geometric and electronic effect of small polarons. a) Lattice
distortions leading to charge self-trapping. b) Formation of a localized elec-
tronic state above the valence band, below the Fermi energy, as opposed
to a delocalized electron in the conduction band, as would be observed for
metals, for instance. Figure adapted from Ref. [163].

In addition to the extended low-index surfaces, nanostructuring can give
rise to local specific facets67, the most prominent of which is a (100)-like
motif present at (111) step edges and the corners of octahedral nanopar-
ticles66. It provides a square-planar anchoring site involving four oxygen
atoms, particularly favorable for stabilizing certain isolated metal atoms167.

It was indeed this structural motif which enabled the synthesis of the first
ceria-based single-atom catalysts (SACs) in 2016 by Dvořák and coworkers,
and Jones and coworkers, who achieved this feat via the methods of atom
trapping and surface step decoration, respectively40,41. Since then, lots
of work on the topic of ceria-based single-atom catalysts has been carried
out, and stable systems of the other group 10 metals42, gold44, copper45,
rhodium46 and manganese47 have been prepared, with promising applica-
tions ranging from preferential oxidation (PROX) of CO44, to NO abat-
ment46, and the water-gas shift (WGS) reaction. Thus, ceria has established
itself as one of the most versatile, promising and widely applied support ma-
terials for the synthetic preparation of SACs. In addition, its unique chem-
istry is also of fundamental theoretical interest168,169. As mentioned above,
the formation of localized polarons (e.g. from excess electrons after oxygen
expulsion) gives rise to local polaron distributions. In the case of SACs,
however, the presence of the isolated metal atom presents an additional
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Figure 2.8: Atomic structures of low-index ceria facets and micrographs of
nanocrystals with targeted surfaces. Figure taken from Ref. [159].

source of electrons that can transfer charge to the support167,170,171. Impor-
tantly, as was shown by Daelman and coworkers for the common Pt1/CeO2

system, the amount of charge-transfer is variable and dynamic, meaning
that through the interaction with the support, the metal atom can adapt
various oxidation states68. The origin of this effect, its implications, and
generalizability present the contents of Chapter 3 and shall therefore not be
further discussed here.

2.4 Computational setup

2.4.1 Structural models

All ceria structural models were derived from optimized CeO2-bulk in the
fluorite structure with the space group Fm3m and a theoretical lattice
parameter of 5.491 Å (experimental value: 5.41 Å)150. Slab models for
the (111), (110), and (100), low-index surfaces were constructed as (3×3),
(2×2), and (3×3) supercells, extending nine, six, and nine atomic layers
along the z-direction, with the bottom three, four, and three fixed at the
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optimized bulk positions, respectively (see Fig. 2.9). To resolve the dipole
of oxygen-terminated CeO2(100) after bulk cleavage67, I moved half of the
surface oxygen atoms to the bottom of the slab in a checkerboard-like man-
ner. For the molecular dynamics (MD) simulations of the (100)-based SAC
structures with iridium, copper, cobalt and rhodium, the lateral slab extent
was reduced to (2×2). At least 10 Å of vacuum were added on top of the
surfaces to avoid non-physical interactions between periodic images. The
oxygen plasma was modelled as isolated oxygen atoms (radicals).

Figure 2.9: Top and side views of the structural models used for the ceria
low-index surfaces. The lateral extent, a and b, of the (3×3), (2×2), and
(3×3) supercells used for the (111), (110), and (100) facets, respectively, as
well as the total number of atoms in the 9, 6, and 9 high atomic layer high
slabs, and the pristine surface energies, γ, are indicated in the bottom row.

2.4.2 VASP settings

DFT simulations were performed with the Vienna Ab Initio Simulation
Package (VASP, versions 5.4.4 and 6.3.0)135 using the Perdew-Burke-Ernzer-
hof (PBE) generalized gradient (GGA) functional116. Core electrons were
treated with the projector augmented wave (PAW) method172,173 using
PAW-PBE pseudopotentials, while valence electrons were expanded with

63

UNIVERSITAT ROVIRA I VIRGILI 
CERIA-BASED SINGLE-ATOM CATALYSTS: FROM SIMPLIFIED MODELS TOWARDS REAL-WORLD COMPLEXITY 
Julian Geiger 



Chapter 2. Theory

plane waves up to a basis set cutoff of 500 eV. An effective on-site Hub-
bard U correction121 of Ueff = 4.5 eV was applied on the cerium 4f mani-
folds, following Dudarev’s formulism and previous work68,122,174. The elec-
tronic convergence threshold was set to 1× 10−6 eV, and atomic positions
were converged until absolute residual forces fell below 0.015 eV Å−1. Spin
polarization and dipole correction were applied when necessary. Bader
charge analysis was carried out using the code developed by Henkelman
and coworkers175–178.

For slabs of a lateral extent of at least (3×3) unit cells, total energies
were evaluated at the Gamma point (validation with a 3×3×1 k-point sam-
pling was carried out in Ref. [166]), while for smaller models, the density
of the Γ-centered grid was increased accordingly (apart from the MD simu-
lations, where the computational cost required a Γ-point only sampling of
the Brillouin zone). Formal oxidation states of metal single-atoms were as-
signed by counting the localized magnetic moments of reduced Ce3+ centers,
applying a threshold of 0.8µB

68. The entire methodology was extensively
validated in prior works67,68,122,170.

Ceria vacancy formation energies (Eprisvac ), SAC formation energies for
adsorbed (EMads) and substitional (EMsub), as well as peroxide formation en-
ergies (EOads) were calculated via:

Epris
vac = EDFT − Esurf + 0.5 · EO2 (2.61)

EMads = EDFT − Esurf − Ebulk
M (2.62)

EMsub = EDFT − Esurf − Ebulk
M + Ebulk

CeO2
− EO2 (2.63)

EOads = EDFT − Esurf − 0.5 · EO2 (2.64)

using the total DFT energy of the optimized systems (EDFT ) the energies
of the respective pristine surfaces (Esurf ), the energy of the metal atom
in bulk (EbulkM –in the most stable polymorph, α-Mn in the case of man-
ganese), the energy of a CeO2 formula unit (EbulkCeO2

), and the energy of
diatomic gas-phase oxygen (EO2). Adsorption energies of reaction inter-
mediates were calculated using Eq. 2.62, referencing by the energy of the
gas-phase molecule, accordingly.

Ab initio molecular dynamics (AIMD) simulations were conducted with
the canonical NVT ensemble (constant number of particles, volume and
temperature) [179]. An average temperature of 600 K was ensured using
the Nosé-Hoover thermostat [180]. The 10 ps and 12 ps trajectories were
sampled with time steps of one and three fs, respectively. For selected struc-
tures, I further used the HSE03–13 hybrid functional to refine the energies
at the fixed PBE+U optimized geometries181. In view of the significantly
higher computational cost of HSE03–13, the threshold for electronic con-
vergence was lowered to 1× 10−4 eV. Core-level binding energies (CLBEs)
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were evaluated following the final-state approximation182–184. CLBEs for
the O 1s level of surface and peroxide oxygen were referenced to the signal
of lattice oxygen in a ceria bulk (2×2×2), while for the Mn 3d signal a
29-atom supercell of α-Mn was used.

2.4.3 Sampling of local polaron distributions

For the sampling of local polaron distributions on (100)-based SACs, I ap-
plied a two-step optimization procedure. In the initial geometery optimiza-
tion, the Ce3+ pseudopotentials (PPs) available in VASP, were used for
cerium centers at the proposed polaron localizations. Due to this, the final
structures contain the geometric distortions that would be caused by small
polarons at the proposed positions. Then, in the second step, the standard
PPs were used, and the structures fully relaxed. Irrespective if the initial
polaron distribution was retained, the final structures were then included
in the primary dataset. An alternative approach for initially enforcing a
desired polaron distribution is given by occupation matrix control185, how-
ever, due to its availability and simplicity, we chose the PP-approach. After
the second optimization, polarons are identified via their magnetic moment,
as outlined above.

As will be shown in Chapter 3, for CeO2(100)-based SACs of the group
9–11 transition metals (TMs), as well as structures with a defective support,
up to four polarons were obtained. Nonetheless, I deemed the exhaustive
sampling of up to two polarons sufficient, due to the combinatorial growth
of the number of possible distributions, and as it is not crucial to obtain
every individual state within the ensemble for the intended purposes. It
further occurred frequently that alternative polaron distributions than the
initially proposed were obtained. Thus, sampling exhaustively by also in-
cluding, in principle, symmetry-equivalent structures provides the highest
chance of finding all distributions for a given number of polarons. And
while the combinatorial explosion could be counteracted by the use of spe-
cialized algorithms (rather than a in-house Python script) which account for
symmetry-equivalence, like the structure enumeration module of the icet

library186, or the disorder algorithm187,188, the symmetry of CeO2-based
structures is quickly lowered upon restructuring of the coordination sphere
and/or vacancy introduction. Thus, to summarize important considerations
from the applied methodology:

1. There is no guarantee that a proposed Ce3+ distribution is retained
during the structural optimization. If convergence to a different dis-
tribution is reached, the result is still considered as valid.

2. In cases where the same Ce3+ distribution is obtained from different

65

UNIVERSITAT ROVIRA I VIRGILI 
CERIA-BASED SINGLE-ATOM CATALYSTS: FROM SIMPLIFIED MODELS TOWARDS REAL-WORLD COMPLEXITY 
Julian Geiger 



Chapter 2. Theory

initial structures, I selected the lowest-energy result.

3. If the optimization led to the transfer of more than two electrons to
the ceria surface, the resulting structures were also included in the
dataset.

4. Cases where electrons localized in the subsurface layer were discarded.

As such, the approach presents a reasonable compromise between complete-
ness of the structural sampling and computational feasibility.

2.4.4 Statistical techniques

For the statistical tasks, I made heavy use of the scikit-learn (sklearn)
Python library189. All the data follows FAIR principles (findable, accessi-
ble, interoperable, and reusable)190, with data and code accessible on Git-
Lab191 and raw simulation data uploaded to ioChem-BD192. Predictive
ML models were evaluated using K-fold cross-validation (KFCV) with a 5-
fold data split, as well as leave-one-group-out cross-validation (LOGOCV).
Data centering and standardization were applied when necessary. To sim-
plify and streamline the evaluation of different sklearn predictors, using
different data partitioning schemes, feature sets, target variables, as well as
visualization, feature selection, etc., I wrote the publicly available sklwrap

Python library193. Reported error measures (R2, RMSE, MAE) were eval-
uated on the testing data, and are averaged over the different train-test
splits, with standard deviations indicated. For the Bayesian Machine sci-
entist (BMS)148, the number of steps was limited to 10,000, of which the
first 1000 were discarded. The maximum depth was set to 100 iterations
per step. At each step, the following BMS outputs were examined: (i) the
current function and its complexity, (ii) the Bayesian Information Crite-
rion (BIC), (iii) the sum of squared errors (SSE), and (iv) the values of all
the fitting constants. Functions were evaluated by mathematical analysis,
focusing on accuracy and simplicity.

2.4.5 Other tools of the trade

Lastly, I also made heavy use of the atomic simulation environment (ase)194

and pymatgen Python libraries195, both of which implement classes to work
with (peridodic) atomistic structures. Data handling and manipulation was
achieved with pandas196, while plots were created with the Python Plotly li-
brary197, and structural renders with the Blender 3D modelling software198.
I further made use of the “automated interactive infrastructure and database
for computational science” (AiiDA) for driving the VASP simulations. Ai-
iDA enables the construction of automated workflows, has a strong focus
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on provenance and reproducibility, and implements efficient data storage
via a PostgreSQL database199–201. In addition, all raw simulation data was
uploaded to the ioChem-BD online repository192.
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Chapter 3

Oxidation state dynamics of
ceria-based SACs

In the world of the very small, where particle and wave aspects of reality
are equally significant, things do not behave in any way that we can
understand from our experience of the everyday world . . . all pictures are
false, and there is no physical analogy we can make to understand what
goes on inside atoms. Atoms behave like atoms, nothing else.

John Gribbin

3.1 Charge-transfer at the Pt/CeO2 interface

As the typical system used in the three-way catalyst (TWC) of car exhaust
converters, Pt/CeO2 records a long history of commercial use. Here, the ce-
ria support acts as an oxygen buffer, with lattice oxygen being consumed (re-
plenished) under oxygen-lean (rich) reaction conditions202,203. In addition,
it was shown that the formation and consumption of oxygen vacancies is di-
rectly coupled to the presence of reduced Ce3+ centers, (small polarons)162,
which matched CO conversion rates stoichiometrically204. These are formed
when lattice oxygen is consumed during CO oxidation, and the remaining
excess electrons are accepted by the reducible ceria support.

However, oxygen vacancies do not present the only possible origin of
reduced Ce3+ centers in the ceria support. Alternately, they can be formed
by electron transfer from an adsorbed metal particle. The effect was first
noted by Bruix et. al through an unexpected 20-fold increase in the rate
of the water-gas shift (WGS) reaction by Pt/CeO2

39. Campbell coined the
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Chapter 3. Oxidation state dynamics of ceria-based SACs

term Electronic Metal-Support Interaction (EMSI) for the effect, reminis-
cent to the well-known Strong Metal-Support Interaction (SMSI)37. The
amount of charge-transfer (CT) was quantified by Lykhach and co-workers,
who showed that 17% surface reduction presents the maximum for the (111)
surface64. Similarly, Pt-NPs composed of around 50 atoms lead to the high-
est relative amount of CT of ≈1 electron per 10 Pt atoms. Interestingly,
the study found that for very small particles, CT was suppressed. The
authors attributed this observation to the fact that nucleation of metal par-
ticles likely occurs at surface vacancy sites, where the underlying partially
reduced facet has a lower tendency of accepting electrons from the metal
particle.

In the same year, however, the first two ceria-supported Pt-SACs were
reported, which painted a rather different picture. These systems were syn-
thesized by the groups of Jones and Dvořák via atom trapping and surface
step decoration, respectively40,41. Again, surface defects were identified as
the likely sites for the stabilization of platinum. However, rather than nu-
cleation of metal particles at oxygen vacancies, the authors observed stabi-
lization of isolated atoms on steps between (111) facets. Since then, exper-
imental data, such as XPS measurements, as well as computational studies
have shown that SA-Pt assumes a metal oxidation state (mOS) of 2+66,205,
much higher than the CT limit observed for NPs by Lykhach and coworkers.

3.1.1 Local polaron structure and OS dynamics

The origin of the charged state of SA-Pt lies in the spontaneous charge-
transfer (CT) upon metal deposition, oxidizing the platinum atom while
reducing the ceria support. Daelman and coworkers could show that the
effect is possible due to the band alignment between the empty Ce 4f states
of the ceria surface and the filled states of the single metal atom68. In con-
trast to a metal substrate in which electron density would be distributed
throughout the material, the excess electrons reduce Ce4+ centers, forming
small, localized polarons. Due to their localized nature, geometrically dis-
tinct geometric polaron distributions emerge in the ceria support, and lead
to closely spaced energy states. I will henceforth refer to such a set of states,
composed of the ground state, and low-lying excited states corresponding
to the different CT locations, for a SAC at a given mOS as an electronic
ensemble.

Furthermore, the number of electrons transferred from the metal atom
to the ceria support might vary, depending on the coordination environment
(vide infra). Fig. 3.1 shows the electronic ensembles for SA-Pt, stabilized
on the CeO2(100) facet, denoted Pt-2O due to the two-fold oxygen coor-
dination. This coordination pattern allows for the presence of Pt0, Pt1+,
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and Pt2+, which span a total range of adsorption energies of ≈0.5 eV. The
electronic ensembles for different mOS are significantly overlapping, and,
interestingly, Pt1+ presents the ground state, slightly below Pt2+ and Pt0,
the least stable species.

Figure 3.1: Global minimum structure and adsorption energies for distinct
states of the Pt-2O SAC.

At elevated temperatures, polaron hopping events start occuring within
ceria and cause structural transformations within the electronic ensem-
bles206. In addition, given small enough energy differences between states
with different mOS, CT between the Pt atom and the support becomes
possible and the mOS takes on a dynamic character68. Fig. 3.2 shows the
evolution of the Pt-2O SAC, during a 600 K ab initio molecular dynamics
(AIMD) trajectory in the (3×3) supercell. The metal resides mainly in the
1+ and 2+ oxidation states, with approximately equal overall lifetimes of
5.7 ps and 6.2 ps (or 48% and 52%), respectively. Only one short-lived (≈
100 fs) Pt0 species is observed. These results are in line with the relative
stabilities and distributions of states obtained from the static DFT simula-
tions compiled in Fig. 3.1. Notably, small polarons are exclusively located
at the nearest neighbor (NN) positions to the Pt atom, with no farther or
subsurface (SS) states observed. In the case of Pt2+, the two Ce3+ centers
are located diagonally to each other around the Pt atom. In total, approx-
imately 48 polaron hopping events and 40 mOS changes occur during the
12 ps trajectory.
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Chapter 3. Oxidation state dynamics of ceria-based SACs

Figure 3.2: Dynamic mOS behavior of the Pt1/CeO2(100) SAC.

3.1.2 Influence of surface reduction

As outlined in the previous sections, upon single-metal adsorption, the ceria
support can be reduced by accepting electrons via CT. However, on experi-
mental samples, some degree of surface reduction is usually already present
prior to metal deposition207,208. Thus, I next investigated how the presence
of a vacancy and the resulting polarons would influence the electronic en-
sembles and mOS dynamics. For the pristine (100)-2O and reconstructed
(100)-4O facets prior to metal deposition, the defective structures, represen-
tative polaron distributions, and energy distributions are shown in Fig. 3.3.
In the latter case, the vacancy was placed in the bottom Ce-O-Ce row to
decouple the effect of the reconstruction from the effect of surface reduc-
tion. On both surfaces, the ensembles span almost 1 eV in energy. Due
to symmetry-breaking, a higher total number of states is available for the
reconstructed (100)-4O structure. Overall, individual energies are deter-
mined by the interplay of a few geometric factors, namely (i) the degree to
which the lattice can adjust for the more spacious polarons (ii) the repulsion
between them, and, lastly, (iii) the accommodation of oxygen distortions
toward the newly formed empty site. These effects rationalize the global
minimum structure for the (100)-2O surface, in which both reduced Ce3+

centers are at a nearest neighbor (NN) to the surface vacancy.
The effect of surface reduction on the behavior of the Pt-2O catalyst

is shown in Fig. 3.4. The two additional polarons and symmetry breaking
cause a significant increase in the number of distinct, accessible states, as
seen in panel b. Additionally, the ratio of Pt2+ to Pt+ changes in favor
of the latter, as the surface it is less prone to accept electrons from the
metal center64. Accordingly, Pt+ becomes the majority species during the
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3.1. Charge-transfer at the Pt/CeO2 interface

Figure 3.3: Ensemble of vacancy formation energies for various surface po-
laron distributions on pristine CeO2(100)-2O and CeO2(100)-4O, obtained
at a 3×3×1 k-point sampling. Individual distributions are denoted by
the set of indices (n,m), where 1, 2, and 3 correspond to nearest neigh-
bor (NN), next-nearest neighbor (NNN), and further positions. Individual
states within the energy distributions are shown in grey, and in black for
the presented structures.

AIMD trajectory (panel d), making up 86% of the SAC lifetime, while
Pt2+ is only present for a total of 13%, or 10.2 ps and 1.6 ps, respectively.
Furthermore, despite an increased number of around 54 polaron hopping
events, mOS changes of SA-Pt occur less frequently (≈ 19 times) than for
the nondefective support (48 and 40 on the nondefective CeO2(100)-2O
support, respectively). Thus, by controlling the degree of surface reduction,
unusual metal charge states, such as Pt+, can be stabilized.
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Figure 3.4: Alterations to the global minimum (a), electronic ensembles (b),
and mOS dynamics (c & d) to the Pt-2O SAC caused by the introduction
of a vacancy.

3.2 OS dynamics across the periodic table

Since the works of Jones and Dvořák40,41, Pt1/CeO2 remains the most
extensively studied ceria-based SAC20,209. However, ceria-based catalysts
of the other group 10 TMs42,210–212, as well as gold213,214, copper215, and
rhodium216 have also been synthesized, and the library of known SACs grows
further when other (reducible) oxide supports, such as FeOx and TiO2 are
taken into account20,53. Thus, the question arises whether the emergence
of electronic ensembles and mOS dynamics is possible due to a particular
electronic alignment between SA-Pt and ceria, or if the facile formation of
small polarons in the support allows for the same dynamic interaction with
other isolated metal atoms.

3.2.1 Stabilizing isolated metal atoms on ceria

To answer this question, I extended the database of SA species to the full
set of group 9–11 TMs, namely cobalt, rhodium, iridium, nickel, palladium,
platinum, copper, silver, and gold, as well as the common low-index facets of
ceria, (111), (110), and (100). Overall, possible adsorption sites are on-top,
bridge, and three-fold hollow. The former two are accessible on all facets,
either involving cerium/oxygen, or a mix of both, while the latter motif is
only accessible on the (111) facet. In addition, metal atoms can be stabilized
within ceria/oxygen vacancies, thus taking substitutional positions213, and
even a dynamic formation mechanism has been proposed55. The actual
adsorption site depends on the type of the metal, the preparation of the
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catalyst, and is often still under debate.
In the following, I will focus on the stabilization of the chosen TMs coor-

dinated to lattice oxygen of the ceria support. An overview of the considered
sites is presented in Fig. 3.5, and the obtained ground state adsorption en-
ergies (referenced to the bulk metal) are listed in Table 3.1. Here, I found
that only the coordination motifs provided by (100) can stabilize isolated
metal atoms, with the only exceptions being cobalt and nickel on (110), for
which adsorption is slightly exothermic. Silver and gold are not stable on
any of the facets due to their nobility.

Figure 3.5: Common adsorption sites on ceria low-index facets.

The surface trends can be attributed to the oxygen atoms having a
higher degree of saturation (that is, bonds to three neighboring Ce) on the
(111) and (110) facets, than the (100) facet (only two bonds to neighboring
Ce). On the latter facet, surface oxygen are therefore more accessible for
the formation of strong bonds with adsorbed, isolated metal atoms. Addi-
tionally, the spacing between parallel Ce-O-Ce rows is smaller on the (110)
facet (2.88 Å) than on (100) (3.88 Å). Thus, the lower degree of coordina-
tive saturation, as well as its more open nature, make the (100) facet the
most suitable for stabilizing single metal atoms. Recall, however, that the
(100) surface acts as a surrogate model for (111) step edges and local facets
of nanostructured ceria, while ceria cubes exposing (100) at a macroscopic
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scale are generally not suited to stabilize SA metals41. This is likely due to
the higher degree of surface reduction present on nanostructures that ex-
pose mainly (100)217,218, such that no electrons can be transferred from the
metal, which therefore remains in its metallic state, prone to agglomeration.

Table 3.1: DFT (PBE+U) adsorption energies (all values in units of eV)
for the considered group 9–11 transition metals on the common low-index
surfaces of ceria, obtained via EAds = Etotal − Esurface − Ebulk metal. Metal
adsorption energies are always referenced against the corresponding pris-
tine surface (in the case of (100), unreconstructed (100)-2O) and the bulk
metal. The oxidation state of the adsorbed single metal atom is indicated
in brackets. For the three coordination environments provided by the (100)
surface, an extensive sampling procedure of local polaron distributions has
been performed and the ground state energies and mOS are tabulated here.

M (111) (110) (100)-2O (100)-3O (100)-4O

Co 1.15 (2+) −0.01 (3+) −0.76 (2+) −1.01 (3+) −1.25 (3+)

Rh 2.73 (1+) 0.70 (2+) 0.51 (2+) 0.63 (3+) −0.15 (3+)

Ir 3.03 (2+) 1.12 (2+) 0.48 (2+) 0.70 (3+) −0.17 (4+)

Ni 1.24 (2+) −0.13 (2+) −0.74 (2+) −0.50 (2+) −1.03 (2+)

Pd 1.93 (0) 1.35 (0) 0.16 (1+) 0.73 (1+) −0.43 (2+)

Pt 2.79 (0) 0.33 (2+) 0.03 (1+) 0.54 (2+) −0.34 (2+)

Cu 0.91 (1+) 0.29 (1+) −0.78 (1+) −0.39 (1+) −0.29 (2+)

Ag 1.03 (1+) 0.99 (1+) −0.12 (1+) 0.31 (1+) 0.55 (1+)

Au 1.96 (1+) 0.59 (1+) −0.28 (1+) 0.17 (1+) 0.51 (3+)

3.2.2 Ubiquity of OS dynamics

Motivated by the intriguing results for platinum outlined above, I further
explored the electronic ensembles for the full set of group 9–11 TMs on the
three coordination environments provided by the CeO2(100) facet up to a
mOS of 2+. The resulting database consists of 701 symmetry-inequivalent
structures, which were obtained from 1242 initial distributions via a two-
step optimization procedure (further details are outlined in Sec. 2.4.3). The
results are presented in Fig. 3.6.

Each metal presents at least one state in one of the three considered co-
ordination environments where adsorption is exothermic w.r.t. to the bulk
metal. As we traverse the rows of the periodic table downwards, overall
stability tends to decrease. This can be attributed to the greater spatial
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requirement of the metal atoms confined within the small surface pockets.
For the group 9 and 10 metals, 4O coordination presents the ground state,
2O an intermediate, and 3O the least stable state. On the other hand, for
the more noble group 11 metals, stability generally decreases with coordi-
nation number. Overall, as metal valency increases, so does the propensity
towards higher oxidation states. The group 9 metals show the largest mOS
variability throughout the set, ranging from 0 (+1) to +4 for rhodium and
iridium (cobalt). Interestingly, the mOS variability of Ir collapses in the
4O coordination, similar to the group 10 metals, which are only observed
in a mOS of 2+. Lastly, the 1+/3+ redox couple for gold, known from
coordination chemistry, is well reproduced in the Au-4O system.

Figure 3.6: Adsorption energies of the electronic ensembles of CeO2(100)-
based group 9–11 TM SACs. Each TM is represented by one panel. The
2O, 3O, and 4O coordination environments are shown in Fig. 3.5. mOS
values are annotated above/below the respective energy distributions.

Based on these results, we then selected the group 9 metals, cobalt,
rhodium, and iridium, as well as copper as the most stable group 11 rep-
resentative, in 4O coordination to investigate their dynamic behavior at
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elevated temperatures (600 K) with AIMD. The results are presented in
Fig. 3.7. It should be noted here that in order to make the simulations com-
putationally feasible, the supercell size was decreased from (3×3) to (2×2).
In addition, mOS deviations persisting for up to 10 fs (10 time steps at an
MD sampling rate of 1 fs) are considered to be short artifacts, rather than
stable, persistent species. In all cases, the majority species observed in the
dynamic simulation corresponds to the ground state of the static sampling,
Fig. 3.6.

Figure 3.7: Molecular Dynamics of selected CeO2(100)-4O based SACs in-
vestigated for mOS dynamics at 600 K (supercells reduced to (2×2) as com-
pared to the results presented in Fig. 3.2 and 3.4). The left panels show
surface views of the initial, unoptimized SAC structures, with ground state
Ce3+ distributions indicated (one subsurface polaron for Co-4O). The center
panels depict the continuous mOS progressions during the 10 ps trajecto-
ries, as indicated via the white lines and background color gradients, where
brighter (darker) color corresponds to higher (lower) mOS values. Distri-
butions of states at mOS increments of 0.1 are shown in the right panels.

As expected from the absence of any accessible states at an mOS other
than 4+, iridium remains in this state throughout the full trajectory. Inter-
estingly, this corresponds to the reduction of every surface cerium atom in
the smaller supercell. Consequently, as seen in Fig. 3.8, after around 7 ps,
two polarons get transferred to the subsurface, thus reducing the strain in
the surface layer. This state lasts for about 1 ps, and afterwards one po-
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laron remains in the subsurface, while the other three remain in the topmost
layer. Thus, population of the subsurface Ce4+ centers incurs a lower energy
penalty than reduction of the iridium atom, for which only the 4+ state is
accessible in the square-planar 4O coordination.

For the other two group 9 metals, rhodium and cobalt, on the other
hand, a variety of oxidation states are available (see Fig. 3.6) and get popu-
lated along the trajectory (see Fig. 3.7). Overall, cobalt remains in the 3+
ground state for the majority of the simulation, however, deviations to Co4+

that last up to 70 fs appear frequently. This high mOS state is likely pro-
moted by the localization of one polaron in the subsurface layer of the slab
throughout the simulation. In line with the close energetic spacing of the
different electronic ensembles, Fig. 3.6, the trajectory for rhodium is sim-
ilarly dynamic, with Rh2+ and Rh4+ states frequently appearing. Indeed,
the longest lifetime of the Rh-4O system in the 3+ ground state remains
below 600 fs. Lastly, copper presents a rather stable trajectory with only
two relatively long-lived (200 fs) 1+ deviations from its 2+ ground state.

Figure 3.8: Relative magnetizations (mgn) of surface and subsurface cerium
centers in units of Bohr magnetons (µB) during the AIMD trajectories of
CeO2(100)-based SACs of iridium, copper, cobalt and rhodium.

79

UNIVERSITAT ROVIRA I VIRGILI 
CERIA-BASED SINGLE-ATOM CATALYSTS: FROM SIMPLIFIED MODELS TOWARDS REAL-WORLD COMPLEXITY 
Julian Geiger 



Chapter 3. Oxidation state dynamics of ceria-based SACs

80

UNIVERSITAT ROVIRA I VIRGILI 
CERIA-BASED SINGLE-ATOM CATALYSTS: FROM SIMPLIFIED MODELS TOWARDS REAL-WORLD COMPLEXITY 
Julian Geiger 



Chapter 4

Data-driven models for the
M1/CeO2 interaction

Forget artificial intelligence — in the brave new world of big data, it’s
artificial idiocy we should be looking out for.

Tom Chatfield

With four parameters I can fit an elephant, and with five I can make him
wiggle his trunk.

John von Neumann

In the previous chapter, I have outlined how the formation of small
polarons in the ceria support leads to the emergence of electronic ensem-
bles of SACs, and, in turn, mOS dynamics at finite temperatures. This
phenomenon can be beneficial for catalysis, as it allows the metal center
to adapt its electronic structure during a reaction sequence68. However, it
also introduces an additional electronic degree of freedom that should be
considered in the simulations, thus significantly increasing their complexity.
Without taking local polaron structure into account, the 1242 two-step op-
timizations performed in Ref. [166] and analyzed in the previous chapter,
would collapse to only 27 simulations (one per combination of metal and
coordination). However, in that case, one has no guarantee of finding the
global ground state, neither in terms of the mOS, nor the local polaron
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distribution. As such, this uncertainty now has to either be accepted, or
the computational resources have to be ramped up significantly to obtain
the full picture. Fortunately, machine learning (ML) promises to provide
a remedy to this conundrum219. In the present chapter, I will thus outline
how I constructed an interpretable, data-driven model to predict adsorption
energies of ceria-based SACs.

4.1 Feature engineering

Often called the “gold of the 21st century”, the first and most crucial ingre-
dient to any machine learning endeavor is data. Thus, prior to constructing
predictive models, it is worth exploring the set at hand. In total, it is com-
posed of 701 DFT (PBE+U)-simulated adsorption energies of symmetry-
inequivalent electronic states of the group 9–11 metals in three coordination
environments available on local CeO2(100) facets, as presented in Fig. 3.6.
Thus, it should first be noted that the data does not originate from a con-
tinuous distribution, but is rather composed of individual classes. The most
important distinctions can be made for the metal species, its oxidation state,
and the coordination environment, which are, however, somewhat interre-
lated. For one, higher coordination generally promotes higher mOS. In ad-
dition, the higher the mOS adapted by the metal, the higher the number of
possible local polaron distributions, and the more data points of the respec-
tive metal are contained in the full set. Overall, the most well-represented
metals are rhodium with 112 data points, followed by iridium and platinum,
with 95 and 90, respectively, and gold, as the noblest metal, being the least
well-represented with only 36 states. Additionally, oxygen restructuring in
the different coordination motifs leads to symmetry lowering (in the order of
2O>4O>3O) and different amounts of symmetry-inequivalent local polaron
distributions. Overall, the combination of both effects leads to a total of
233, 171, and 297 structures for 2O, 3O and 4O, respectively, while the most
commonly assumed mOS throughout the full set 2+ with 443 data points.

Next, suitable descriptors, or commonly referred to as features (the
terms will be used interchangeably), of the system that influence the tar-
get property must be identified, and encoded in a form that can be used
in computer algorithms. For the task of adsorption energy prediction, the
feature set must include relevant geometric and electronic properties that
influence the relative stabilities of the final structures, accounting for local
polaron distributions. Taking inspiration from literature220–222, I compiled
an extensive set of primary descriptors. A schematic overview of the final,
selected features is presented in Fig. 4.2, while the full list of all initial
candidates is given in Table 7.1.
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4.1. Feature engineering

The first subset are atomic descriptors of the SA metals, which are di-
rectly available from literature tables223, and are independent of the actual
SAC structure. Among others, these are the atomic number, Z, electroneg-
ativity, χ, and orbital levels/radii of the isolated metal atoms, as well as
thermodynamic properties of the metal-metal and metal-oxygen interac-
tions223, such as bond enthalpies of the metal-metal, ∆GM-M, and metal-
oxygen bonds, ∆GM-O, for the diatomic species and bulk systems.

It is important to note here that for many of these physical properties,
there exist multiple related numerical representations. For instance, elec-
tronegativity, defined as the tendency of an atom in a chemical compound
to attract electron density, can be expressed in Pauling’s, Mulliken’s, or
Martynov-Batsanov’s scale. In such cases, I found that the inclusion of
a measure of the underlying physical property in the feature set is more
important than its actual numerical representation, as model parameters
can adapt to different numerical input during training4. However, including
multiple descriptors of the same physical property should be avoided, as
this might introduce feature correlations that can be detrimental to model
performance.

The second feature subset is composed of metal descriptors that depend
on the SAC structure at hand, namely the coordination number of the metal
atom, NO, its oxidation state, mOS, and the cumulative ionization energy
up to the adapted mOS, IP . As I have outlined in Chapter 3, the mOS
increases with the coordination number and so does the cumulative ioniza-
tion energy. Hence, these descriptors are somewhat correlated, however, I
ensured that the numerical correlation is sufficiently weak to not pose any
problem for the ML models, as evident from the correlation heatmap for
the full primary feature set, Fig. 4.1.

Up to now, the features have only been concerned with the SA-metal. To
account for local polaron structure, I therefore added geometric descriptors
of the ceria surface to the primary feature space. In particular, I evaluated
the number of surface oxygen bound to the Ce3+ centers (denoted ε), indica-
tive of surface strain, the M–Ce3+ distances, and the Ce3+–Ce3+ distances.
I also investigated the influence of including descriptors based on M–O and
Ce3+–O bond lengths, however, these did not lead to noticeable improve-
ments in model performance. In addition, they did not satisfy important
considerations for constructing suitable features from interatomic distances
that emerged during the conception of the models and will be presented in
the following paragraph.

4This is different from the descriptors commonly used for the construction of neural
network potentials (NNPs). Here, the term refers to the mathematical representation of
the 3D structure of an atomic system (rather than its emergent physical properties), and
presents one of the most crucial components for the success of the method224,225.
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Chapter 4. Data-driven models for the M1/CeO2 interaction

Figure 4.1: Correlation heatmap of the full primary feature space.

First, to obtain the numeric values of the selected interatomic distances,
DFT-optimized structures should not be used as their evaluation would re-
quire previous expensive ab initio simulations, thus defeating the purpose
of constructing the ML model. Instead, one can assess the positions of the
localized polarons in the optimized structures, but evaluate the respective
distances based on the pristine ceria slabs, prior to SA addition, thus al-
leviating the need for prior structural optimization of the SAC structure.
Furthermore, in VASP (as well as other simulation codes) atomic coordi-
nates are usually represented with a significant number of digits5, posing
the question to which point they still encode chemically relevant informa-
tion and where numerical noise begins. I chose a threshold of 1× 10−2 Å
here.

Furthermore, rather than evaluating the absolute distances, I evaluated
the relative distances in units of primitive lattice vectors of the unit cell.
While this, in principle, still requires knowledge of the final polaron distri-
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4.1. Feature engineering

butions (which might differ from the initially proposed one), it allows for
the preparation of an artificial distribution without optimization, followed
by the generation of the corresponding distance descriptors and their use as
inputs in the ML models.

Additionally, as the SAC structures assume different mOS, depending
on the metal identity and the coordination environment, the number of po-
larons in the ceria support, and, accordingly, the number of distances to be
evaluated, varies throughout the data set. For instance, the number of dis-
tinct M–Ce3+ (Ce3+–Ce3+) distances varies between 0 and 4 (6). However,
in order to be used in the ML models, the features must be well-defined
for the entire data set and must not contain any missing values. Thus, to
remove the inherent inhomogeneity within the data set I calculated statis-
tical measures, namely, the sum, mean, minimum, maximum, and standard
deviation for each group of distance features, and used those in the ML
models, rather than the primitive, individual values. During that process,
I defaulted missing entries (i.e. Ce3+–Ce3+ distances for structures with
mOS=0/1) to so-called “Not a Number” (NaN) values, which are simply
ignored when calculating the statistical functions with the numpy Python
library226. Lastly, since the interatomic distances account for the ionic
(rather than the covalent) portion of the metal-support interaction, I used
the inverse values of the distances to construct the features to better reflect
the inverse dependency of the electrostatic force on distance (as given by
Coulomb’s law). The considerations and procedures outlined in the preced-
ing paragraphs remain equivalent.

Figure 4.2: Schematic representation of primary features derived from the
isolated metal, the coordination motif of the SAC structure, and the local
polaron distribution in the support (the symbols are explained in the main
text).

5e.g. 16 digits in a typical poscar/contcar VASP structure file
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Chapter 4. Data-driven models for the M1/CeO2 interaction

4.2 Construction of predictive models

Having constructed a suitable primary feature space that captures the dom-
inant physical interactions at play in the SACs, I then turned my attention
towards the exploration of predictive ML algorithms. Following Occam’s
Razor, I began with linear regression (LR) as the simplest, non-parametric
regression model. The obtained results are presented in Fig. 4.3. Rather un-
surprisingly, when only metal features are used and local polaron structure
is not accounted for, each distinct combination of metal, mOS and coordina-
tion yields a cluster of values at the average DFT adsorption energy (panel
a of Fig. 4.3). Adding descriptors for local polaron structure, these clusters
start getting untangled, however, they are still widely spread around the
ideal fit line, and the model has low predictive power. I attribute this to
the linearity constraint of LR, which allows it to only poorly fit the given
data.

Figure 4.3: Performances of a linear regression (LR) model on the dataset of
group 9–11 SACs presented in Fig. 3.6, using only metal descriptors (panel
a), and the full set of primary features (panel b).

To remove this linearity constraint, I constructed a 2D feature space,
obtained via mathematical combinations (products and ratios) of the pri-
mary features. As the set now contains about 871 descriptors, regularization
becomes essential to avoid overfitting. Thus, I evaluated the Ridge, Lasso,
and Elastic Net (EN) algorithms, which differ in the penalty functions they
implement (see Sec. 2.2.1 for further details). Since EN combines both
L1 and L2 regularization, whose ratio and overall strength can be tuned,
it provides the highest degree of control and was therefore chosen as the
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4.2. Construction of predictive models

production algorithm for further model optimization.
Fig. 4.4 shows the influence of varying the overall degree of regulariza-

tion (α), as well as the ratio of the L1 and L2 penalties (l1 ratio) on the
predictive performance (panel a) and the retained number of features (panel
b)6. This process of optimizing internal model parameters, aside from the
actual training process, is typically referred to as hyperparameter optimiza-
tion. From panel a of Fig. 4.4 it can be seen that the best performance,
that is, the lowest root-mean-squared error (RMSE) on the testing set of
about 0.15 eV is achieved if the total amount of regularization, α is kept
below about 0.01. Within the range of considered α values of 1× 10−3 to
1× 10−1, the RMSE remains below the value for the LR model (0.4 eV).
Interestingly, at fixed α = 1 × 10−3, the performance of the model stays
relatively consistent across the range of considered l1 ratio values (0.1 -
0.999), ranging from 0.155 to 0.183 eV. However, as the l1 ratio increases,
so does the amount of the applied L1 penalty and, consequently, the num-
ber of retained features shrinks from 181 to 48 (the origin of this behavior
is explained in Sec. 2.2.1). Lastly, when α is increased beyond a value of
about 0.01, model performance generally decreases, with higher l1 ratio

leading to a faster decay.
Thus, to obtain a desired minimum performance, for example an RMSE

of, say, 0.2 eV, a minimum number of features is required. At an α-value
of 0.015 this error is achieved with an l1 ratio of 0.01, resulting in a
model that contains 117 features, while at a higher alpha value of 0.005,
the l1 ratio can be increased to 0.5, such that the resulting model con-
tains only 41 features. Going forward, I chose the second option of low
overall regularization and high ratio of L1 to obtain a simpler and easier
interpretable model.

While the construction of a 2D feature space allows introducing non-
linearity in the EN model, predictions are still obtained via weighted lin-
ear combinations of those features, providing a rather restricted functional
form. In the Random Forest (RF) model, on the other hand, no linearity
constraint (see Sec. 2.2.3) is present, allowing the algorithm to fit arbitrarily
complex data relations147,149. This allows direct use of the simpler primary
feature set. Just like EN, the RF model contains various hyperparameter
that should be tuned for optimal performance, most importantly, the num-
ber of trees that the ensemble is composed of, the depth to which those
trees are grown, and the feature subset size that is considered at each split.

The influence of varying each hyperparameter on model performance
(while keeping the others at the default values) is presented in Fig. 4.5. As

6α and l1 ratio and are the parameters for controlling the total amount of regulariza-
tion and the ratio of the L1 to L2 penalties in the implementation of the Python library
scikit-learn189 which was used for all ML algorithms.
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Chapter 4. Data-driven models for the M1/CeO2 interaction

Figure 4.4: Hyperparameter tuning of Elastic Net model

the number of trees is increased, panel a, performance converges, at which
point a further increase only adds computational overhead. I therefore set
this parameter to 128, a value where convergence is reached, and which is
divisible by the number of CPU cores of my workstation (8 in that case).
This allows for efficient parallelization during training, as trees are grown
fully independently, allowing for ideal parallelization. Next, I optimized
the tree depth. If growth is unrestricted (as is the default in the sklearn

implementation) trees are grown until the final leaves are pure, meaning
they contain only a single training data point. For an individual decision
tree, this situation would mean significant overfitting, however, the various
decorrelation techniques implemented in the RF (see Sec. 2.2.3) can largely
alleviate this issue. Nonetheless, I set this parameter to a value of 8, at
which the testing errors are largely converged (as evident from panel b of
Fig. 4.5) and the trees of the RF are composed of 28 = 256 final leaves,
each of which contains about two training data points (4/5 of the 701 total
points ≈ 561). Thus, some averaging is applied when obtaining the final
predictions on the testing data. Moreover, it can be seen that when the tree
depth is increased further, mainly the training errors decrease, increasing
the discrepancy between training and testing performance, indicative of
overfitting. Lastly, as evident from panel c, model performance increases
and eventually converges with increasing feature subset size. I set this
parameter to a value of 0.5, which again helps with decorrelation, as different
random feature subsets are chosen at each split.

Using the respective primary (for RF) and secondary (for EN) fea-
ture sets, and fine-tuning the algorithms as outlined above, I obtained
models with predictive powers approaching DFT accuracy, as presented
in Fig. 4.6. Testing RMSE (MAE) values are about 0.19 eV (0.14 eV) and
0.15 eV (0.11 eV) for the EN and RF models, respectively. In addition,
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4.2. Construction of predictive models

Figure 4.5: Hyperparameter optimization of the Random Forest (RF)
model.

standard deviations of the predictions across the different splits of the 5-
fold cross-validation procedure are in the order of 0.01 eV, therefore showing
the high consistency of the predictions throughout the full dataset.
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Chapter 4. Data-driven models for the M1/CeO2 interaction

Figure 4.6: Best-performing elastic net (EN) and random forest (RF) model
under 5-fold cross-validation using the full feature space.

4.3 Model evaluation

To test if the trained models could also achieve reasonable predictions on
data classes entirely outside the training set, I further tested their perfor-
mance via leave-one-group-out cross-validation (LOGOCV). Here, I parti-
tioned the data based on the metal species, with the model being trained on
all metals, except the initially excluded one, which is then used to evaluate
the testing errors. This approach is different form KFCV, where the test-
ing data is, in principle, also unseen, however, data points for each metal
are contained in the training set according to their statistical distribution.
Under LOGOCV, the RF model performed rather poorly (RMSE > 0.35 eV
and MAE > 0.3 eV), which I attribute to the fact that its predictions are
entirely constrained to the range of values used for training. In addition, as
outlined in Sec. 4.1, the whole data set is rather inhomogeneous, therefore
by excluding the subset of one metal, the RF is missing crucial data for
the construction of the decision trees during training. On the other hand,
the EN model generates a more continuous mapping from the input (fea-
ture) to the output (target) space and can better interpolate the missing
data points during LOGOCV, leading to a better performance. As evi-
dent from Fig. 4.7, the general trends are reproduced, but predictions are
notably worse than when KFCV is used. This showcases the high impor-
tance of creating balanced and representative datasets for the training of
ML models. Nonetheless, each panel of Fig. 4.7, in principle, avoids per-
forming up to ≈100 expensive two-step DFT simulations. It remains up to
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the reader to decide if the reduction in computational effort outweighs the
loss in accuracy.

Having achieved high predictive accuracy, I then turned my attention
towards the task of model simplification, aiming to extract the most im-
portant features. Here, numerous approaches can be used, among others,
the direct extraction of relative feature coefficients (or, in the case of RF,
feature importances7), dimensionality reduction techniques like principal
component analysis PCA, as well as greedy algorithms like recursive feature
elimination (RFE) and sequential feature selection (SFS), with the former
two being discussed in more detail in the following.

So-called greedy algorithms are based on the hope that making the lo-
cally optimal choice at each stage will eventually lead to the global mini-
mum. In RFE and backward SFS, that means sequentially removing fea-
tures from the initial set until a desired target accuracy and/or number of
features is obtained. The difference between the two algorithms is that in
RFE, the selection is based on an importance metric initially evaluated on
the full-rank model, while in SFS, the effect of the removal of each feature
is evaluated at each step of the procedure, with the feature removed that
leads to the smallest decrease (or largest increase) in accuracy. Backward
SFS therefore avoids possible ambiguities caused by the initial importance
assignment. However, this comes at the price of a higher computational
cost, as at each step of the procedure, as many models need to be trained
as there are features contained in the subset. Due to the short training
times of the EN and RF models of a few seconds on a desktop workstation,
I chose SFS as the primary feature selection algorithm. During backward
SFS, for both models errors initially decreased upon feature removal and
stayed relatively constant until feature numbers as low as ten, indicative of
a slight over-determination of the primary set.

7However, for RF, the obtained values may be unreliable, particularly in the presence
of high-cardinality features. Here, the so-called permutation importance or usage of out-
of-bag samples may provide better alternatives.
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Chapter 4. Data-driven models for the M1/CeO2 interaction

Figure 4.7: Performance of the elastic net (EN) model under leave-one-
group-out cross-validation (LOGOCV). Presented performances for each
metal were obtained by a model that was trained on data which fully ex-
cluded the respective metal.
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This result provided a motivation for then changing the direction of the
algorithm to forward SFS, where instead the descriptor set is built from
the ground up. Thus, starting from an empty set, I added features indi-
vidually, retaining the one that leads to the best performance improvement
until a given threshold is met. It should be noted that neither method is
exhaustive (both are greedy), as to obtain the globally optimal n-feature
subset of a given initial size N feature pool, one would have to evaluate all
C(N,n) = N !

(N−n)!·n! possible subsets for each subset size n. This presents
a computationally intractable problem for the data at hand, and I remain
doubtful about the magnitude of the performance increase this could actu-
ally provide.

The results of running the forward SFS for the elastic net (EN) and ran-
dom forest (RF) models under the two applied data partitioning schemes
(KFCV and LOGOCV), are presented in Fig. 4.8, Overall, model perfor-
mances converge quickly, and reasonable results can be obtained with just
a few features. It should be noted that the exact selected subset varies with
model choice and CV procedure (see Table 7.2). In addition, as the EN
model requires a 2D feature space to achieve reasonable performances, I
fixed the cumulative ionization potential, IP , as the first primary feature,
following the physical insight of the Born-Haber cycle in which it was iden-
tified as a main contributing term. The respective combined 2D feature
spaces were then constructed for each added descriptor. As such, the ac-
tual number of features used in the EN model ranges from two to 92, and
was obtained by generating the 2D combinations of the two to eight se-
lected primary features (still presenting a drastic reduction from the initial
871 features in the secondary space). This also presents the origin of the
missing entry for a single primary feature in the EN bar plot of Fig. 4.8.
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Figure 4.8: Performances (testing-RMSEs) for the elastic net (EN) and ran-
dom forest (RF) models during sequential feature selection (SFS) under K-
fold cross-validation (KFCV) and leave-one-group-out cross-validation (LO-
GOCV) up to the inclusion of eight primary features.

4.4 From black-box to physical models

Despite the feature space simplifications presented in the previous section,
deriving physical insight from the predictive models remains non-trivial.
This is due to the fact that the EN still requires dozens of higher-order
features to provide accurate predictions, while the many decorrelation tech-
niques implemented in the RF obscure the decision-making process (see
Subsection 2.2.3). However, as shown by SFS, as little as eight features
can be sufficient to obtain accurate predictions. The small size of such a
reduced feature space thus allows for the application of the BMS algorithm,
a symbolic regression technique that searches closed-form equations to fit
the data148. The prior feature space reduction is necessary due to the rapid
growth of the functional search space. The method provides the advantage
that the resulting equations are directly accessible for physical interpreta-
tion.

The final set of physical properties and corresponding features (schemat-
ically already shown in Fig. 4.2) chosen as input variables for the BMS
algorithm are (i) the metal species, Z; (ii) the ionization potential to the
adapted charge state, IP ; (iii) its size, rcov; (iv) the coordination environ-
ment, NO; (v) the covalent contribution of the metal-oxygen bonds, ∆GM-O

bulk ;
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(vi) surface strain and distortion, ε; (vii) Coulomb interactions between the
metal and the support, min(dM–Ce3); and lastly (viii) Coulomb interactions
between Ce3+ centers, avg(dCe3–Ce3). The choice for the minimum and av-
erage statistical measures for the last two descriptors is motivated by the
assumption that the shortest M–Ce3+ interaction is the most decisive, while
the influence of multiple polarons is then captured by their average distance
from each other.

In addition, the feature set accounts for all interactions that were pre-
viously used in a Born-Haber (BH) model to rationalize the metal-support
interaction in a ceria-based Pt-SAC68, which is schematically presented in
Fig. 4.9. The main energetic contributions that were taken into account
for this model were the ionization energy of the metal atom, IP , covalent
interactions with the surface oxygen, ECov, surface distortion EDist, and
Coulomb interactions between the metal atom and the support, as well as
within the support ECoul. While in the BH model, all terms were eval-
uated explicitly using known physical formulae, my data-driven approach
uses physical descriptors, with the functional form being searched by the
BMS algorithm. Its higher flexibility thus enables extension to the nine
metals, three coordination environments, mOS states ranging from zero to
four, and various local polaron distributions contained in the dataset. Fur-
ther generalization, e.g. to other oxide supports is conceivable, given that
suitable descriptors can be found.

Figure 4.9: Schematic of Born-Haber model used to rationalize the small
energy difference between the Pt0 and Pt+ states of a ceria-based Pt-SAC.
Figure adapted from Ref. [68].

However, even with the reduced set of eight primary features, during
initial model runs with the BMS algorithm, only metal features were re-
tained. This can be attributed to the larger energy differences between
structures with different metal atoms, than within the electronic ensem-
bles, which only differ in their local polaron distribution. As such, due to
the penalty on model complexity implemented in BMS, the geometric de-
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scriptors were lost during the optimization process, and, consequently, the
capability of the method to reproduce the electronic ensembles. Thus, we
further decomposed the primary set into metal features (the five first of
the list above), and oxide features (the latter three). A first BMS model
was then trained with only the metal descriptors, correctly positioning each
respective electronic ensemble in the approximate region of the energy spec-
trum. The obtained values were then subtracted from the DFT-calculated
data to obtain the remaining oxide contributions. A second BMS model was
then trained on the residuals, using only the three oxide features. Lastly,
the predictions of both models were then summed via:

EAds = EM
Ads + EOx

Ads ≈ EM
BMS + EOx

BMS = EBMS. (4.1)

Overall the BMS provides slightly lower accuracy than the previous EN and
RF models, with an RMSE (MAE) of 0.20 eV (0.15 eV). Fig. 4.10 shows the
final BMS predictions with the distributions of the electronic ensembles as
obtained by DFT indicated as transparent background for easy comparison.
It can be seen that the overall agreement is reasonable. The global mOS
minima and energy differences between electronic ensembles are accurately
reproduced in various cases. However, they occupy narrower ranges in the
energy spectrum than the values obtained by DFT. Possible interpretations
and remedies are provided in Chapter. 6.
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Figure 4.10: Predictions of the BMS model for the full dataset. The energy
ranges of the electronic ensembles as obtained by DFT are indicated via
transparent background colors.

The BMS provides slightly lower predictive accuracy than the EN and
RF models, however, it yields the closed-form mathematical expression that
is used by the algorithm to make the predictions. For the best-performing
model, I obtained for the metal part the following equation:

EM
BMS =

(i)︷ ︸︸ ︷
NOc3 + ∆G2 +

(ii)︷ ︸︸ ︷
NOc1 (∆G + c2)NO cos (r)

−

(iii)︷ ︸︸ ︷
NOr

2 (IP + Z)−c2−NO

c4 (∆G + c5)2
(
∆G · (IP + Z)−c2−NO + c4

)(
r + cos

(
c6r
c4

))2

(4.2)

As the expressions are rather lengthy, I shortened some descriptor symbols
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from the previous notation ( rcov → r; ∆GM-O
bulk → ∆G; min(dM-Ce3)→ dMC;

avg(dCe3-Ce3)→ dCC) and typeset them in bold to distinguish them from the
coefficients, ci. For easier interpretability, I further ordered the individual
terms of the linear combination of Eq. 4.2 in the order of increasing number
of features. In addition, a visualization of the predicted value for each term
is provided in Fig. 4.11. It should be noted that, as these are only the
constituent metal terms, no local polaron structure enters at this stage.
Furthermore, interpretations of the individual terms will be based on the
observed positioning of the metal data points in the energy spectrum, as
well as their functional form. The ranges of the input metal features are
given in Table 4.1 and the coefficients of the BMS equations in Table 7.3.

Figure 4.11: Predictions given by the individual terms of the metal-part of
the trained BMS model.

Term (i) of Eq. 4.2 spans a positive range of 0.54 to 1.40 eV. As it de-
pends only on the coordination number, NO, and the metal-oxygen bond
strength, ∆G, we attribute it mainly to distortion effects. Due to the posi-
tive value of c3 (see Table 7.3), higher coordination leads to a more desta-
bilizing effect. The three coordination environments are thus placed on
separate levels. In addition, the term ∆G2 is always positive and leads
to a distinction between the metal atoms instead, albeit within a rather
small range of 0.00 to 0.35 eV. The overall values obtained for term (ii)
are between −1.86 and 0.24 eV. It has an almost negligible influence on
metal atoms in 2O coordination, slightly destabilizes 3O coordination, and
is highly exothermic for 4O coordination. Mathematically, this is mainly due
to the cNO

2 term, which amounts to approximately −5(2 to 4) (only slightly
modified by ∆G), thus also providing an alternating effect on stability based
on coordination. Lastly, the cos(r) term is largest for small atoms, thus
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particularly stabilizing these species in higher coordination, in line with the
DFT predictions. The rather convoluted form of term (iii) makes a straight-
forward, mathematical interpretation challenging. It contains all five metal
features and spans a range of −2.00 to 0.00 eV, therefore having a stabiliz-
ing effect independent of metal species and coordination environment. As
it contains the ionization potential, IP , it introduces a first distinction by
metal oxidation states (mOS), albeit the difference is not significant for all
structures. Overall, the largest effects are again observed for the first row
metals, as the term approaches zero for large atomic numbers and large
covalent radii.

Table 4.1: Values of the input features used for the metal-terms of the final
BMS model (as selected from Table 7.1). The comma-separated values of
the (cumulative) ionization potential, IP , correspond to the accessible mOS
states for each respective metal. ∆G and IP are given in units of eV, r in
units of Å.

M Z ∆G / eV r / Å IP / eV

Co 27 -0.58 1.26 7.88, 17.08, 33.50, 51.20

Rh 45 -0.30 1.35 0.00, 7.46, 18.08, 31.06, 42.00

Ir 77 -0.47 1.37 0.00, 8.97, 17.00, 28.00, 40.00

Ni 28 -0.41 1.21 0.00, 7.64, 18.17

Pd 46 -0.22 1.31 0.00, 8.34, 19.43

Pt 78 -0.23 1.28 0.00, 8.96, 18.56

Cu 29 -0.41 1.38 7.73, 20.29

Ag 47 -0.04 1.53 7.58, 21.48

Au 79 -0.02 1.44 9.23, 30.00

Lastly, the remaining oxide term:

EOx
BMS =

1

c1

(
dCC +

dMC

c2
2dMC − c2dCC

cos
(
c1

(
c1ε (c1 + c2) + ε2

)))
(4.3)

contains the three surface descriptors (see above) and accounts for Coulomb
interactions between the metal atoms and polarons, as well as the polarons
themselves, and their incurred surface strain. It again takes a rather com-
plex mathematical form that makes direct interpretation challenging. It
spans a range of −0.15 to 0.33 eV, which is indicated by the gray background
in Fig. 4.11, thus with a similar magnitude as polaron hopping barriers in
ceria164. It provides the final disentanglement of the metal clusters, based
on the mOS and local polaron structure.
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Chapter 5

Theory meets experiment

We confuse the world as talked about, described, and measured with the
world which actually is. We are sick with a fascination for the useful
tools of names and numbers, of symbols, signs, conceptions and ideas.

The greater the scientist, the more he is impressed with his ignorance of
reality, and the more he realizes that his laws and labels, descriptions and
definitions, are the products of his own thought. They help him to use the
world for purposes of his own devising rather than understand and
explain it.

Alan Watts

In the last two chapters, I have showcased the inherent complexity of
ceria-based SACs that arises due to local polaron structure, as well as how
machine-learning can aid in reducing the computational effort in their ac-
curate treatment and provide additional physical insight. Having laid this
groundwork, I will now outline how I could assist in the study of real-world
experimental catalytic systems by computational modelling. The two ex-
amples that will serve this purpose are high-density SA platinum on oxygen-
plasma pre-treated ceria, active in the CO oxidation reaction, and SA man-
ganese on a ceria powder support, showing high activity and selectivity in
ammonia oxidation to N2O.
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Chapter 5. Theory meets experiment

5.1 Fabrication of high-density Pt1/CeO2

5.1.1 Synthesis and characterization

The first system was prepared by Dr. Weiming Wan, Prof. Beatriz Roldán
Cuenya, and coworkers at the Fritz-Haber Institute in Berlin, who treated
commercially available ceria powder, exposing mainly the (111) facet, with
oxygen plasma43. The resulting system was found to stabilize isolated SA-
Pt up to an impressive nominal metal loading of 0.2 ML (1.6× 1014 cm−2)
and to be active and resistant against sintering in the CO oxidation re-
action at near atmospheric pressure. While the catalytic activity was in-
triguing, the main focus on the project was on the synthetic preparation
via oxygen-plasma treatment, which holds promise to establish itself as a
general strategy for the preparation of SACs with high metal loading.

Hence, to elucidate the effect of other, well-known surface modifications
on Pt adsorption, the experimentalists prepared catalysts based on a variety
of differently pre-treated supports. Namely, these are (i) the unmodified,
commercial ceria sample, used as a reference system [Pt/CeO2(111)], (ii)
a partially reduced surface, obtained via annealing in UHV, and used to
probe the effect of oxygen vacancies (Pt/CeO2-red), and, lastly, (iii) a sam-
ple with an increased surface step density, prepared via literature procedures
(Pt/CeO2-step)40. As evidenced by LEED [Fig. 5.1 a)], in all three refer-
ence systems the hexagonal long-range symmetry typical for CeO2(111) is
retained, however, for the oxygen-plasma treated sample it is completely
lost. This is indicative of a significant amount of surface restructuring,
which could be confirmed by STM measurements [Fig. 5.1 b-d)], showing an
extremely rugged surface with ceria nanoparticles of up to 2 nm in width
and exceeding 1 nm in height. On all samples, platinum was then deposited
from a metallic rod at room temperature with a low flux of 0.03 ML/min
(2.4× 1013 cm−2) to minimize metal aggregation43. Aberration-corrected
STEM even made the visualization of isolated platinum atoms on the oxygen-
plasma treated sample possible (Fig. 5.1 e), thus confirming atomic disper-
sion. After metal deposition, the samples were then subjected to a thermal
flash at 523 K, followed by 5 min of annealing at the same temperature to
ensure the separation of purely thermal from reaction-induced steps. Lastly,
the catalysts were exposed to the ambient-pressure CO-oxidation reaction
mixture to measure their performance in CO oxidation.
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5.1. Fabrication of high-density Pt1/CeO2

Figure 5.1: Experimental characterization carried out for the Pt/CeO2-
plasma and the reference samples. a) LEED showing the presence (absence)
of long-range hexagonal symmetry, b) STM of the highly nanostructured
plasma-treated sample, c) Higher-resolution STM scan, d) Height profile
along the black line indicated in c), e) Aberration-corrected STEM in which
SA-Pt anchored on a ceria nanoparticle become visible. Figure adapted from
Ref. [43].

In addition, XPS was used to gain further insight into the catalytic
systems, in particular, oxidation states. It allows assigning the platinum
mOS, and identifying novel oxygen species, via the respective 4f and 1s core-
level binding energies (CLBEs). The XPS results for the catalytic systems
based on the commercial and oxygen-plasma pre-treated supports at the
different synthesis stages and after use in the CO oxidation are presented in
Fig. 5.2. For the Pt/CeO2(111) sample, upon deposition, platinum species
show a binding energy (BE) of 71.8 eV, characteristic for metallic particles8.
During heating, this peak shifts towards lower BE (71.4 eV), indicative of
sintering. After exposure to the reaction mixture, two new peaks appear at
72.7 eV and 74.2 eV, which can be assigned to Pt2+ and Pt4+, respectively,
and which are obtained by the oxidation of the platinum particles.

For the Pt/CeO2-plasma sample, Fig. 5.2 b), on the other hand, only a
single peak at around 72.6 eV is observed, and assigned to Pt2+. As opposed
to the oxidation of metallic particles, which occurred on the Pt/CeO2(111)
sample, platinum is present in this oxidized state right after deposition, and
remains so throughout the whole life cycle of the catalyst. In addition, no
signal for metallic nanoparticles was found, providing strong evidence that
platinum is indeed mainly present as isolated atoms on the Pt/CeO2-plasma
sample. A likely candidate for stable atomic dispersion are highly favorable
square-planar coordination environments on local restructured (100) facets,
which also promote the observed mOS (see Sec. 3.1)40,68.

8In reality, an additional peak at a BE of about 75.2 eV is observed. This is due to
spin-orbit coupling which leads to a splitting of the degenerate 4f state, resulting in two
distinct electron transitions, termed 4f7/2 and 4f5/2, with the former corresponding to the
main signal used for analysis (see annotation in Fig. 5.2 b).
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Chapter 5. Theory meets experiment

The O 1s XPS spectra for both samples (Fig. 5.2) show a main peak
at about 529.2 eV, originating from lattice oxygen of the upper layers of
the ceria support (see Sec. ??). After exposure to the reaction mixture,
an additional signal appears at 531.8 eV (531.4 eV) for Pt/CeO2 (Pt/CeO2-
plasma), which is usually assigned to surface hydroxyl groups formed with
residual water in the gas mixture, and/or surface carbonates formed during
the reaction. Interestingly, however, the Pt/CeO2-plasma system is the only
sample that shows another peak at 530.8 eV already after metal deposition.
It persists the thermal flash, but vanishes during annealing, indicating a
metastable species. In addition, its relative intensity grows upon grazing
angle measurement43 confirming its location near the surface. Via compu-
tational modelling, I could assign this peak to peroxo-species, which further
turned out to be crucial for the exceptional performance of the catalyst
(vide infra).

Figure 5.2: Pt 4f and O 1s XPS spectra of the Pt/CeO2(111) and Pt/CeO2-
plasma samples: (i) as deposited at 300 K; (ii) after thermal flash to 523 K;
(iii) after annealing at 523 K for 5 min; (iv) after CO oxidation. Figure
adapted from Ref. [43].

5.1.2 Identification and role of peroxide

Due to the presence of the novel O 1s peak at 530.8 eV before exposure to
the reaction mixture, as well as the fact that the signal is obtained after
oxygen pre-treatment, I deemed it likely that it originates from reactive
surface oxygen species. These can be formed either by direct reaction of
atomic oxygen radicals of the plasma with lattice oxygen, or, alternatively,
by the adsorption of O2 in the oxygen vacancies formed via preferential
sputtering by the high-velocity plasma particles. In the latter case, de-
pending on the number of electrons being transferred upon integration of
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5.1. Fabrication of high-density Pt1/CeO2

O2 into the vacancy site, either superoxide, O2
•− or peroxide, O 2–

2 , can be
formed. In the high-energy plasma environment, there likely exists a mix-
ture of various species, however, their easy interconversion should result in
the transformation to the most stable product until the time of metal depo-
sition. Furthermore, relative stabilities depend on the exposed facet, and,
due to the significant nanostructuring observed in the STM measurements,
all low-index (and possibly also high-energy stepped facets) should be ex-
posed. Previous literature reports indicate that the formation of peroxides
is generally accompanied by a larger formation energy227,228, thus I chose
them as the representative structural element.

Hence, Fig. 5.3 shows the most stable optimized peroxide structures on
the three ceria low-index facets in the (2×2) supercells. The structures were
obtained by adding an oxygen radical to a lattice oxygen of the pristine sur-
face, resulting in the desired nominal O 2–

2 species. I evaluated peroxide
surface coverages up to a full monolayer, ML, with the formation energies
listed in Table 5.1. It can be seen that on the (111) facet, the additional
oxygen atom adapts a bridging position between two cerium atoms, slightly
above the original lattice oxygen, while on the (110) facet, it is sticking up,
as it cannot be effectively integrated into the surface layer. Nonetheless, the
adsorption energy of the oxygen atom is higher in the latter case, −2.87 eV
vs. −2.68 eV, likely due to the fact that lattice oxygen is more coordi-
natively unsaturated on the (110) facet, being bound to only two cerium
atoms, as opposed to three for the (111) facet. The highest formation en-
ergy, −3.36 eV, is obtained for the most reactive (100) surface. Due to its
open nature67, the peroxide species can be fully integrated into the surface
layer. The same trend continues up to full monolayer coverage, with (100)
providing the highest reaction energy for peroxide formation from lattice
oxygen.
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Chapter 5. Theory meets experiment

Figure 5.3: Top views of the structures of peroxide species formed by the
reaction with oxygen radicals on the low-index ceria surfaces. As annotated,
the peroxide groups can be identified by their O–O bond length of about
1.4 Å. The (100) surface can ideally accommodate the second oxygen atom
within its surface layer, while a bridging position is adopted on (111) and
it is considerably protruding outwards on (110).

Table 5.1: Peroxide formation energies for the low-index surfaces of ceria at
different coverages, (coverages given relative to the number of surface cerium
atoms). All values are in units of eV and are referenced to the energy of the
pristine surface and the total energy of the adsorbed oxygen radicals: ∆E =
Etotal − Epris − N0EO. The values in parenthesis denote relative changes
of the peroxide formation energies for incremental increases in coverage.
For 0.5 ML, two different geometric arrangements of the peroxide groups
[diagonal (d) and row-wise (r)] were considered.

Surface

Θperoxide / ML

0.25 0.5–d 0.5–r 0.75 1.0

(111) -2.68 -5.22 (-2.55) -5.33 (-2.66) -7.73 (-2.40) -10.09 (-2.36)

(110) -2.87 -5.68 (-2.81) -5.72 (-2.85) -8.35 (-2.63) -11.00 (-2.65)

(100) -3.36 -6.73 (-3.37) -6.56 (-3.20) -9.69 (-2.96) -12.67 (-2.98)

To evaluate the validity of my proposal of peroxide presence on the
oxygen-plasma treated sample, I then simulated core-level binding energies
(CLBEs) to compare with the observed XPS signal, applying the final state
approximation184. While XPS is generally considered a surface-sensitive
technique, it still has a penetration depth of a few nm229, corresponding to
numerous atomic layers, making the main signal bulk-like. Hence, I used
the O2– signal of ceria bulk in a 2×2×2 supercell as a reference. Table 5.2
lists the average obtained relative CLBEs for surface lattice oxygen, as well
as the peroxide groups. The signal for surface lattice oxygen is slightly
redshifted by approximately −0.8 eV for (111) and (110), and by −1.2 eV for
(100). This can be rationalized by the fact that surface oxygen atoms have
fewer bonds to cerium atoms and therefore possess a higher valence electron
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5.1. Fabrication of high-density Pt1/CeO2

density, which partially shields the nuclear charge for the core electrons, thus
reducing their binding energy. Despite this, typically no extra signal for the
surface layer is observed in XPS, as the effect is averaged out as deeper
subsurface layers are gradually probed until, after a few atomic layers, the
species are fully bulk-like.

For the peroxide groups, on the other hand, clear blueshifts of the sig-
nals of around 1.6 eV, 1.3 eV, and 1.4 eV, for the respective (111), (110),
and (100) facet are observed. Following the same reasoning as above, the
shift can be attributed to the lower valence electron density in the O 2–

2 than
the O2– motif. Experimentally, the signal will likely be observed at slightly
higher values due to the aforementioned averaging over the upper atomic
layers. As seen in Fig. 5.2, in the Pt/CeO2-plasma sample, the novel peak
is indeed blueshifted by around 1.6 eV relative to the main signal. Fig. 5.5
compiles all simulated CLBEs before and after platinum deposition. From
the obtained results, it is evident that the peroxide shifts are in reasonable
agreement with the experimental signal, confirming the validity of peroxide
formation during oxygen-plasma treatment. However, assigning the under-
lying facet remains challenging.

Table 5.2: PBE+U core-level binding energies (in eV) for lattice oxygen
and peroxide on low-index ceria surfaces at varying peroxide coverages. The
presented values correspond to average results over multiple sites, as in each
case, all oxygen atoms located in the surface layer were sampled. A plot
of all data points is presented in Fig. 5.4. For a coverage of 0.5 ML, two
different geometric arrangements of the peroxide groups, diagonally (0.5-d)
and row-wise (0.5-r) were considered.

Θperoxide / ML

Surface Species 0.0 0.25 0.5-d 0.5-r 0.75 1.0

(111)
O2– -0.81 -0.85 -0.84 -0.85 -0.82

O 2–
2 1.59 1.67 1.64 1.68 1.70

(110)
O2– -0.86 -0.80 -0.78 -0.78 -0.74 -0.66

O 2–
2 1.19 1.37 1.15 1.33 1.37

(100)
O2– -1.14 -1.23 -1.39 -1.26 -1.19

O 2–
2 1.52 1.47 1.43 1.39 1.19
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Chapter 5. Theory meets experiment

Figure 5.4: Simulated core level binding energy shifts (CLBE) for surface
oxygen (round symbols) and peroxide species (diamonds) for ceria low-index
surfaces without and with platinum adsorbed (filled and hollow symbols,
respectively) at varying peroxide coverage. The experimentally observed
shift of the novel peak compared to the main signal is indicated by the grey,
horizontal line.

Having proven the presence of peroxide on the surfaces, I then evalu-
ated its effect on the adsorption of SA platinum. The most stable optimized
structures are presented in Fig. 5.5, and the computed energies listed in Ta-
ble 5.3. As evident from the energies, the presence of peroxides does not
tip the balance to make platinum adsorption exothermic on the low-index
facets [except for two slightly exothermic, but almost thermoneutral cases
on (110)]. Interestingly, though, in the case of 0.25 ML coverage, a splitting
of the peroxide moiety is observed on all facets, resulting in a novel coor-
dination motif around the platinum atom, as well as an adsorption energy
lowering of 1.51 eV, 0.77 eV, and 0.17 eV for (111), (110), and (100), respec-
tively. Additionally, on the (111) facet at full ML coverage, the adsorption
energy is only 0.59 eV, and therefore a significant 2.20 eV lower than on the
unmodified facet. In general, the overall changes are the largest on this sur-
face, likely as the peroxide allows the platinum to be bonded above the rigid
outermost surface layer. On the (100) surface, the dissociation of peroxide
results in the common 2O coordination motif, with the other oxygen atom
filling a bridging position in the neighboring row9. The resulting species
will be highly mobile within the surface row67, possibly available to form
3O and 4O coordination patterns, as previously discussed in Chapter 3. It is
therefore easy to imagine how the dissociation of various peroxide groups on
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5.1. Fabrication of high-density Pt1/CeO2

the (100) facet can lead to the presence of sufficient mobile oxygen species
to allow for the formation of square-planar 4O pockets. The dissociation of
peroxide is enabled through the transfer of two electrons from the platinum
atom, resulting in two O2– species and the observed Pt2+.

Lastly, on the reconstructed (100)-4O environment, platinum adsorption
is highly favorable (−0.85 eV) (as shown before) and not notably affected by
the presence of peroxide (except at full coverage, which the surface cannot
reasonably accommodate either way). For instance, at 0.25 ML coverage,
metal adsorption is exothermic −0.59 eV, while at 0.5 ML coverage with a di-
agonal arrangement of the two peroxide groups, the value (−0.95 eV) is even
higher than on the unmodified surface. From this, it becomes evident that
the change from a lattice oxygen to a peroxide moiety does not qualitatively
alter the adsorption behavior of the structure. As such, square-planar 4O
environments at (111) step edges and nanoparticles (see Chapter 3) should
still present the most favorable sites for SA metal stabilization. Due to
the extensive amount of nanostructuring observed on the oxygen-plasma
pre-treated sample, there should be plenty of such sites available on the
support.

Table 5.3: Platinum adsorption energies on the low-index surfaces of ceria at
different coverages, (coverages given relative to the number of surface cerium
atoms). All values are in units of eV and are referenced to the energy of
the pristine surface and the metal bulk energy: ∆E = Etotal −Epris −EM.

Θperoxide / ML

Surface 0.0 0.25 0.5–d 0.5–r 0.75 1.0

(111) 2.79 1.28 1.98 1.75 1.62 0.59

(110) 0.60 -0.17 0.75 -0.08 0.11 0.12

(100) 0.31 0.14 0.46 0.30 0.56 0.64

(100)–4O -0.85 -0.59 -0.95 -0.24 -0.63 1.76

Dr. Wan, Prof. Beatriz Roldán Cuenya, and coworkers further prepared
another nanostructured reference sample by sputtering the ceria substrate
with Ar-plasma, followed by exposure to oxygen to re-oxidize the surface
(further referred to as Pt/CeO2-Ar). While no qualitative comparison of
the amount of nanostructuring with the original Pt/CeO2-plasma sample
is available, XPS showed that the novel O 1s signal, is also present, albeit

9As a matter of fact, when the (100) facet is obtained via bulk cleavage, all these
positions are occupied by oxygen atoms. However, to resolve the resulting surface dipole,
oxygen is expelled on experimental samples, while in computational models they are usu-
ally moved to the bottom of the slab in a checkerboard fashion (further details see Sec-
tion. 2.4.1). The resulting vacant positions are therefore readily available to accommodate
the additional oxygen atom.
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Chapter 5. Theory meets experiment

Figure 5.5: Adsorption of platinum on peroxide-precovered ceria low-index
facets from 0 ML coverage (pris) up to 1.0 ML coverage. At 0.5 ML, two
different local arrangements of the peroxide groups [diagonal (d) and row-
wise (r)] were considered.

at markedly less pronounced intensity43. For one, this can be attributed
to the pathway of O radical reaction with lattice oxygen being inaccessi-
ble. Furthermore, it is a known fact that on CeO2(111), the surface does
not present the most stable vacancy position, which are therefore prone
to migrate into the bulk of the material169,227. Thus, it stands to reason
that the separation of the sputtering step from the exposure to oxygen for
Pt/CeO2-Ar likely leads to a lesser amount of vacancy healing by O2, and,
consequently, formation peroxide species. Thus, when depositing the same
amount of 0.2 ML platinum on this sample, in addition to the majority Pt2+

species, metallic NPs are also observed (on the oxygen-plasma pre-treated
sample, these only form in considerable quantity in excess of 0.4 ML metal
deposition). Evidently, both samples show the same qualitative behavior,
however, pre-treatment with oxygen plasma allows for improved SA-Pt sta-
bilization.

While the exact origin of the difference is not known, from the higher
amount of peroxide on the Pt/CeO2-plasma sample and the available DFT
data, a few possible scenarios can be constructed. One effect could be that
the breaking of peroxide on local (100) facets upon Pt-adsorption leads to an
increased availability of mobile lattice O (as explained above). Hence, more
favorable 4O environments could be formed on larger local (100) facets,
not only at step edges or the corners of NPs where they appear naturally.
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5.2. Mn1/CeO2 in ammonia oxidation

Furthermore, as the presence of peroxide makes adsorption of platinum on
(111) and (110) more exothermic (in most cases), it might lead to longer
life times of metastable Pt-species after adsorption, thus preventing the
rapid agglomeration observed on pristine CeO2(111). Moreover, in such
metastable species, especially at higher peroxide coverage, the local envi-
ronment around the platinum atom is often similar to the linear, gaseous
PtO2 structure that was used by Jones and coworkers to prepare one of
the first ceria-based Pt-SACs41. Hence, while full desorption of PtO2(g)
would probably lead to a loss of metal content, partial breaking of coordi-
nating peroxide due to electron donation from the metal might well lead
to mobile PtOx fragments on the surface, which get trapped at the stable
square planar pockets. As it is likely that all ceria facets are exposed on the
nanostructured sample at varying peroxide coverages, under the high-energy
conditions of plasma exposure, a mixture of the aforementioned effects are
likely at play.

5.2 Mn1/CeO2 in ammonia oxidation

5.2.1 Synthesis, performance and characterization

The second project in collaboration with experimental colleagues was fo-
cused on a ceria-based Mn-SAC which showed unprecedented activity and
selectivity in the oxidation of ammonia to N2O (Fig. 5.6). The catalyst
was prepared by Ivan Surin, Prof. Javier Pérez-Ramı́rez, and coworkers at
the ETH Zurich, who used simple incipient wetness impregnation (IWI) of
manganese on a commercial ceria nanopowder to achieve a catalyst that
contained isolated SA manganese at a nominal metal loading of 1 wt.%. Af-
ter Mn deposition from the Mn(NO3)2 precursor solution, the sample was
dried overnight in vacuum at 353 K, followed by 5 h calcination in air at
823 K.

The experimentalists also prepared various reference systems by deposit-
ing other metals on ceria, as well as manganese on alternative reducible and
irreducible supports. An overview of the different synthesized systems to-
gether with their catalytic performances is presented in Fig. 5.6 a). It can
be seen that Mn/CeO2 shows a selectivity towards N2O of about 80 %, com-
parable to the former state-of-the-art Au/CeO2 system by the same group,
but at almost twice the space-time yield (STY), due to its higher activity in
NH3 conversion. Astonishingly, the performance of Mn/CeO2 even increases
with time on stream (see Fig. 5.6 b,), in stark contrast to the behavior of
most SACs, which usually degrade due to metal agglomeration.

To gain insight into the origin of the exceptional performance of the
Mn/CeO2 catalyst, various analytical techniques were used, as compiled
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Chapter 5. Theory meets experiment

Figure 5.6: Evaluation of catalyst performances for Mn/CeO2-SAC and
reference systems in terms of, a) NH3 conversion, N2O selectivity and space-
time yield (STY), and b) relative activity during 70 h) on stream. Figure
adapted from Ref. [52].

in Fig. 5.7. Akin to the study of the plasma-functionalized Pt-SAC, the
metal oxidation state (mOS) of manganese could be assigned via XPS mea-
surements [Fig. 5.7 a)]. It was found that the metal is present mainly in a
low-valent 2+ state which is retained during exposure to the reaction mix-
ture. HAADF-STEM in conjunction with EDXS further shows the high
degree of manganese dispersion [Fig. 5.7 b)]. Its single-atom nature could
further be confirmed unambiguously by electron paramagnetic resonance
(EPR) measurements, which show a clear and characteristic hyperfine split-
ting [Fig. 5.7 c)]. Furthermore, before exposure to the reaction mixture,
this signal is less pronounced, and instead, a very broad signal centered at
around 1800 G is observed. Hence, during the reaction manganese seems
to disperse further, again in stark contrast to most SACs, which degrade
via metal agglomeration. In accordance, manganese retains its low valence
throughout.

In addition to the understanding of the atomistic structure obtained via
the analytical techniques compiled in Fig. 5.7, more indirect techniques can
provide additional insights. For instance, volumetric O2 chemisorption at
673 K allowed for a quantification of the oxygen uptake of various supports,
as well as the changes effected by manganese deposition, as presented in
Fig. 5.8. Well-known for its high oxygen storage capacity (OSC), it comes
as no surprise that pristine ceria shows the highest amount of oxygen uptake
of all support materials. In all cases apart from ZnO and SiO2 for which the
changes were minor, manganese deposition consistently led to a significant
increase in oxygen uptake of about 1 cm−3 g−1. This result hints at the
inherent capability of manganese to activate oxygen, particularly in a low-
valent state. Furthermore, a direct correlation between oxygen uptake and
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5.2. Mn1/CeO2 in ammonia oxidation

Figure 5.7: Experimental characterization of the ceria-based Mn-SAC show-
ing the isolated nature of the metal sites before and after use in NH3 ox-
idation to N2O via a) XPS, b) electron paramagnetic resonance (EPR),
as well as c) High-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) and energy dispersive X-ray spectroscopy
(EDXS). Figure adapted from Ref. [52].

N2O selectivity could be found, Fig. 5.8 b). Thus, sufficient availability of
reactive oxygen species is likely crucial for the selective oxidation of NH3 to
N2O. This is consistent with the necessity for dehydrogenation of NH3 and
subsequent oxidation of resulting NHx fragments to yield nitrous oxide. On
the other hand, for all manganese-based catalysts, the amount of produced
NO remained low (< 5%). As this product would require even further oxi-
dation, the results indicate that the concentration of reactive oxygen species
remains low enough to avoid over-oxidation.

Moreover, temporal analysis of products (TAP) experiments were also
conducted to discern the role of gas-phase and lattice oxygen. Here, pulses
of a 1:1:1 mixture of He, NH3, and isotope-labeled 18O2 were used and the
order of product formation and distribution analyzed via mass spectrometry
(MS). However, when evaluating TAP results, it should be kept in mind that
there exists a large pressure gap between the steady-state operation of the
catalyst and the conditions during TAP. Furthermore, due to the use of
short pulses, participation of species might be observed, that would quickly
get depleted during steady-state operation. Nonetheless, it is exactly this
property that makes TAP useful, as it allows probing of the onset of the
reaction. As evident from Fig. 5.8 c) and d), NO is actually observed as the
main product during pulsing, in contrast to steady-state operation. This can
be rationalized by a high availability of oxygen species at the catalyst surface
at the beginning of the reaction, leading to highly oxidizing conditions and
the formation of NO. In line with the results of steady-state operation, the
relative highest selectivity towards N2O is observed at a temperature of
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Chapter 5. Theory meets experiment

673 K. Importantly, both oxidation products mainly show the presence of
16O, thus indicating direct participation of lattice oxygen. Furthermore, as
seen in Fig. 5.8 d), the signals for N 16

2 O and N 18
2 O have their maximum at

the same time and decline equally, indicating that the reactions occur at the
same rate. Thus, lattice oxygen is likely involved in the reaction, while the
resulting vacancies get quickly healed by isotope-labelled gas-phase oxygen.
Lastly, lattice oxygen is also found in water, the side product formed during
the initial dehydrogenation of ammonia, with the peak for H 18

2 O appearing
after H 16

2 O and degrading slower after the pulse, indicating that the initial
dehydrogenation likely involves lattice oxygen.

Figure 5.8: Identification of oxygen uptake as key performance descriptor.
a) Oxygen uptake of the pristine supports and modifications due to man-
ganese adsorption. b) Correlation between oxygen uptake and N2O selec-
tivity. c & d) Results of temporal analysis of products (TAP) experiments
with isotope-labeled oxygen gas. Figure adapted from Ref. [52].

5.2.2 Constructing a catalyst library

Despite the extensive experimental investigation outlined above, knowledge
of the actual atomic structure of the Mn-SAC still remained elusive. To this
end, I investigated the intriguing system via computational modelling. Due
to the initial absence of atomic resolution images of the catalyst surface,
later obtained via high-resolution STEM (HRSTEM), I constructed a first
catalyst library under consideration of all low-index facets of ceria10. Here,
I evaluated all on-top, bridge, and hollow adsorption sites involving oxygen
and/or cerium ions, as well as mixtures of both, shown in Fig. 5.9.

10Irrespective of the availability of experimental data, it is generally good practice to
consider a variety of possible catalyst structures for computational exploration, as real
samples are not perfect and can expose various facets, steps, and defects. Nonetheless,
experimental data is indispensable in narrowing down the vast structural space. In ac-
tuality, a feedback loop between experiments and theory is often needed to establish a
reliable model, particularly for complex systems such as frequently found in the SACs
field.
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5.2. Mn1/CeO2 in ammonia oxidation

Figure 5.9: All possible considered adsorption sites on low-index ceria sur-
faces for the construction of the Mn-SAC library (Note: The restructured
(100)-4O position (see Chapter 3) was also included as a special case, how-
ever, it is not shown here).

The most stable adsorption geometries obtained from this exploration
are displayed in Fig. 5.10. mOS values ranging from 2+ to 4+ are found
for the manganese atom and are correlated to the coordination number.
Surprisingly, I found that in many cases, PBE+U actually over-stabilized
highly oxidized metal states. This becomes especially apparent for the (111)-
based systems, in which all aforementioned manganese mOS are accessible,
and adsorption energy estimates with PBE+U showed a stability increase
with mOS. However, when I refined the values with the HSE03–13 hybrid
functional230, based on the PBE+U optimized structures, Mn2+ (Mn3+)
appeared as the most (least) stable, and Mn4+ as an intermediate state. I
attribute this observation to the over-stabilizing effect of the Hubbard U
correction for solutions with localized electronic states11. Thus, Fig. 5.10
compiles adsorption energy estimates evaluated with PBE+U in gray, as well
as HSE03–13, based on the PBE+U optimized structures, in bold. Energies
referenced in the following text passages will therefore correspond to the
values obtained with the HSE03–13 hybrid functional, as I deem them more
reliable.

11HSE03–13 was chosen based on previous work of our group, in which it was shown that
this hybrid functional it provides a good description of level alignment for light-harvesting
semiconductors230, and should therefore also be suitable to capture the complex electronic
interactions present in ceria-based SACs (see Chapter 3).
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Chapter 5. Theory meets experiment

Figure 5.10: Most stable binding sites for SA-Mn on low-index ceria sur-
faces. Adsorption energies against the bulk metal evaluated with HSE03–13
(PBE+U) are indicated in bold (grey). Substitutional structures are shown
in the bottom row.

116

UNIVERSITAT ROVIRA I VIRGILI 
CERIA-BASED SINGLE-ATOM CATALYSTS: FROM SIMPLIFIED MODELS TOWARDS REAL-WORLD COMPLEXITY 
Julian Geiger 



5.2. Mn1/CeO2 in ammonia oxidation

Based on the obtained DFT data and the experimental observations, I
could now gradually filter down the catalyst library to identify the most
likely catalyst structure. Based on the positive adsorption energies of Mn4+

species on all the three low-index facets, as well as Mn2+ on (100) and Mn3+

on (111), these structures could be discarded. Mn3+ in the restructured
(100)-4O coordination environment leads to an extremely stable catalyst
structure, which likely presents a thermodynamic sink and is thus unavail-
able to effect further reactivity. 12Lastly, based on the results of HRSTEM
which showed that mainly the (111) facet is exposed, as well as the low-
valent nature of manganese identified via XPS, I chose the (111)-based Mn2+

system as the most representative catalyst model.

5.2.3 Exploring the reactivity landscape

With a representative catalyst model at hand, I then turned my attention
towards exploring the reactivity landscape. The total reaction of ammonia
oxidation to nitrous oxide is as follows:

2 NH3 + 2 O2 N2O + 3 H2O. (5.1)

As previously proposed in the literature52, a few key steps likely occur during
the reaction sequence. These are: i) the dehydrogenation of ammonia:

NH3
* + O NH* + H2O (5.2)

ii) the formation of an HNO (nitroxyl) intermediate

NH* + O HNO*, (5.3)

and iii) the combination of two nitrogen-containing fragments to form the
N–N bond in the final product:

HNO* + HNO* N2O + H2O. (5.4)

The combination of two nitroxyl fragments, as shown in Eq. 5.4 can proceed
via a hyponitrous acid intermediate231–233, followed by elimination of nitrous
oxide and water. However, N–N bond formation might also occur in different

12Note the large difference in adsorption energy compared to platinum, which came
out to −0.85 eV when evaluated with PBE+U (Table 5.3). While for the Pt-4O system,
catalyst activation was previously proposed via reductive treatment with H2 or CO68, due
to its exceptional stability, it remains questionable if this is possible for the equivalent
Mn-4O SAC via exposure to the ammonia oxidation reaction mixture.
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Chapter 5. Theory meets experiment

ways, involving other nitrogen-containing fragments at variable degrees of
oxidation, for instance:

HNO* + NH* N2 + H2O (5.5)

or:

NH2
* + NH2

* N2H4
*

N2H4
* + O2 N2 + 2 H2O

(5.6)

Importantly, reactions 5.5 and 5.6 proceed via less oxidized nitrogen-containing
fragments and therefore prevail under more reducing conditions (e.g. on
the pure ceria sample). On the other hand, strongly oxidizing conditions
that provide an excess of reactive oxygen species, lead to the formation of
mainly NO. Thus, the results of the TAP experiments show that the initial
oxygen availability on the Mn-based catalyst is high enough to lead to over-
oxidation. However, under steady state operation, the ceria-based Mn-SAC
achieves exactly the right conditions to form N2O as the main product (see
Fig. 5.6). These mechanistic proposals again point to the availability of
reactive oxygen species as a key descriptor for catalyst performance.

It should be noted at this point that the full network of elementary steps
for the reaction at hand is far too vast to be explored exhaustively with com-
putational methods234. This is especially true if the involvement of lattice
oxygen (as confirmed by the TAP experiments), vacancies, acid-base equi-
libria with the support, and the numerous N-N bond formation routes ought
to be evaluated explicitly. This is a rather common situation in the field of
heterogeneous catalysis and is responsible for the fact that most chemical
transformations used industrially on multi-million ton scales for decades are
still poorly understood at the atomic level235. In addition, the need for a
hybrid functional to obtain refined adsorption energy estimates increases
the computational cost by one to two orders of magnitude compared to
PBE+U, further complicating the situation. Thus, I shall content myself
with evaluating the feasibility of the main reaction steps and intermediates
en route to nitrous oxide formation, using three-fold coordinated low-valent
Mn anchored on the majority CeO2(111) facet as representative catalyst
model. The full obtained reaction scheme is presented in Fig. 5.11 and will
be discussed in the following. Reaction intermediates will be referenced in
bold in brackets and energy differences between important structures indi-
cated.

When the catalyst (1) gets in contact with the reaction mixture, the
thermodynamic driving force to bind O2 is higher (−1.21 eV) than for am-
monia (−0.98 eV), thus it adsorbs first on the metal center (2). Due to
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5.2. Mn1/CeO2 in ammonia oxidation

the open and dynamic coordination motif provided by the three lattice oxy-
gen, the Mn-SA remains available to subsequently also adsorb ammonia
(−0.79 eV), leading to an octahedral-like coordination sphere (3). With
the two reactants in proximity, the dehydrogenation step can now occur,
driven by the release of water molecule as side product (0.23 eV), while an
NH fragment and a reactive oxygen center remain bound to the manganese
atom (4). As evident from Fig. 5.11, one bond to lattice oxygen is broken
in this structure, leading to a quasi-tetrahedral coordination sphere around
the metal center. Next, combination of the NH fragment and the reactive
oxygen yields the nitroxyl, HNO, fragment in η2 coordination, albeit with
a rather endothermic reaction energy (0.94 eV).

With the first nitroxyl formed, the number of possible pathways for the
reaction is now insurmountable, thus, I assume the formation of the sec-
ond fragment to occur via dehydrogenation of ammonia accordingly (6).
Again driven by the elimination of water, the overall process is thermody-
namically favorable (−2.26 eV). Importantly, the low degree of coordinative
saturation of the manganese atom again allows it to bind two nitroxyl frag-
ments in a quasi-octahedral coordination sphere. These two fragments can
now dimerize and form a hyponitrous acid-like ring structure (7), which is
thermodynamically slightly uphill (0.87 eV). Lastly, N2O and H2O can be
eliminated, releasing −1.33 eV and −1.60 eV, respectively, concluding the
catalytic cycle. Alternatively, protonation of hyponitrous acid at the two
oxygen atoms did not lead to a stable ring structure, but to the elimina-
tion of N2. In reality, this process is likely occurring, as well, and in part
responsible for the observed N2 formation.
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Chapter 5. Theory meets experiment

Figure 5.11: Proposed reaction scheme for ammonia oxidation to nitrous
oxide on the most representative low-valent Mn-SAC on the ceria (111)
majority facet. The key steps are NH3 dehydrogenation, and the formation
of a nitroxyl and hyponitrous acid-like ring intermediate. All steps are
thermodynamically accessible.

It should be noted here that an alternative pathway can be constructed
when ammonia is bound first and dehydrogenation is then achieved via lat-
tice oxygen, as shown in Fig. 5.12 b). Through this process, the coordination
sphere around Mn is broken in favor of integration of the NH fragment in-
tegrated (3′). However, this step is thermodynamically significantly uphill
(3.26 eV), thus some form of prior oxygen activation by the low-valent man-
ganese atom is likely crucial. In this alternative path, oxygen adsorption
is then assumed to occur after ammonia dehydrogenation (4′, −1.06 eV),
followed by oxygen splitting and N–O bond formation (−1.88 eV) to yield a
nitroxyl-containing intermediate (5′). This structure has the same compo-
sition as intermediate 5 in Fig. 5.11, and interconversion between the two
proceeds almost thermoneutral (−0.14 eV). Furthermore, I also considered
the elimination of water at an earlier stage in the cycle, such as from the
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5.2. Mn1/CeO2 in ammonia oxidation

di-nitroxyl intermediate (6), as shown in Fig. 5.12 a). Here, proton trans-
fer to one of the coordinating oxygen allows for thermoneutral (0.00 eV)
elimination of H2Olig, leading to a structure in which one NO– fragment is
integrated into the coordination sphere (7′). In this case, ring formation to
Mn-bound ONNO fragment (8′) is highly exothermic (−1.39 eV). Lastly,
elimination of N2O restores the 3-fold oxygen coordination, closing the cat-
alytic cycle. Due to the formation of N16O and N 16

2 O observed in TAP,
such a pathway with the direct participation of lattice oxygen is likely also
occurring during catalyst operation.

Figure 5.12: Possible deviations from the proposed reaction sequence of
ammonia oxidation to N2O on low-valent SA-Mn on ceria (111). a) Depro-
tonation of di-nitroxyl intermediate followed by elimination of H2Olig and
formation of an ONNO ring intermediate. b) Primary adsorption of am-
monia and dehydrogenation via lattice oxygen, followed by adsorption of
gas-phase O2 and isomerization to the nitroxyl intermediate.

Furthermore, I explored various acid-base equilibria at different steps of
the reaction cycle, beginning with the formation of the nitroxyl intermediate
(4). Overall, I considered proton transfer to the coordinating oxygen (Olig),
as well as distant lattice oxygen (Olatt), as shown in Fig. 5.13. Furthermore,
I also investigated the elimination of water from either the di-nitroxyl (6)
or the hyponitrous acid ring intermediate (7), again, under participation
of either ligand or lattice oxygen. For intermediate 4, proton transfer to a
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ligand oxygen is thermodynamically more accessible (0.15 eV), than trans-
formation of the nitroxyl fragment to NO– via the protonation of lattice
oxygen (0.66 eV). Similarly, for the di-nitroxyl structure, elimination of
H2Olig involving a ligand oxygen is thermoneutral (0.00 eV), while loss of
a lattice oxygen is significantly endothermic (1.04 eV). This can be ratio-
nalized as in the former case the resulting NO– fills the resulting vacancy,
which is not possible in the latter case. The same applies for the hyponitrous
acid-like intermediate (7), where elimination of H2Olig is highly exothermic
(−2.26 eV), while the process is thermoneutral (0.08 eV) for H2Olatt. In par-
ticular, in the former case, the fully deprotonated ONNO ring provides a
structure from which elimination of N2O perfectly restores the coordination
sphere around the manganese SA (as mentioned above). Under operando
conditions, all considered structures are likely present and involved in com-
plex equilibria. Fully reproducing the catalytic performance would therefore
require evaluation of the entire reaction network, including transition states,
and coupling the results via a microkinetic model.

Figure 5.13: Possible acid-base equilibria between reaction intermediates
and the ceria support on the (111)-based low-valent Mn-SAC. a) Possible
proton transfer from the NH,O and nitroxyl intermediates to ligand and
lattice oxygen. b) Possible proton transfer from the di-nitroxyl and hy-
ponitrous acid-like intermediates to ligand (Olig) and lattice oxygen (Olatt),
leading to assumed elimination of H2Olig and H2Olatt.

Lastly, as the ceria support likely also exposes small fractions of various
other facets, I investigated the same mechanistic scheme obtained for the
(111)-based catalyst, Fig. 5.11, for low-valent manganese anchored on the
(110) and (100) surfaces (1), as shown in Fig. 5.14. Again, adsorption of O2

is favorable [(110): −2.91 eV; (100): −3.47 eV] and presents the first step
in the cycle (2). As the SA-metal is coordinated to only two surface oxy-
gen in both structures, it can also bind ammonia in the next step (3). For
the (100) [(110)]-based catalyst, the following NH3 dehydrogenation is then
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5.2. Mn1/CeO2 in ammonia oxidation

thermoneutral (exothermic by −1.20 eV), and leads to an NH fragment that
is coordinated to the metal, as well as cerium of the support in both cases
(4). Next, rearrangement to form the nitroxyl intermediate (5) is thermo-
dynamically uphill by 1.01 eV (0.81 eV) on (110) [(100)], thus presenting
the most challenging step in the reaction sequence. This is in accordance
with the reaction on (111), where the equivalent step has an energy cost of
0.94 eV. Formation of a second nitroxyl (6) is again driven by elimination
of water, and followed by the formation of the hyponitrous acid-like inter-
mediate (7), from which N2O ((110): 0.71 eV; (100): 0.67 eV) and water
[(110): −0.34 eV; (100): 0.45 eV] are released (8) to close the catalytic cy-
cle. Thus, the feasibility of the proposed reaction sequence obtained on all
ceria low-index facets points to the inherent capability of low-valent SA-Mn
to facilitate the oxidation of ammonia to nitrous oxide.

Figure 5.14: Investigation of the proposed reaction scheme of ammonia
oxidation to nitrous oxide via the key steps of NH3 dehydrogenation, and
the formation of the nitroxyl and hyponitrous acid-like ring intermediates
on low-valent manganese stabilized on ceria (110) and (100) facets.

To recapitulate, the key steps for obtaining a high-performing catalyst
for ammonia oxidation to N2O are i) the activation of oxygen, either from
the gas phase or from the lattice, providing a sufficient concentration of
reactive oxygen species for the dehydrogenation of ammonia and the oxida-
tion of NH-fragments, and ii) the stabilization of the hyponitrous acid-like
ring intermediate, facilitating N–N-bond formation. On oxidized and co-
ordinatively saturated manganese, such as the Mn-4O motif obtained on
restructured (100) and (110), the SA metal can neither sufficiently activate
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Chapter 5. Theory meets experiment

oxygen, nor bind the reactants, or form the required ring intermediates.
On the other hand, as shown above, on ceria-based low-valent SA-Mn, all
steps are facilitated, yielding a catalyst with unprecedented activity and
selectivity.
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Chapter 6

Conclusions and outlook

In this thesis, I discussed four of my works on ceria-based single-atom cat-
alysts. Each treated different aspects of these chemically, structurally, and
electronically highly complex and dynamic systems:

• In Chapter 3, I investigated the nature of dynamic electron transfer
for ceria-based single-atom catalysts (SACs) via DFT. For the com-
mon Pt1/CeO2(100) system, I showed that ceria reduction, modelled
by introducing a surface vacancy, significantly increases the number
of electronic states in the electronic ensembles. In addition to the
higher number of localized polarons, this is also due to symmetry low-
ering. For the reduced surface, the distribution of electronic states
further shifts towards lower platinum oxidation states, Pt0/Pt+, at
the expense of Pt2+, with low-energy states becoming inaccessible for
the latter species. Consequently, at finite temperature (modelled via
molecular dynamics simulations at 600 K), the ratio of total lifetimes
of Pt+ vs. Pt2+ shifts from 1:1 for the nondefective support, to about
7:1 for the reduced one. To further evaluate if oxidation state dynam-
ics is an effect exclusive to platinum, I constructed models of SACs
for the other group 9–11 metals, accounting for the common ceria
low-index surfaces. I first investigated the question of general stabil-
ity, showing that only local (100) facets, particularly in the square
planar 4O reconstruction, can stabilize a wide range of different met-
als. I then sampled local polaron distributions to explore the elec-
tronic ensembles that comprise each system. Here, I could show that
overlapping ensembles at different oxidation states, the main prereq-
uisite for dynamic electron transfer, is present for various metals in
different coordination environments, thus proving the ubiquity of the
effect for ceria-based catalysts. Lastly, I again validated the results
obtained by static DFT simulations via molecular dynamics, proving
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the correspondence the two computational approaches. Importantly,
the ground state structure of the static picture presents the major-
ity state in the dynamic picture, and the directions, frequencies, and
lifetimes of deviations from the ground state closely follow the energy
distributions obtained through the sampling of the localized polaron
distributions.

• In Chapter 4, I then used the previously obtained wealth of data on
the energetics of local polaron distributions to construct predictive and
physically insightful machine learning models. As a first step, suitable
features to capture the physical interactions between the metal atoms
and the support had to be constructed. The final primary feature
space comprises atomic properties of the isolated metal atoms and in
the given coordination environment, as well as geometric descriptors
of the local polaron structure of the ceria support. Importantly, none
of the features requires explicit prior evaluation with DFT, but can be
looked up from literature or derived from the initial structure. Obtain-
ing suitable descriptors for such an inhomogeneous dataset, however,
brought various challenges, such as the need for the absence of empty
data entries throughout. Among other methods, I could overcome
these challenges by using reasonable default values and generating
statistical descriptors. Then, I constructed predictive models based
on the elastic net and random forest algorithms that can estimate the
DFT energies. In addition to their good predictive capabilities, these
models further enabled the identification of the main physical prop-
erties that are required to reproduce the energy spectra. A reduced
subset of representative features could then be used in the Bayesian
machine scientist symbolic regressor to obtain a closed-form mathe-
matical formula that approximates the data. The work shows how
machine learning can be used to circumvent the need for expensive ab
initio simulations and augment the physical insight obtained.

• For the two projects presented in Chapter 5, I worked in collabora-
tion with experimental colleagues to elucidate the origin of the high
ability of oxygen plasma pretreated ceria to stabilize single-atom plat-
inum, and to rationalize the exceptional performance of a manganese
single-atom catalyst in ammonia oxidation to nitrous oxide via DFT
simulations. In the first project, I could assign a previously unknown
peak in the XPS spectrum of the as-prepared platinum catalyst to
peroxide species. By further evaluating the effect of peroxide on the
adsorption of platinum, I constructed plausible mechanisms how their
presence can increase the amount of metal that can be deposited ag-
glomeration occurs. For the Mn1/CeO2 catalyst of the second project,
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a library of possible structures was constructed, and representative
models in agreement with experiments could be identified. For vari-
ous structural models, the reactivity landscape of ammonia oxidation
to nitrous oxide was then explored. This could prove the crucial role
of low-valent manganese in activating oxygen, either from gas phase,
or the ceria lattice, necessary for the dehydrogenation of ammonia
and the oxidation of nitrogen-containing fragments. It could also be
shown that low-valent manganese can bind multiple such fragments
and facilitate their dimerization to form a hyponitrous acid-like ring
intermediate, form which the product can be evolved. A thermody-
namically feasible reaction sequence could be constructed, in line with
prior literature. The obtained results on the important role of low-
valent manganese for the observed catalytic performance is in agree-
ment with the available experimental data. Both projects showcase
the power of the combination of computational modelling and exper-
imentation in the field of heterogeneous catalysis.

This thesis has investigated in depth the atomic and electronic structure
of ceria-based single-atom catalysts, in particular, dynamic electron transfer
processes enabled by the reducible nature of the ceria support. In addition,
it shows how data-driven machine learning based on computational model-
ing can be used to obtain accurate predictive models from which additional
physical insight can be derived. Lastly, I have shown how computational
modelling is invaluable to elucidate experimentally difficult or inaccessible
catalyst properties. The above being said, however, there always remains
work to be done, so in that spirit, I will outline few shortcomings of the
presented works and provide prospective future improvements.

As discussed extensively in Section 2.4.3, the sampling of local polaron
distributions is not fully complete, especially considering that mOS values
up to four have been obtained. To realize a complete sampling in such
cases, the use of more sophisticated tools, such as icet186 or disorder187,188

would be necessary, rather than the in-house scripts that were used at the
time. These tools are specifically geared towards exploring configuration
spaces for which a brute force approach would require the consideration of
exceedingly large numbers of structures, and therefore become completely
unfeasible (e.g. site-occupancy configurations of disordered structures —
exceeding 109 in number). Thus, more advanced computational protocols
could achieve a more complete sampling of polaron structures, to answer the
question of oxidation state dynamicity, however, I do not deem this strictly
necessary.

In addition, the inherent electronic complexity and structural variability
(originating from the localized polarons) of ceria-based systems, such as the
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ones treated in this work, make the thorough consideration of local polaron
distributions during exploration of reactivity impracticable. Thus, it could
not be taken into account in depth in the collaborations with experimental
colleagues, however, practical experience shows that obtained structures are
typically not far from the true ground state. Moreover, the dependence of
the Hubbard U-correction on the oxidation states of the considered species
makes the evaluation of reaction energies with this methodology difficult.
Re-evaluation with the HSE03–13 hybrid functional was applied for the
study of the Mn1/CeO2 catalyst based on the PBE+U optimized structures,
however, the desirable full structural optimization with hybrid functionals
currently remains computationally inaccessible for systems of the given size.

Lastly, as evident from the predictions of the Elastic Net and Random
Forest models shown in Fig. 4.6, horizontal clusters of points remain. This
means that qualitatively different structures that lead to different DFT ener-
gies, could not be distinguished by the models, hinting at the fact that there
remains some incompleteness in the feature space. One possible approach
to tackle this problem could be via the introduction of machine learning
at an earlier stage, such as in the description of the geometric structure
of the local polaron distributions, as was done for example by Birschitzky,
Franchini and coworkers219.

The majority of the shortcomings and possible improvements outlined
in this section originate from the unfortunate fact that our methods are
just not efficient, and our computers just not powerful enough to treat
systems exceeding a certain size. Feats like the computational treatment of
large proteins or nanosecond molecular dynamics simulations with ab initio
methods currently still remain a prospect of the future. Thus, it is the
distinguished feature of the computational scientist to identify the crucial
characteristics of the section of the cosmos he is trying to describe, and
construct models that accurately represent reality for the given purpose.
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Table 7.2: Performances of the EN and RF models during Sequential Feature
Selection (SFS), evaluated via K-Fold Cross-Validation (KF) and Leave-
One-Group-Out Cross-Validation (LO), up to the inclusion of eight primary
features.

Model Feature R2 RMSE / eV MAE / eV

EN (KF)

rp 0.424 ± 0.001 0.507 ± 0.018 0.437 ± 0.017

rcov 0.614 ± 0.001 0.416 ± 0.012 0.339 ± 0.010

NO 0.816 ± 0.001 0.292 ± 0.008 0.231 ± 0.009

EA 0.868 ± 0.001 0.247 ± 0.007 0.194 ± 0.007

dCe3-Ce3 0.887 ± 0.001 0.229 ± 0.012 0.181 ± 0.013

εOB 0.898 ± 0.000 0.220 ± 0.012 0.171 ± 0.013∑
dM-Ce3 0.913 ± 0.001 0.204 ± 0.008 0.154 ± 0.006

EN (LO)

Z 0.410 ± 0.009 0.538 ± 0.080 0.451 ± 0.080

rcov 0.605 ± 0.009 0.452 ± 0.158 0.380 ± 0.143

NO 0.837 ± 0.009 0.346 ± 0.110 0.278 ± 0.094

Φel 0.874 ± 0.004 0.291 ± 0.061 0.235 ± 0.057

dCe3-Ce3 0.888 ± 0.008 0.280 ± 0.071 0.225 ± 0.057

LUMO 0.893 ± 0.009 0.267 ± 0.053 0.219 ± 0.043

min(dM-Ce3) 0.899 ± 0.008 0.264 ± 0.057 0.216 ± 0.046

RF (KF)

IP 0.672 ± 0.001 0.393 ± 0.013 0.316 ± 0.012

NO 0.915 ± 0.002 0.213 ± 0.026 0.156 ± 0.012

∆GM-O
mol 0.928 ± 0.001 0.193 ± 0.010 0.146 ± 0.008

εOB 0.944 ± 0.001 0.184 ± 0.004 0.134 ± 0.008

dM-Ce3 0.961 ± 0.001 0.168 ± 0.007 0.119 ± 0.007

HOMO 0.964 ± 0.001 0.161 ± 0.010 0.114 ± 0.010

LUMO 0.963 ± 0.001 0.162 ± 0.012 0.116 ± 0.011

ε 0.965 ± 0.001 0.159 ± 0.011 0.113 ± 0.010

RF (LO)

Z 0.556 ± 0.008 0.500 ± 0.072 0.435 ± 0.081

HOMO 0.564 ± 0.009 0.462 ± 0.089 0.387 ± 0.087

rp 0.566 ± 0.010 0.454 ± 0.090 0.387 ± 0.093

δdCe3-Ce3 0.624 ± 0.022 0.454 ± 0.099 0.382 ± 0.099

EA 0.625 ± 0.020 0.453 ± 0.085 0.390 ± 0.089

max(dM-Ce3) 0.640 ± 0.019 0.458 ± 0.080 0.392 ± 0.085

εOB 0.660 ± 0.022 0.458 ± 0.092 0.397 ± 0.097

rcov 0.660 ± 0.023 0.464 ± 0.093 0.397 ± 0.101
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Chapter 7. Appendix

Table 7.3: Fitting constants used in the two BMS equations.

Term c1 c2 c3 c4 c5 c6

EM
BMS -1.06·10−3 -5.52 0.27 -1.26·103 0.61 4.32·106

EOx
BMS -27.01 0.29 – – – –
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(169) Pérez-Bailac, P.; Lustemberg, P. G.; Ganduglia-Pirovano, M. V.
Facet-dependent stability of near-surface oxygen vacancies and ex-
cess charge localization at CeO2 surfaces. J. Phys. Condens. Matter
2021, 33, 504003.

(170) Daelman, N. et al. Quasi-degenerate states and their dynamics in
oxygen deficient reducible metal oxides. J. Chem. Phys. 2020, 152,
050901.
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Single-Atom Catalysis

Highly Stable and Reactive Platinum Single Atoms on Oxygen
Plasma-Functionalized CeO2 Surfaces: Nanostructuring and Peroxo
Effects

Weiming Wan, Julian Geiger, Nikolay Berdunov, Mauricio Lopez Luna, See Wee Chee,
Nathan Daelman, Núria López,* Shamil Shaikhutdinov,* and Beatriz Roldan Cuenya*

Abstract: Atomically dispersed precious metals on oxide
supports have recently become increasingly interesting
catalytic materials. Nonetheless, their non-trivial prepa-
ration and limited thermal and environmental stability
constitutes an issue for their potential applications. Here
we demonstrate that an oxygen plasma pre-treatment of
the ceria (CeO2) surface serves to anchor Pt single
atoms, making them active and resistant towards sinter-
ing in the CO oxidation reaction. Through a combina-
tion of experimental results obtained on well-defined
CeO2 films and theory, we show that the O2 plasma
causes surface nanostructuring and the formation of
surface peroxo (O2

2� ) species, favoring the uniform and
dense distribution of isolated strongly bonded Pt2+

atoms. The promotional effect of the plasma treatment
was further demonstrated on powder Pt/CeO2 catalysts.
We believe that plasma functionalization can be applied
to other metal/oxide systems to achieve tunable and
stable catalysts with a high density of active sites.

Introduction

Single-atom catalysts (SACs) of precious metals have
recently received great attention in the catalysis
community.[1] In addition to the fact that SACs maximize
the noble metal efficiency, such catalysts often show

superior catalytic performance as compared to oxide-
supported metal nanoparticles (NPs). Several preparation
techniques have been reported in the literature, such as co-
precipitation at very low metal loading,[2] strong electrostatic
adsorption of metal precursors on oxide nanocrystals,[3]

atom trapping,[4] atomic layer deposition,[5] magnetron co-
sputtering of a noble metal and an oxide,[6] to name a few.
To increase the commercial value of SACs, it is however
necessary to fabricate them with relatively high metal
loading. Moreover, single atoms must be resistant towards
sintering under catalytically relevant conditions. To get
more insight into these issues, fundamental studies employ-
ing model systems and surface sensitive techniques in
combination with theoretical investigations are of high
importance.

In this work, we addressed the question of how the
surface structure (morphology and composition) of the
oxide support affects the metal dispersion and the stability
of single atoms at elevated temperatures and in a gas
atmosphere. More specifically, we targeted ceria (CeO2)-
supported Pt SACs which are one of the most intensively
studied systems, both experimentally and theoretically, in
the CO oxidation reaction.[7] We prepared Pt/CeO2 model
catalysts by physical vapor deposition of Pt onto crystalline
CeO2(111) films subjected to different pre-treatments result-
ing in ceria reduction and/or surface roughening. Among the
ceria supports studied, Pt atoms deposited onto CeO2 films
pre-treated with O2 plasma showed the best performance in
terms of thermal stability and catalytic activity in the CO
oxidation reaction. Corroborated by density functional
theory (DFT), the effect is attributed to: i) a plasma-induced
surface restructuring resulting in ceria clusters at the oxide
surface; and ii) the formation of a significant amount of
surface peroxide (O2

2� ) species, all favoring a dense and
uniform distribution of isolated and highly stable Pt single
atoms. The promotional effect of the plasma treatement was
also demonstrated on the powder catalysts. These findings
open a new playground for using the plasma functionaliza-
tion in heterogeneous catalysis to achieve a high density of
stable active sites.

Results and Discussion

Well-ordered, stoichiometric CeO2(111) films were grown
on a Ru(0001) substrate as described elsewhere[8] (see the
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Experimental Section in the Supporting Information). To
examine the possible role of oxygen vacancies on the Pt
adsorption, the films were annealed in ultrahigh vacuum
(UHV) at high temperature resulting in ceria partial
reduction (henceforth referred to as “CeO2-red” films). In
addition, we prepared CeO2(111) films exposing a high
density of monoatomic steps (“CeO2-step”) as described in
ref. [9] in order to increase the number of low-coordinated
sites at the surface. Finally, the well-ordered films were
treated with a low-pressure oxygen plasma (denoted as
“CeO2-plasma”). Pt was deposited onto these films at low
metal flux in order to minimize metal aggregation upon
deposition at room temperature. The electronic structure of
Pt was monitored by X-ray Photoelectron Spectroscopy
(XPS) via the Pt 4f level, and the binding energy (BE) of the
4f7/2 state will only be used in the discussion.

Figure 1 compares Pt 4f spectra obtained for 0.2 ML Pt
deposited on differently prepared CeO2 films (one mono-
layer (ML) corresponds to one Pt atom per CeO2(111)
surface unit cell, i.e., 8×1014 cm� 2) and measured before and
after the CO oxidation reaction at 523 K at near ambient
pressure. Note that all samples before the reaction were
annealed in UHV at 523 K in order to discriminate solely
thermal from reaction-induced effects. The full XPS data set
for the Pt 4f, Ce 3d and O 1s levels are shown in Figures S1–
S4. The Low Energy Electron Diffraction (LEED) patterns
of the films prior to the Pt deposition are shown in Figure 1
adjacent to the spectra.

First, we discuss the results for Pt deposited onto a well-
ordered stoichiometric CeO2(111) film. “As deposited” Pt
species are characterized by a BE of 71.8 eV (Figure S1)
which is usually observed on metallic Pt clusters.[10] The
peak shifts to lower BE (71.4 eV) upon UHV annealing,
thus indicating particles sintering.[11] The spectrum obtained
after the reaction consists of several states. Obviously, the
71.1 eV state is associated with even larger metallic NPs,

suggesting further Pt sintering under reaction conditions.
Two other signals centered at 74.2 and 72.7 eV are assigned
to Pt in the 4+ and 2+ oxidation states, respectively.

Analysis of the Ce 3d and O 1s spectra (Figure S1)
revealed no changes after Pt deposition. The amount of
Ce3+ slightly increases after vacuum annealing at 523 K,
indicating a Pt-induced partial ceria reduction. The Ce 3d
spectrum fully recovers after CO oxidation in an O2-rich
atmosphere. The O 1s signal at 529.3 eV showed no addi-
tional states associated with adsorbates (typically, hydroxyls
and carbonates) before and after Pt deposition, since the
stoichiometric CeO2(111) surface is essentially inert to
residual gases in the UHV background at 300 K.[12] How-
ever, a considerable signal at 531.8 eV appears after the
reaction, which can be attributed to adventitious CO2 (and
probably water) adsorption on the bare ceria support at
near ambient pressures.[8b]

The reduced ceria surface shows a complex (
ffiffiffi
7
p

×ffiffiffi
7
p

)-R19.1° LEED pattern, which is assigned to long-range
ordering of the O vacancies at the surface.[13] In contrast to
stoichiometric CeO2(111), this surface readily reacts with
traces of water in the UHV background causing an addi-
tional weak O 1s signal at 532.0 eV from surface hydroxyls
(Figure S2).[12b] Beyond the Pt metal atoms constituting
small clusters (BE at 71.6 eV), some Pt atoms on the “CeO2-
red” surface are in the 2+ oxidation state (at 72.8 eV).
However, the Pt2+ signal disappears upon vacuum anneal-
ing, whereas the Pt0 signal gains in intensity, so that the
spectrum becomes virtually identical to the one observed on
the stoichiometric CeO2 surface (Figure 1). After CO
oxidation, Pt is found almost exclusively in the 2+ state
(72.8 eV), with some minor contribution of Pt4+ (74.2 eV)
and the Pt0 states (71.1 eV). Again, the results can be
explained by the formation of relatively large Pt NPs which
underwent oxidation. Concomitantly, the ceria surface
became fully oxidized (no Ce3+ detected) in the O2-rich
mixture used (Figure S2).

When Pt is deposited onto CeO2(111) films with an
artificially increased step density (“CeO2-step”), the Pt
atoms are partially in the 2+ and metallic states (BEs at
72.8 and 71.9 eV, respectively, Figure S3). In contrast to the
previous cases, Pt2+ species are thermally stable and remain
at the surface in addition to small metallic clusters, which
sinter upon annealing (the corresponding BE shifts from
71.9 to 71.7 eV). After the CO oxidation reaction, no
metallic Pt atoms are found on the surface, which now
contains only Pt2+ and Pt4+ species.

Therefore, in the above-presented systems, Pt deposits
always form small metal particles upon UHV annealing. A
certain amount of thermally stable Pt2+ species found on the
“CeO2-step” surface can be explained by the strong
adsorption of Pt single atoms at step edges.[9] When exposed
to the CO oxidation atmosphere, metal clusters become
oxidized, thus giving rise to the 4+ and 2+ states, albeit
their ratio depends on the initial particle size. The formation
of Pt4+ and Pt2+ species on the Pt NPs in oxidizing ambient
is well-documented in the literature,[14] and is commonly
attributed to PtO2/PtO clusters or a thin PtOx oxide film
formed on the large Pt NPs.

Figure 1. Comparison of Pt 4f spectra obtained on four different 0.2 ML
Pt/CeO2 surfaces before and after CO oxidation reaction at 523 K (in a
mixture of 10 mbar CO and 50 mbar O2 balanced by He to 1 bar).
Before the reaction, the samples were annealed at 523 K in UHV. LEED
patterns (at 81 eV) of the ceria films prior to the Pt deposition are
shown in the left panel adjacent to the spectra.
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Finally, Figure 1 shows the results for the CeO2 film
exposed to oxygen plasma prior to the Pt deposition. This
system substantially differs from the previous ones. Starting
from the “as deposited” sample (Figure S4), Pt remains
exclusively in the 2+ state even in the CO oxidation
reaction at near atmospheric pressure.

To shed light on the origin of the exceptional stability of
Pt on the CeO2-plasma films, we studied the ceria surface
with STM. STM images (Figure 2a–c) revealed the forma-
tion of ceria clusters about 1 nm in size, which are randomly
distributed on the surface. These STM results also explain
the lack of long-range order in LEED patterns (see Fig-
ure 1). In addition, the O 1s XPS spectra (Figure 2e)
revealed a prominent shoulder at 530.8 eV, which cannot be
assigned to adventitious hydroxyls and/or carbonates, show-
ing a considerably higher BE, i.e., 531.8 eV (Figure S1–S3).
The signal is shifted by 1.6 eV with respect to the main peak
at 529.2 eV and grows at increasing plasma exposure time.
The signal gains in intensity when measured at more surface
sensitive, grazing emission (Figure 2e). All these findings
point to the formation of new oxygen species which are
absent on other ceria surfaces studied above. Based on DFT
(PBE + U) calculations of atomic O adsorption on the
stoichiometric CeO2(111) surface and corresponding BE

shifts of the O 1s level (Figure 2f, see details below), we
assigned the 530.8 eV signal to surface peroxides, O2

2� (see
also Figure S6,S7 and Table S1).

On such a disordered and very rough surface, direct
visualization of metal single atoms with STM is very difficult
if not impossible. In an attempt to identify Pt species formed
on the CeO2-plasma films, we employed Infrared Reflec-
tion-Absorption Spectroscopy (IRAS) using CO as a probe
molecule and compared the results on the Pt/CeO2-plasma
and pristine Pt/CeO2(111) surfaces. The bare ceria surfaces
did not adsorb CO under the exposure conditions studied.

Adsorption of CO (at 10� 6 mbar) on Pt deposited onto a
well-ordered CeO2(111) surface at 200 K (Figure 3a) re-
sulted in IRAS bands centered at 2087 and 2024 cm� 1 and a
weak band as a shoulder at ~2060 cm� 1. The former two
signals disappeared on the sample heated to 500 K and
exposed to CO again, while the band at 2060 cm� 1 gained in
intensity. This latter band can be assigned to the stretching
vibrations of CO adsorbed at the low-coordinated sites[15] on
Pt NPs located primarily at the step edges, as shown by
STM.[11] Accordingly, the 2087 and 2024 cm� 1 bands ob-
served immediately after Pt deposition belong to CO
adsorbed onto Pt clusters and aggregates with ill-defined
structures,[16] since their formation is affected by the limited

Figure 2. STM images of a) the well-ordered CeO2(111) and b,c) CeO2(111)-plasma films taken in UHV at ~500 K. d) Topography profile along the
line marked in image (c). e) O 1s XPS spectra of the CeO2(111)-plasma film measured at normal and grazing emissions. f) Calculated BE shifts for
the peroxo-O atoms (open symbols) and surface O atoms (filled symbols) referenced to the lattice O atoms in the bulk (set to zero). The latter are
in abundance and dominate the experimental spectra. The shaded area highlights experimentally measured BE shifts. Insets show the top views of
the topmost layer in DFT-optimized structures at 1=4 ML peroxo coverage on (111), (110), and (100) surfaces. Color code: Ce: gold; surface O: red;
peroxo O2

2� : pink.
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diffusivity of surface ad-atoms at these relatively low
temperatures. In contrast, Pt species formed upon deposi-
tion onto the CeO2-plasma surface showed a single band at
2104 cm� 1. The band is considerably reduced in intensity and
red-shifted (to 2095 cm� 1) on the sample that was annealed
in UHV at 500 K prior to the CO exposure (Figure 3b). The
latter spectrum is fully reproducible after several thermal
flashes to 500 K, indicating a good thermal stability of the Pt
species, in full agreement with the XPS results. In principle,
both the 2104 and 2095 cm� 1 band falls in the range of those
reported in the literature for powder Pt SACs proven by
high resolution electron microscopy.[1f, 4,5,7b] It is interesting
that no CO IRAS bands were observed on the samples pre-
heated to 700 K, indicating that either the Pt atoms migrate
into the sub-surface region or they adsorb CO weakly. It
should be noted, however, that IRAS spectra on metal-
supported oxide films obey the selection rule such that only
vibrations associated with dipole changes normal to the
metal surface can be detected.[17] Therefore, CO molecules
oriented parallel to the Ru(0001) substrate will be invisible
in IRAS spectra.

We also recorded the IRAS spectra on these two systems
after the CO oxidation reaction in the mixture consisting of
1% CO and 5% O2 (balanced by Ar to 1 bar) in a “high-
pressure” reaction cell. After 5 min of reaction at 500 K and
sample cooling to room temperature, the cell was pumped
out and the IRAS spectra were recorded in UHV at 300 K
without additional exposure to CO. Interestingly, the spectra
revealed similar bands at around 2110 cm� 1 on both systems,
but of different intensities. (A weak and broad band at

2070 cm� 1 on Pt/CeO2(111) can be assigned to traces of CO
residing at the edges of metallic Pt NPs, see above).
However, the spectra showed different behavior upon slow
heating the sample to 500 K. On Pt/CeO2(111) (Figure 3a),
the band at 2113 cm� 1 gradually shifts to a lower wave-
number (by 10 cm� 1), and its integral intensity slightly
decreases, indicating a partial desorption of CO. These
spectral changes and peak positions are characteristic for
CO adsorbed on O-precovered Pt surfaces,[18] and the shift
can be explained in terms of the dipole-dipole interaction
between neighboring CO molecules adsorbed on the parti-
ally oxidized Pt NPs, as observed by XPS (Figure 1). The
formation of relatively large Pt NPs on CeO2(111) prior to
the reaction can also explain the relatively high intensity of
the IRAS bands due to the image charge effects. In contrast,
a much weaker band at 2010 cm� 1 observed on the Pt/CeO2-
plasma surface stays constant during sample heating to
500 K (Figure 3b). Although this band fully disappears upon
heating to 700 K and cannot be observed upon CO exposure
at room temperature, it is fully reproduced after a second
CO oxidation reaction run. Based on the comparative XPS
and IRAS results, we can conclude that Pt deposited onto
the plasma-treated CeO2 surface forms single atoms which
remain stable in a reaction atmosphere, albeit its coordina-
tion to the ceria surface may be affected by the CO
oxidation reaction.

Based on structural characterization of the CeO2-plasma
surface by LEED and STM, one may suggest that the
enhanced stability of Pt originates from surface roughening
that suppresses the diffusivity of the Pt ad-atoms and hence
their aggregation. To examine this scenario, we prepared a
rough surface by bombarding a well-ordered CeO2(111) film
with 1 keV Ar+ ions at 300 K for 5 min, resulting in the
strong attenuation of the diffraction spots in LEED and a
high density of monatomic steps as previously shown by
STM.[19] However, the surface becomes considerably re-
duced due to the preferential sputtering of lighter O atoms.
To re-oxidize the ceria surface, the film was exposed to
10� 6 mbar O2 at 500 K. Subsequent deposition of 0.2 ML Pt
onto this “CeO2-sputter” support resulted in Pt species
primarily in the 2+ state (Figure S5a), but a considerable
amount of Pt was also found in the metallic state (at
71.5 eV), most likely as Pt NPs. For comparison, the latter
only appeared on Pt/CeO2-plasma samples at a Pt coverage
about two times higher, i.e., 0.4 ML. Apparently, the plasma
creates more “O-rich” sites to stabilize Pt single atoms.
Indeed, a substantially higher intensity is observed for the
peroxo-related 530.8 eV signal in the O 1s spectra as
compared to the CeO2-sputter sample (Figure S5b).

Previous studies on Pt/CeO2 systems prepared by
magnetron sputtering of Pt and CeO2

[6] and by co-deposition
of Ce and Pt in an oxygen atmosphere[20] also reported
exceptional stability of Pt2+ species, although the presence
of Pt at the surface was not proven. DFT simulations on
ceria clusters suggested a specific structural element named
“nanopocket” that binds Pt2+ so strongly that it can
withstand sintering and bulk diffusion.[16,20] In these sites, Pt
is coordinated to four oxygen atoms forming a planar Pt-4O
moiety. Such a coordination has also been identified on the

Figure 3. IRA-spectra measured in UHV on 0.2 ML Pt deposited on
CeO2(111) a) and CeO2-plasma b) surfaces. CO was dosed at 200 K
onto “as deposited” samples and after UHV annealing at 500 K for
5 min. The samples tested in the CO oxidation reaction were measured
without additional CO dosage. The spectra were consecutively recorded
while heating the sample in UHV to the temperatures indicated.
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(100)-oriented surface and monoatomic step edges on the
(111) surface.[9,20,21]

To get more insight into the interaction of the Pt atoms
with the plasma-treated CeO2 films, we investigated the
systems at hand with DFT. First, we addressed the nature of
surface oxygen species resulting from adsorption of oxygen
radicals in the plasma[22] on the low Miller-index CeO2

surfaces. The O ad-atoms readily react with lattice oxygen
to form peroxo (O2

2� ) groups (see insets in Figure 2f,
Figures S6,S7 and Tables S2–S6), in agreement with pre-
vious DFT studies of molecular O2 adsorption on partially
reduced ceria surfaces.[23] The computed BE shifts for the
O2

2� groups depend on the coverage, and are 1.65, 1.30, and
1.35 eV, on average, for the (111), (110) and (100) surface,
respectively (Figure 2f, Table S1). These values match well
the BE shifts observed experimentally (Figure 2e), which
can therefore be assigned to surface peroxo species in the
plasma-treated films. The above-mentioned difference and
similarity of the CeO2-sputter and CeO2-plasma surfaces
may be linked to the mechanism by which peroxides are
formed on the two surfaces. For the CeO2-sputter samples,
the oxygen vacancies, initially formed during Ar+ bombard-
ment, react with molecular O2 in the re-oxidation step
forming the surface peroxide groups. However, oxygen
vacancies on CeO2 may also migrate into subsurface
positions[23a] and hence become inaccessible to the reaction
with O2. During the plasma treatment, however, molecular
oxygen that is also present in the ambient immediately
quenches the O vacancies (if formed) and ultimately results
in surface peroxides in addition to those formed by direct
reaction with atomic oxygen species in the plasma. As such,
the higher ability of the oxygen-plasma treated surface to
stabilize Pt atoms could have its origin in the higher surface
peroxide coverage, assuming that a similar nanostructuring
is achieved with both treatments.

To understand the rationale behind the formation of
ceria NPs observed by STM (Figure 2a–c) we considered a
thermodynamic model[24] under the assumption that the
material forming the ceria NPs stems from the top CeO2-
(111) layers of the sample (Figure S10, Note S3). Conse-
quently, the ceria film becomes thinner, while the total
number of ceria formula units remains constant during the
restructuring (Ce atoms are not sputtered by the relatively
light O atoms in the plasma). We approximated a ceria NP
as a hemisphere that grows in registry with the underlying
film and employed surface energies computed for different
peroxo-covered extended surfaces (Tables S2–S6), as well as
step and corner energies, using calculations of high Miller-
index surfaces (Tables S9,S10). Depending on the input
parameters, the computed ceria NPs were between 3 and
11 nm in diameter (Figure S11), thus larger than experimen-
tally observed. Nonetheless, these thermodynamic consider-
ations demonstrate that the oxygen plasma definitely
promotes surface restructuring and the formation of ceria
NPs on the initially flat film, in addition to the possible
bombardment effects of the high-energy O atoms in the
plasma. The increase in surface area leads to a larger
number of local surface structures that can stabilize oxygen
radicals via the peroxo groups, while the exposure of facets

other than (111) on ceria NPs simultaneously entails a more
exothermic reaction energy for the formation of peroxides.

Not surprisingly, peroxo species affect the Pt adsorption
on the CeO2 surfaces (Table 1 and Figure S8). Compared to
pristine CeO2(111), a Pt atom on the peroxo-covered (111)
surface is bound by 1–2 eV more strongly, albeit depending
on the peroxide coverage. The effect is smaller for the (110)
surface (the energy gain is about 0.6 eV, on average), while
on the (100) surface, peroxo species may even weaken the
Pt bonding. Among the surfaces studied, the strongest Pt
adsorption is observed for (100)� 4O coordination environ-
ment, in agreement with previous results.[9,20] Interestingly,
the presence of peroxo groups showed no beneficial effect in
terms of Pt bonding for this site. We also examined Pt
adsorption on stepped surfaces (Figure S9). Even though
square-planar 4O-coordination environments, particularly
on the (210) and (310) surfaces, provide sites for strongly
exothermic Pt adsorption (Table S7), the stepped surfaces
exhibit considerably higher surface energies and are there-
fore thermodynamically unstable.

Next, we investigated the interaction of Pt single atoms
with ceria NPs on the CeO2(111) surface. To this end, we
constructed a model system consisting of a ceria cluster
anchored on an extended CeO2(111)-(7×7) slab. The
particle size was adapted to that measured experimentally
(i.e., about 1 nm, see Figure 2), and the entire structure was
optimized by DFT accordingly (see Figure 5a, center).
Obviously, new adsorption sites for Pt atoms become
available at the boundary between the NP and the surround-
ing (111) terrace. The computed adsorption energy of a Pt
single atom Eads(Pt) on these sites (0.57 eV) is substantially
smaller than on clean and peroxo-covered (111) surfaces
(2.80 and 1.3–1.6 eV, respectively, Table 1). However, the
(100)� 4O sites exposed at the vertices of the ceria NPs
present the thermodynamically most favorable adsorption
sites for Pt (Eads(Pt)= � 1.76 eV). We also note that depend-
ing on their location on the ceria NP the coordination
environments for adsorbed Pt atoms are chemically different
from those of their symmetrically equivalent counterparts
on the extended ceria surfaces. In particular, at (100)� 4O
sites, the difference is substantial and amounts to 0.9 eV

Table 1: Adsorption energies (in eV) of a Pt single atom adsorbed in
the most stable structure on clean and peroxide-covered CeO2 surfaces
as a function of the peroxide coverage (1 ML corresponds to one
peroxo group per (1×1) surface unit cell). At 0.5 ML coverage for the
(2×2) slabs used in the calculations, two peroxo groups allow for two
non-equivalent geometric arrangements: 1) along the unit vectors
(labelled “r”= row-wise); and 2) diagonal to the unit vectors (“d”=

diagonal). The energies are referenced to the corresponding ceria
surfaces and Pt bulk. Negative values indicate exothermic adsorption
and unfavourable Pt aggregation (Pt� Pt bond formation).

Θperoxide (ML)

Surface 0.0 0.25 0.5-d 0.5-r 0.75 1.0
(111) 2.80 1.28 1.98 1.75 1.62 0.59
(110) 0.60 � 0.17 0.75 � 0.08 0.11 0.12
(100) 0.31 0.14 0.46 0.30 0.56 0.64
(100)-4O � 0.85 � 0.59 � 0.95 � 0.24 � 0.63 1.76
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(i.e., � 1.76 vs � 0.85 eV, on NP vertices and the correspond-
ing extended surface, respectively).

We further investigated the NP/terrace boundary and
the square-planar “nanopocket” Pt-binding sites of this
system for CO adsorption (Figure 4b, Figure S13). We found
that CO does not adsorb on Pt in the (100)� 4O site
(Eads(CO)=0.11 eV), while CO adsorption is exothermic for
Pt at the NP/CeO2(111) boundary (Eads(CO)= � 0.86 eV).
However, on this site the CO molecule is oriented almost
parallel to the metal substrate surface and will be invisible in
IRAS due the above-mentioned selection rules. Both these
findings may explain the very low intensity of the IRAS
bands on the “as deposited” Pt/CeO2-plasma surface as
compared to that observed for the Pt/CeO2(111) system
(Figure 3). As for the latter, the calculations performed for a
Pt ad-atom on the pristine CeO2(111) surface yielded Eads-
(CO)= � 2.14 eV and a CO frequency of 2093 cm� 1, which
matches the 2087 cm� 1 band observed on the “as deposited”
Pt/CeO2(111) sample (Figure 3). The CO binding energy
increases to � 2.33 and � 2.62 eV for Pt adsorbed onto 0.25
and 0.5 ML peroxo-covered CeO2(111) surfaces, and the CO
frequency shifts to 2081 and 2080 cm� 1, respectively. There-
fore, we can tentatively assign the IRAS band at 2104 cm� 1

observed on the “as deposited” Pt/CeO2-plasma surface to
Pt single ad-atoms adsorbed on the bare and/or peroxo-
covered CeO2(111) surface. Upon UHV annealing at 500 K,
these atoms probably migrate to the more strongly bound
boundary and nanopocket sites where they only weakly
adsorb CO that leads to a considerable reduction of the
signal intensity as shown in Figure 3b.

In an attempt to identify strongly bonded CO molecules
remaining on the Pt/CeO2-plasma surface after reaction, we

evaluated several structures derived from the Pt/nanopocket
site by sequential removal of O atoms from the Pt-4O
coordination as a result of their reaction with CO.[21] The
resulting configurations, denoted Pt-3O and Pt-2O in Fig-
ure 4b, revealed exothermic CO adsorption with energies
amounting to � 2.00 eV and � 0.82 eV, respectively. As such,
the Pt-3O structure appears as likely candidate responsible
for the CO IRAS band observed on the post-reacted Pt/
CeO2-plasma samples.

Now we are in position to rationalize the overall impact
of the plasma treatment on the structure of the Pt/CeO2-
(111) surface as illustrated in the following Scheme.

It leads to two crucial modifications of the ceria surface:
1) morphological, as evident from the pronounced nano-
structuring resulting in the formation of ceria nanoparticles;
and 2) chemical, via surface peroxide formation. During Pt
deposition, the metal atoms may either directly stick to the
ceria NPs or adsorb onto the peroxo-covered CeO2(111)
surface in-between, where they form isolated strongly bound
complexes with the surface peroxide groups. This is in
contrast to the pristine ceria film surface, where Pt atoms
readily diffuse on the surface and ultimately agglomerate
into Pt NPs. With increasing temperature, the peroxo-
trapped Pt atoms on the (111) terraces may further migrate
to the numerous ceria NPs around and occupy sites at the
particle/terrace boundary and the nanopockets. Thus, the
peroxide-covered (111) surface, firstly, prevents Pt aggrega-
tion during deposition and, secondly, acts as a reservoir for
Pt single atoms on ceria NPs. Consequently, the morpho-
logical and chemical modifications of the ceria surface, as
well as their synergistic interplay are critical to achieve a
high density of stable Pt single atoms.

The formation of highly stable Pt single atoms on the
plasma pre-treated surface shows a beneficial effect for the
CO oxidation reaction. To illustrate this, Figure 5a compares
steady state CO2 production rates measured on several
planar model catalysts in a high-pressure cell filled with
10 mbar of CO and 50 mbar of O2 balanced by He to 1 bar
at different sample temperatures that are increased stepwise.

Figure 4. a) Adsorption of Pt atom at several different sites on a ceria
NP/film composite system (Ce178O356, shown in the middle). The
adsorption energies (in eV; referenced to bulk Pt) are shown adjacent
to the structures. b) Optimized geometries for CO adsorption on Pt
single atoms at the NP/boundary and at sites derived from Pt in a
(100)� 4O “nanopocket”. By removing one or two ligand oxygen atoms
from the latter coordination site, other, more stable adsorption
geometries for CO can be formed (termed “Pt-3O” and “Pt-2O”). CO
adsorption energies (in eV) are indicated. (All the computed structures
can be retrieved at DOI: 10.19061/iochem-bd-1-181)

Scheme 1. Schematic representation of the interaction of Pt atoms with
pristine and oxygen plasma-treated CeO2(111) films. Upon deposition
on a stoichiometric CeO2(111) surface, Pt forms small clusters which
aggregate into larger Pt NPs at elevated temperatures. Plasma pre-
treatment of the CeO2 surface produces peroxo species and induces
surface restructuring, resulting in small ceria NPs, which act as
anchoring sites either directly upon Pt adsorption or through surface
migration of peroxo-stabilized Pt single atoms. Color code: Ce: gold; O:
red; Pt: green; and peroxo O2

2� : pink.
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Among the samples studied, the Pt/CeO2-plasma one
showed a considerably higher rate than that of Pt/CeO2-
(111). It is also interesting that the CeO2-plasma film itself
exhibited a higher activity as compared to the pristine
CeO2(111) film.

To link the above-presented model studies with real
catalytic systems and to demonstrate the beneficial effect of
the plasma treatment also for powder catalysts, Figure 5b
shows CO2 production rates measured on pristine and
plasma-treated CeO2 and Pt/CeO2 powder samples (see
Experimental details in the Supporting Information). A low
Pt loading (0.05 wt.%) was only used in order to compare
our catalysts to “conventional” Pt/CeO2 SACs reported in
ref.[25] The catalytic performance of the powder catalysts
revealed basically the same trend as for the planar systems
(Figure 5a). The plasma-treated ceria exhibits higher activity
than its pristine counterpart. Plasma treatment of the Pt/

CeO2 catalyst enhances the reaction rate even further, and
to a higher extent than that of observed for pure ceria, thus
indicating a synergetic effect between Pt and a functional-
ized ceria support. The higher activity of the O2-plasma
treated catalysts was further confirmed by the long-term
catalytic stability tests shown in Figure 5c. These data
demonstrate that the beneficial effect of the plasma pre-
treatment is long-lasting.

On our powder samples, it was possible to directly
address the peroxo formation using Raman spectroscopy.[23b]

Raman spectra provided strong evidence for the enhanced
formation and high stability of peroxo species on the
plasma-treated samples via a characteristic Raman shift at
around 835 cm� 1 (Figure S14). Finally, we made use of
aberration-corrected scanning transmission electron micro-
scopy (STEM), which imaged Pt single atoms on plasma-
treated Pt/CeO2 catalysts both before and after reaction
(Figure 5d,e). The STEM data demonstrate a high stability
of the plasma-treated powder Pt SACs, in full agreement
with the results obtained on the planar model systems.
Although the promotional effect could further be optimized
by tuning the plasma exposure conditions, our findings
provide a strong basis for using plasma treatments in the
rational design and stabilization of single atom catalysts.

Conclusion

In this work, we showed that an oxygen plasma treatment of
crystalline CeO2(111) films stabilizes Pt2+ single atoms
which become resistant towards sintering in the CO
oxidation reaction at near atmospheric pressures. We
attribute the effect to: i) the fine roughening (“nano-rough-
ening”) of the ceria surface; and ii) the formation of peroxo
species, which favor the strong interaction with Pt ultimately
resulting in a uniform distribution of isolated Pt atoms and
an increased single atom capacity. Such a “single-pot”
fabrication of single atom coated oxide supports, which
combines both surface restructuring and active oxygen
enrichment is a promising approach for the rational design
of new catalysts employing single atoms.
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N. López,* S. Shaikhutdinov,*
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Highly Stable and Reactive Platinum Single
Atoms on Oxygen Plasma-Functionalized
CeO2 Surfaces: Nanostructuring and Peroxo
Effects

Pre-treatment of the ceria (CeO2) surface
with oxygen plasma assists the forma-
tion of highly dense and stable Pt single
atoms resistant to sintering under CO
oxidation conditions. The effect is as-
signed to plasma-induced oxide nano-
structuring and the formation of surface
peroxo species which favor single-atom
metal adsorption. This approach can be
utilized for the preparation of stable
single-atom catalysts with a high density
of active sites.
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Abstract

Single-Atom Catalysts (SACs) have emerged as a new class of materials with the

best noble metal utilization. The atomic dispersion leads to strong coupling with

the support, which can enable facile electron transfer between both. In the present

work, we evaluate how the reducibility of the oxide matrix, in this case, ceria, affects

the dynamic charge transfer for isolated gold and platinum atoms. We find that the

number of accessible states in the electronic ensembles increases significantly due to

oxide defects, converting them into almost continuous distributions that can expand up

to 1 eV in magnitude. At elevated temperatures, surface reduction slows down electron

transfer events involving the single-atom, thus stabilizing unusual platinum charge

states. Our results demonstrate how the coupling of support electronic structure and

single-atom redox states can be harvested to control the dynamic behavior of SACs.
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Introduction

The utilization of noble metals as catalysts appeared as a Holy Grail in catalysis when Haruta

and co. identified low-temperature CO oxidation on gold nanoparticles with sizes around

1 - 2 nm [1]. Activity was found to improve when reaching the nanoscale [2–4], and yet, the

amount of noble metal can be further reduced. Ultimate atom utilization is reached when

isolated single atoms (SAs) comprise the catalytically active sites [5], with the term Single-

Atom Catalyst (SAC) first coined for Pt1/FeOx in 2011 [6]. While dispersed single atoms have

only recently been detected [6], their unambiguous identification is now considered (almost)

routine, thanks to modern developments in microscopy [7]. Since its inception, the field has

grown in an exponential manner [8,9], and with SACs reaching metal loadings as high as

23wt%, it is rapidly approaching maturity for industrial application [10–16].

Among possible support materials, reducible oxides are particularly suitable to disperse

single atoms, due to their ability to form (strong) Metal-Support Interactions (MSIs) [17–19].

Ceria plays a unique role, as it combines easy surface reducibility, high oxygen-storage capac-

ity, and the ability to supply reactive oxygen [20], leading to its widespread use in catalyzing

chemical transformations [21–26]. Similarly, ceria-based SACs have shown unprecedented per-

formance in various reactions, such as (preferential) oxidation of CO [27–29] or the Water-Gas

Shift (WGS) reaction [5,30]. While the true nature of the active site is often unknown [18],

for isolated platinum atoms, square-planar (100)-like coordination environments that allow

stabilization up to temperatures of 800 K were unambiguously identified [10,28,31,32]. The par-

ticular sites are found on (111) step edges, nanoparticles/nanoislands [16,28,31–33], and can be

formed on extended (100) via dynamic restructuring of the oxide sublattice [34,35].

It was for the Pt1/CeO2(100) system, for which we recently discovered dynamic redox

coupling between the isolated platinum atom and the ceria support [36], adding an additional

electronic degree of freedom. The effect is possible due to the alignment of the metal and

oxide electronic states, which can become close enough so that electron transfer from the

metal to the semiconductor support occurs. On ceria, the electrons localize on Ce4+ centers
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and cause local lattice distortions which effectively screen the charge. The coupling of an

excess electron with the local phonon cloud results in a quasiparticle denoted as a polaron.

Lastly, the existence of various polaron distributions within the ceria support can give rise to

quasi-degenerate electronic ensembles at varying metal oxidation states (mOS) [37]. Prelim-

inary evidence suggests that the phenomenon also occurs for other platinum-group metals

and reducible semiconductor oxides [36], rendering the assignment of a single mOS an exceed-

ingly simplistic approximation [38]. In addition, experimentally prepared oxide supports are

usually oxygen-depleted and rich with vacancies due to the thermal treatments employed in

their synthesis. However, the effect of surface reduction and inherent polaronic fine struc-

ture of the support [39], on the mOS dynamics of dispersed single metal atoms has not been

investigated.

In this work, we address the role of intrinsic oxide polarons when coupling with the metal

states by sampling electronic ensembles of SA gold and platinum on two typical (100)-like

coordination environments of ceria. We identify a rich interplay between the redox states

of the metal and the inherent electronic fine structure of the support. The limited capacity

to accommodate increasing amounts of polarons leads to the stabilization of platinum in

unusual charge states. Thus, we expect control of surface reduction to present a viable

strategy for reducible oxide-based SACs to target more reduced metal states, ultimately

improving catalyst performances [40].

Computational Details

Density Functional Theory simulations were performed using the Vienna Ab Initio Simula-

tion Package (Vasp; version 5.4.4) [41] and the Perdew–Burke–Ernzerhof (PBE) functional [42].

To achieve electron localization, we further applied the Hubbard U correction [43] to the

cerium centers [44]. Here, we use an effective Ueff of 4.5 eV, following suggested values in

the literature [36,45]. Core electrons were treated with the Projector Augmented Wave (PAW)
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method [46,47], while valence electrons were expanded in plane waves with a kinetic energy cut-

off of 500 eV. If not indicated otherwise, total energies were evaluated at the Gamma point

(a comparison to a 3x3x1 k-point sampling for the pristine surfaces is provided in Figs. S1

and S2). Electronic convergence was set to 1×10−6 eV and atomic positions were converged

until residual forces fell below 0.015 eV Å−1. Throughout, we assigned discrete mOS states

by the localized magnetic moments of cerium atoms, with an applied threshold of 0.8µB.

Through an extensive validation of the overall methodology in our previous works [36,48], we

found this to be the best proxy for the SA oxidation state and preferred over the evalua-

tion of Bader charges or metal magnetization. Molecular Dynamics (MD) simulations were

conducted within the canonical NVT ensemble (constant number of particles, N, volume,

V, and temperature, T), using the Nosé-Hoover thermostat [49] at an average temperature

of 600 K. Data was collected for a total of 12 ps and at a time step of 3 fs, with a relaxed

electronic convergence criterion of 1×10−5 eV applied at each ionic step.

Slab models were built as p(3x3) supercells [50] based on optimized ceria bulk (theoretical

lattice parameter: 5.491 Å). They extend nine atomic layers along the z-direction, of which

the bottom three were kept fixed at the optimized bulk positions. Around 15 Å of vacuum

were added on top of the surfaces. To resolve the dipole of oxygen-terminated CeO2(100)

after bulk cleavage, we moved half of the surface oxygen atoms to the bottom of the slab in

a chequerboard-like manner. Vacancy formation energies (“vac”; for the pristine surfaces)

and metal adsorption energies (“ads”) were calculated as follows:

Evac = Etotal − Esurf +
1

2
Eox (1)

Eads = Etotal − Esurf − Ebulk
M (2)

Evac
ads = Etotal − Esurf − Ebulk

M (3)

EO
ads = Etotal − Esurf − Ebulk

M − 1

2
Eox (4)
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where Etotal denotes the DFT energy of the optimized system, Esurf the energy of the

respective pristine surface (in the case of Evac
ads the defective surface at its ground state polaron

distribution), Eox the energy of diatomic oxygen, and Ebulk
M the energy of the metal atom in

bulk.

Results and discussion

To investigate the influence of support reduction on the coupling of surface and metal re-

dox terms, we studied ceria-based Pt and Au-SACs on two coordination environments of

CeO2(100), termed “2O” and “4O”. Based on the nondefective support, Fig. 1a and d, we

introduced a surface vacancy adjacent to the metal, Fig. 1b and e, implying a surface va-

cancy concentration of around 11% (in addition to the removal of 50% of the oxygen atoms

from the polar surface via reconstruction; see Computational Details). Vacancy introduction

leads to two excess electrons in the lattice, which reduce Ce4+ to Ce3+ centers. To decouple

electronic from geometric effects, we further investigated the effect of a bulk vacancy for the

Pt-2O system, Fig. 1g, implying a vacancy concentration of around 6% in the corresponding

oxygen layer. For these structures, we then sampled all possible surface polaron distribu-

tions with up to two (four) Ce3+ centers in the absence (presence) of the respective vacancy.

Lastly, we investigated the effect of an electron-withdrawing group on the distributions by

applying the same sampling with up to two initial Ce3+ for structures with an additional

oxygen atom added to the surface, Fig. 1c and f.
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Fig. 1: a - f) Surface layer top views of the investigated SACs in the 2O and 4O coordination
environments of CeO2(100) in our p(3x3) supercells, presented in the top and bottom row,
respectively. a, d) SACs based on the unmodified ceria surfaces, b, e) SACs based on the
defective ceria surfaces, and c, f) SACs with an extra oxygen atom (shown in pink), added as
electron-withdrawing group. g) Side-view of the employed slab model, extending nine atomic
layers along the z-direction. The location of the investigated bulk vacancy and the fixed
bottom layers are indicated. Background atoms are shown with reduced opacity. Color code
(bottom right): green = metal (M); orange = cerium (Ce); red/pink = lattice/added oxygen
(O); dashed circle = oxygen vacancy (vac).

Local polaron structure of defective CeO2(100)

While vacancy formation was extensively studied on the most stable (111) surface [51–53],

research on the (100) facet is more scarce [54–56]. We therefore first outline the influence of

local polaron structure on the bare CeO2(100) supports, as shown in Fig. S1 and S2. The

stabilities of the defective surfaces, and thus vacancy formation energies, are determined

by several geometric properties [56], which can be summarized as follows: i) the ability of

the lattice to adjust for the more spacious, reduced Ce3+ centers, ii) the accommodation of

oxygen distortions towards the newly formed empty site, and lastly, iii) the repulsion between

the Ce3+ centers. These effects were used to rationalize the global minimum structure for

defective (100), reported as a surface vacancy with two surface polarons located at the NN

positions to the vacancy [56,57].

By considering all symmetry-inequivalent distributions of two surface polarons on de-
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fective, unreconstructed CeO2(100) in our p(3x3) supercell, we obtain vacancy formation

energies of 1.40 - 2.30 eV, in line with previously reported results [20,50,56,58]. The signifi-

cant influence of the computational setup on the ordering of individual states should be

noted [56,59] and is further discussed in Note S1. Nonetheless, low-energy structures are gen-

erally closely spaced within the energy spectrum and therefore easily accessible at typical

operating temperatures. Excess electron localization in the subsurface layer, see Fig. S1, is

more endothermic (1.80 - 2.09 eV) as the cerium ions are more highly coordinated and their

reduction therefore incurs greater lattice strain.

For defective CeO2(100)-4O, we placed the vacancy in the Ce-O-Ce row unaffected by

the reconstruction, see Fig. S2, such that the energy trends can be primarily attributed to

local polaron structure. Vacancy formation energies span a similar range of 1.37 - 2.15 eV,

but as the reconstruction renders all cerium centers symmetry-inequivalent, the ensemble is

composed of a higher number of more closely-spaced states, see Fig. S2. Excess electrons

again preferably localize at low-coordinated surface cerium centers, however, due to the

more open nature of reconstructed CeO2(100)-4O, subsurface sites are more easily populated

(1.60 - 2.53 eV) than for defective CeO2(100)-2O, see Fig. S1. Overall, the large energy ranges

of around 1 eV obtained for both surfaces are indicative of the significant influence of the

local polaron structure. Its consideration is therefore crucial to fully characterize ceria-based

SACs.

Static coupling of support and metal states

Upon adsorption of SA-Pt on nondefective, unreconstructed CeO2(100)-2O, the metal atom

adapts oxidation states of 0, +1 and +2 [36], with ground state adsorption energies of 0.28 eV,

0.02 eV and 0.09 eV, respectively, see Fig. 2a. As the Pt+ and Pt2+ ensembles span energy

ranges of 0.15 eV and 0.40 eV, they are significantly overlapping. This energy overlap was

shown to give rise to dynamic mOS behavior at elevated temperatures and improve low-

temperature CO oxidation activity of the SAC [36]. In contrast, Au-2O is found exclusively
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in a +1 state, with adsorption energies ranging from –0.28 to −0.13 eV. When anchored

in the square-planar environment available on reconstructed CeO2(100)-4O, the dynamicity

trends of the two metals are inverted. Owed to the higher coordination number, Au3+

species are now accessible and represent the ground state species at an adsorption energy

of −0.17 eV, while formation of Au+, is endothermic by at least 0.10 eV, see Fig. 2c. As

such, we expect dynamic transformations between the two species via two-electron transfers,

albeit the high energy difference of 0.27 eV between the ensemble ground states should be

noted. For Pt-4O, on the other hand, the platinum atom is found exclusively in highly stable

(–1.02 to −0.34 eV) Pt2+ states, in line with experiments [28,32]. Thus, the two metals provide

a unique opportunity to investigate the influence of support reduction on mOS dynamics in

both coordination environments provided by CeO2(100).

Overall, we find that the introduction of a surface vacancy (denoted “vac” in Fig. 2) does

not alter the accessible mOS, or ground state species for any of the systems. Instead, as

the larger number of surface polarons allows for more possible distributions, and therefore

accessible excited states, the energy spans of the ensembles are expanded upwards. This is

evident, for instance, in Au-2O (Fig. 2b), where the span grows from 0.15 to 0.76 eV, while

the ground state energy remains largely unchanged at around −0.30 eV. For Pt0, a single

state on nondefective CeO2(100)-2O, an ensemble of eleven closely-spaced states spanning

an energy range of 0.34 eV emerges, while for Pt-4O, the ensemble reaches a magnitude of

1.39 eV. The whole set is listed in Table S3.

In addition, ground state energies of highly charged species in the dynamic systems,

Pt-2O and Au-4O, get shifted upwards upon vacancy formation, while they remain largely

unchanged for the static systems, Pt-4O and Au-2O. Pt2+ will serve as an example to ra-

tionalize this difference: Since 2+ is the only accessible mOS in Pt-4O, it is retained in the

presence of the vacancy. The resulting energy spectrum, see Fig. 2d, therefore resembles

a near-continuum distribution of states with an almost unchanged ground state energy of

around −1 eV. For nondefective Pt-2O, on the other hand, structures with lower mOS val-
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ues of 0 and +1 are easily accessible, see Fig. 2a. Hence, in the presence of the vacancy,

more reduced metal states get populated at the expense of otherwise accessible (highly)

charged states. Here, the interplay of two opposing forces is decisive: i) the tendency of

the SA-metal to adapt particular mOS states within given chemical environments, following

rules derived from ligand field theory, and ii) the minimization of surface strain through

a decrease in the number of localized excess electrons via metal reduction. Furthermore,

we note that the inter-conversion of states during optimization points to the fundamental

uncertainty of the completeness of the sampling, see Note S2 and Table S4. In conjunction

with the combinatorial explosion of the number of distributions (Fig. 2 compiles the energies

of 582 converged structures), this makes the full characterization of the dynamic ensembles

a challenging problem. By circumventing the need for explicit DFT evaluation, Machine

Learning techniques hold the promise to aid future efforts of exploring such complex polaron

spaces [60].

Lastly, when positioning the vacancy in the bulk of the slab of Pt-2O, while retaining

polarons in the surface layer, we observe the same qualitative alterations of the ensembles, see

Fig. 1g and Fig. S3, thus confirming the origin of the alterations in the local surface polaron

structure. In contrast to surface reduction, the presence of a strongly electron-withdrawing

group like oxygen, see Fig. 1c and f, causes the depletion of electrons from the SA metals,

yielding only highly oxidized metal species, see Fig. S4).
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Fig. 2: Ground and excited states composing the electronic ensembles of Pt- and Au-SACs
on nondefective and defective (“vac”) on: a, b) CeO2(100)-2O and c, d) CeO2(100)-4O
supports. Pt-2O and Au-4O present overlapping ensembles at varying metal oxidation states
(mOS) of 0/+1/+2, and +1/+3, respectively, while for Au-2O and Pt-4O only fixed mOS
of +1 and +2 are obtained. Individual states are shown with decreased opacity, such that
their overlap in high-density regions is indicated by higher color saturation.
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Dynamic coupling of support and metal states

To probe the influence of surface reduction and local polaron structure on the dynamic

behavior at elevated temperatures, we performed 12 ps ab initio Molecular Dynamics (AIMD)

simulations at 600 K for the nondefective and defective Pt-2O SACs in our p(3x3) supercells

(see Computational Details). The results are presented in Fig. 3, while additional information

is provided in Note S3. Overall, we find nondefective Pt-2O in a Pt+ (Pt2+) state for 5.7 ps

(6.2 ps), that is, 48% (52%) of the full trajectory, and only one short-lived (≈ 100 fs) Pt0

species. Excess electrons are exclusively localized at the NN positions to the metal, and, in

the case of Pt2+ mainly diagonal to each other, see Supplementary Video 1. In total, we

count approximately 48 polaron hopping events and 40 mOS changes (see Note S3).

In the presence of the surface vacancy, the relative abundances of the different platinum

species are significantly altered, see Fig. 3g. With 10.2 ps, or 86% of the full trajectory,

the metal now resides overwhelmingly as Pt+, while Pt2+ states account for a total of just

1.6 ps, or 13%. Again, only a single, short-lived Pt0 state is formed. While we count an

increased number of around 54 electron transfer events, mOS changes of the SA-Pt occur

less frequently (≈ 19 times) than for the nondefective support, see Supplementary Video 2.

As outlined above for the static sampling, the presence of two additional electrons in

the surface leads to a higher number of possible polaron distributions, see Table S4. Hence,

there exist more potential electron transfer channels within the ceria support, resulting in

the observed statistically higher frequency of these events. However, the influence of surface

reduction on the formation of Pt2+ is inverted: On one hand, electron injection from the

metal to the support is thermodynamically disfavored due to the higher number of localized

excess electrons and thus surface strain, stabilizing Pt+ in favor of Pt2+. On the other hand,

as otherwise reducible Ce4+ centers are more likely to already be reduced, available electron

transfer channels from the metal to the support are blocked, making the formation of highly

charged platinum species kinetically hindered. A purely static representation, as shown in

Fig. 2, therefore cannot capture the full picture, highlighting the importance of entropic
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contributions to dynamic catalyst behavior [61].

Fig. 3: Ab initio Molecular Dynamics simulations of the Pt-2O SAC on nondefective and
defective ceria supports at 600 K. a, f); Global minimum structures obtained from the static
DFT sampling presented in Fig. 2. Color code: Pt, green; Ce4+, orange; Ce3+, yellow; O2−,
red. b, g); Retention times (in % of the 12 ps trajectories) of the platinum atom in the
different mOS states, and c, h); of the polarons in nearest neighbor (NN), next-nearest
neighbor (NNN), and more distant positions (far) relative to the metal atom, as well as in
the subsurface (SS) layer of the slab (values above 100 % are due to the presence of multiple
polarons). d, e); Visual representation of the trajectories of the platinum mOS, following
the same color coding used in panels b) and g).
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Conclusions

We have identified a rich interplay between metal redox terms and support electronic struc-

ture for ceria-based SACs. Increased surface polaron concentrations due to surface reduction

lead to a significant expansion of electronic ensembles composed of low-lying excited states,

spanning energy ranges of over 1 eV. The adoption of favorable metal oxidation states in

given coordination environments is counteracted by the inclination of the support to decrease

surface strain. As we demonstrated for platinum, the balancing of these opposing forces can

drive the dynamic equilibrium of single metal atoms towards unusual charge states. We

therefore expect control of the degree of surface reduction to allow for a fine-tuning of the

metal electronic state, ultimately paving the way toward future performance improvements

of reducible oxide-based SACs.
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Supporting Information The Supporting Information is available free of charge on the

ACS Publications website at DOI: doi.

It contains an in-depth discussion of the employed methodology for the static sampling of

local polaron distributions and ab initio Molecular Dynamics simulations, including the in-

fluence of supercell size, symmetry, k-point sampling, and a comparison to literature. It

further provides captions for the Supplementary Videos. Selected local polaron distributions

of the pristine, defective slabs are shown and compared to a 3x3x1 k-point sampling. The

influence of a bulk vacancy, as well as an electron-withdrawing additional surface oxygen

atom, are presented. Lastly, individual energies of local polaron distributions of the pristine,

defective surfaces, and energy ranges of the ensembles composing each SAC are tabulated.
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Skála, T.; Matoĺınová, I.; Mysliveček, J.; Matoĺın, V. et al. Creating single-atom Pt-

ceria catalysts by surface step decoration. Nat. Commun. 2016, 7, 10801.
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(36) Daelman, N.; Capdevila-Cortada, M.; López, N. Dynamic charge and oxidation state

of Pt/CeO2 single-atom catalysts. Nat. Mater. 2019, 18, 1215–1221.

(37) Daelman, N.; Hegner, F. S.; Rellán-Piñeiro, M.; Capdevila-Cortada, M.; Garćıa-
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(56) Pérez-Bailac, P.; Lustemberg, P. G.; Ganduglia-Pirovano, M. V. Facet-dependent sta-

bility of near-surface oxygen vacancies and excess charge localization at CeO2 surfaces.

J. Phys.: Condens. Matter 2021, 33, 504003.

(57) Ji, W.; Wang, N.; Li, Q.; Zhu, H.; Lin, K.; Deng, J.; Chen, J.; Zhang, H.; Xing, X.

Oxygen vacancy distributions and electron localization in a CeO2(100) nanocube. Inorg.

Chem. Front. 2022, 9, 275–283.

(58) Nolan, M.; Fearon, J. E.; Watson, G. W. Oxygen vacancy formation and migration in

ceria. Solid State Ion. 2006, 177, 3069–3074.

(59) Kullgren, J.; Hermansson, K.; Castleton, C. Many competing ceria (110) oxygen va-

cancy structures: From small to large supercells. J. Chem. Phys. 2012, 137, 044705.

(60) Birschitzky, V. C.; Ellinger, F.; Diebold, U.; Reticcioli, M.; Franchini, C. Machine

learning for exploring small polaron configurational space. npj Comput. Mater. 2022,

8, 1–9.

(61) Teschner, D.; Novell-Leruth, G.; Farra, R.; Knop-Gericke, A.; SchlÖgl, R.; Szent-
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ARTICLE OPEN

Data-driven models for ground and excited states for
Single Atoms on Ceria
Julian Geiger1,2, Albert Sabadell-Rendón1,2, Nathan Daelman 1 and Núria López 1✉

Ceria-based single-atom catalysts present complex electronic structures due to the dynamic electron transfer between the metal
atoms and the semiconductor oxide support. Understanding these materials implies retrieving all states in these electronic
ensembles, which can be limiting if done via density functional theory. Here, we propose a data-driven approach to obtain a
parsimonious model identifying the appearance of dynamic charge transfer for the single atoms (SAs). We first constructed a
database of (701) electronic configurations for the group 9–11 metals on CeO2(100). Feature Selection based on predictive Elastic
Net and Random Forest models highlights eight fundamental variables: atomic number, ionization potential, size, and metal
coordination, metal–oxygen bond strengths, surface strain, and Coulomb interactions. With these variables a Bayesian algorithm
yields an expression for the adsorption energies of SAs in ground and low-lying excited states. Our work paves the way towards
understanding electronic structure complexity in metal/oxide interfaces.

npj Computational Materials           (2022) 8:171 ; https://doi.org/10.1038/s41524-022-00852-1

INTRODUCTION
Single-atom catalysts (SACs) are a promising class of materials that
provide the ultimate miniaturization of the active site1–5. They
present the best utilization of expensive metal atoms, given they
can be prepared in high concentrations and defined speciation6,7.
Various supports have been used to fabricate stable SACs,
including other metals, (doped) carbons, metal-organic frame-
works, and most commonly oxides, for which the definition was
coined1,3,8. Stabilization of single atoms (SAs) on oxides is often
attributed to a strong metal-support interaction (SMSI), in which
electron density is donated from the metal to the support, thus
making reducible oxides particularly suitable host materials3,9.
However, the reverse electron transfer (from the oxide to metal
nanoparticles) is also possible10. Dispersing metals up to single
atoms is very efficient in oxygen-rich environments of Fe3O4 and
ceria, and stable SAs of rhodium, palladium, platinum and
gold8,11–14 have been characterized.
Owed to their isolated nature, SAs exhibit unusual electronic

properties. For instance, in an AgCu single-atom alloy catalyst,
free-atom like states of copper were reported15, while strong
electronic coupling in a Pd1/Fe2O3 SAC resulted in improved
alkyne semi-hydrogenation performance16. Moreover, the oxida-
tion state of the isolated platinum atom in Pt1/CeO2 dynamically
changes due to the electronic coupling of the metal and ceria
support17. For ceria, this process results in localized Ce3+ centers
(polarons). The electron transfer process is assisted by lattice
phonons and was therefore coined as phonon-assisted metal-
support interaction (PAMSI)17. A Born–Haber model was devised
to understand the origin of the dynamic behavior of the Pt1/CeO2

system that retrieved the energy difference between the adsorbed
Pt in its neutral and charged state with concomitant reduction of
the oxide. To compensate for the ionization potential of the metal
atom, as well as the reduction and distortion of the oxide, covalent
Pt–O interactions contribute, and large favorable changes in
Coulomb interactions tip the balance.

The dynamic nature of the metal oxidation state (mOS) in Pt1/
CeO2 challenges the classical assignment of a static charge to
SACs9, thus limiting the applicability of traditional structure-
activity relationships. Consequently, Pt1/CeO2 needs to be
represented as an electronic ensemble with similar geometric
structures, but significantly different electron density distribu-
tions. Highly active metastable states, which are easily populated
under operando conditions, can considerably influence material
properties and catalytic reactivities, as has been shown for
geometric ensembles18. The dynamic effect significantly increases
structural and electronic complexity, thus requiring sophisticated
multiscale modeling approaches19. Similarly, assessing the
properties of multiple low-lying electronic states is a non-trivial
task. As seen for Pt, these states are closely spaced within the
energy spectrum, and the number of possible distributions grows
rapidly with the number of electrons exchanged by the isolated
metal and the oxide.
Thus, the prediction of dynamic behavior is challenging and we

lack a model that provides a physical expression for the
interaction between the SAs and the reducible oxide support.
Machine-learning (ML) techniques applied to materials modeling
hold promise to overcome these hurdles20–22. Data-driven models
based on readily available physical properties have proven to
simplify the analysis of complex configurational spaces. For
instance, a Gaussian Process Regression model was used to
augment first-principles estimates of the reduction temperatures
of 38 metal oxides23. ML methods further predicted adsorption
energies of SACs on various oxides24, shed light on the influence
of surface modifications on MgO(100) supports25, and identified
aggregation trends compromising SA stability26. A Least Absolute
Shrinkage and Selection Operator (LASSO) model was used to
single out the 75 most representative descriptors out of 300k
candidates governing the adsorption of transition metals (TMs)
on oxide supports27. Many of these exploratory efforts have
resulted in robust models, but require large feature spaces and
offer limited explainability.

1Institute of Chemical Research of Catalonia (ICIQ), The Barcelona Institute of Science and Technology (BIST), Avinguda Països Catalans 16, 43007 Tarragona, Spain. 2Universitat
Rovira i Virgili, Avinguda Catalunya, 35, 43002 Tarragona, Spain. ✉email: nlopez@iciq.es
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In this work, we employed a data-driven approach to augment
the simple representation of a physics-based two-state
Born–Haber model, constructed for Pt1/CeO2

17. To this end, we
have created an extensive database of (701) ground and low-
lying excited states for CeO2(100)-based SACs of the group 9–11
metals, accounting for their rich and varied redox chemistry,
adapting up to five distinct metal charge states, as well as
alternative coordination environments of the ceria support. We
applied a toolbox of ML techniques to reproduce the energies of
ground and excited states for all SACs. Predominant features
were then used to construct a parsimonious, interpretable model
that predicts the appearance of dynamic electron transfer and
rationalizes main contributions.

RESULTS AND DISCUSSION
Metal adsorption on CeO2 surfaces
To analyze the stability of single metal atoms on the low-energy
facets of ceria (see Supplementary Fig. 1 and Supplementary Note
1), we evaluated their adsorption energies by means of DFT
(PBE+U) via: EAds= Etotal− Esurface− Ebulk metal, where Etotal denotes
the energy of the SAC, Esurface that of the unreconstructed oxide
surface and Ebulk metal the metal cohesive energy per atom
(Supplementary Tables 1 and 2). Exothermic (endothermic) adsorp-
tion indicates favorable dispersion in the form of single atoms
(nanoparticles). On the lowest energy facet (111), as well as on
(110), adsorption is always endothermic with respect to the bulk
metal, the only exceptions being cobalt and nickel on (110).
In contrast, adsorption on unreconstructed (2O) CeO2(100) is

exothermic for cobalt, nickel, copper, silver and gold. Moreover,
lattice oxygen atoms in CeO2(100) easily diffuse and rearrange to
form oxygen-rich domains28. These modified coordination envir-
onments involve three or four surface oxygen atoms, denoted 3O
and 4O, respectively. 3O-sites stabilize the first-row TMs cobalt,
nickel and copper, while adsorption on square-planar (100)-4O is
exothermic for all metals (except for Au and Ag), rendering them
as stable SACs. These coordination motifs are very common on

ceria as they appear at CeO2(111) step edges29 and the corners of
cuboctahedral ceria nanoparticles30, agreeing with experimental
observations29,31. Upon adsorption, electrons from the deposited
metal atoms can be transferred to the ceria support and localize
at Ce4+ centers, forming Ce3+ polarons. Thus, counting reduced
cerium centers can be used as a proxy for the metal oxidation
state, mOS30, avoiding difficulties in charge assignment32.
Particularly, for Pt1/CeO2(100) dynamic electron exchange
between the metal atom and the support was found at around
500 K according to our previous ab initio Born-Oppenheimer
Molecular Dynamics (BOMD)17.

Dynamic behavior of M1/CeO2(100) SACs
To assess if the dynamic charge transfer is common to other metals,
we performed 10 ps BOMD simulations of the stable CeO2(100)-4O
SACs at 600 K for cobalt, rhodium, iridium and copper (Supple-
mentary Note 2). Figure 1 shows the continuous mOS progressions
and frequency distributions during the BOMD trajectories for each
system. Interestingly, the very redox active metal iridium remains in
a charge state of 4+ throughout, with 3+ states persisting for less
than 30 fs and charge transfer events being limited to the oxide (i.e.,
polaron hopping; see Supplementary Fig. 2). On the other hand,
copper presents a 2+ ground state and forms two long-lived (about
200 fs) Cu+ species, while cobalt fluctuates between mOS values of
2+ and 4+, transitioning through the 3+ ground state. Co2+ states
are short-lived ( < 10 fs) and precede transitions to 4+ states, which
are stable for up to 70 fs. Rhodium shows the most dynamic
behavior and adapts mOS values ranging from 1+ to 4+. The
longest lifetime of this system in its 3+ ground state is below 600 fs,
while 2+ (4+) states last up to 200 fs (150 fs), and also short-lived
(<50 fs) 1+ states are accessible. Overall, for copper, cobalt and
rhodium, we identify ~7, 27, and 65 states at varying mOS that
persist for more than 30 fs, respectively.
Thus, the BOMD trajectories show that all SACs except Ir1/CeO2

present a dynamic mOS, albeit to varying extents. It is therefore
challenging to predict mOS dynamics ad-hoc, since a poor redox

Fig. 1 Molecular Dynamics of selected CeO2(100)-4O-based SACs investigated for metal oxidation state (mOS) dynamics at typical
working temperature (600 K). The left panels show top views of the initial, unoptimized SAC structures, with ground state Ce3+ distributions
indicated. colour code: O2−, red; Ce4+, orange; Ce3+, yellow (metal species annotated; one subsurface polaron for Co-4O). The center panels
depict the continuous mOS progressions during the 10 ps trajectories, indicated via the white lines and background colour gradients, where
brighter (darker) colour corresponds to higher (lower) mOS values. Distributions of states at mOS increments of 0.1 are shown in the right
panels. The full trajectories of the BOMD simulations can be seen in the Supplementary Videos 1–4.
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active metal such as copper does present the effect, while a highly
multivalent metal like iridium does not. However, an extended
investigation with BOMD for other metals, coordination environ-
ments and longer timescales necessary to ascertain ground states
and dynamicity is computationally not possible.

Sampling of SAC electronic ensembles
Alternatively, the dynamic properties of CeO2(100)-based SACs at
typical working temperatures can be inferred from a static
investigation of ground and excited states17. Thus, we performed
a systematic exploration of electronic ensembles for the group
9–11 transition metals (M= cobalt, rhodium, iridium, nickel,
palladium, platinum, copper, silver, gold), surface oxygen coordi-
nations (NO), metal oxidation states (mOS), and Ce3+ distributions
resulting from electron transfer to the different cerium centers in
the surface. By considering all possible Ce3+ configurations up to
an mOS of 2+, we have created 1242 initial structures, see
Supplementary Note 3, that converged to a dataset of 701 distinct
optimized geometries, as presented in Fig. 2.
We find that each metal can be stabilized by at least one

oxygen coordination environment on the CeO2(100) surface.
However, there is great variability throughout the set: while for
the group 9 and 10 metals, square-planar 4O coordination
presents the ground, 2O an intermediate and 3O a metastable
state, for group 11, adsorption energies become more endother-
mic with increasing valency of the metal atom. Moreover, the
ground state mOS largely depends on the coordination number,

where, higher valency generally leads to more highly charged
metal species. In numerous cases, SACs at a given coordination
and charge state show the presence of low-lying excited states
that cover energy ranges up to 1 eV in magnitude, see
Supplementary Table 3. Thus, the electronic ensembles for
different mOS frequently overlap, indicative of dynamic behavior
at finite temperatures. The ground states deduced from the static
sampling reproduce the majority species observed in the BOMD
simulations (Fig. 1), and the frequencies and lifetimes of dynamic
mOS deviations closely follow the energy distributions of the
ensembles. For instance, in addition to its 3+ ground state, Co1/
CeO2(100)-4O mainly occupies 4+ states, as expected from the
small energy difference between the two ensembles, see Fig. 2.
Similarly, the static mOS behavior of Ir1/CeO2(100)-4O relates to
the lack of accessible states with a charge other than 4+.

Feature space construction
To investigate the main contributions ruling the dynamic charge
transfer, we built data-driven ML models that reproduce the
adsorption energies of ground and accessible low-lying excited
states of the SACs. Our initial pool of atomic metal descriptors is
based on the set proposed by O’Connor et al.27, containing among
others: the atomic number (Z), the cumulative ionization potential
(IP), electronegativity, (χ), and orbital levels/radii, amounting to a
total of nine features. Following previous ML models for the
prediction of ground state adsorption energies of SAs on oxide
supports24,27,33, we added thermodynamic data for metal–metal

Fig. 2 Adsorption energies for ground and accessible excited states of the investigated CeO2(100)-based transition metal (TM) SACs. The
individual values were obtained via: EAds= Etotal− E2O surface− Ebulk metal. Each TM is represented by one panel. The different coordination
environments (illustrated in the bottom row) are separated horizontally within each panel. Metal oxidation states, mOS, are annotated above/
below the respective energy distributions.
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and metal–oxygen interactions34. Specifically, we evaluated the
bond enthalpies of the metal–metal, ΔGM–M, and metal–oxygen
bonds, ΔGM–O, both for the diatomic molecules and for the bulk
systems, see Supplementary Table 4.
Among the oxide descriptors, studies on oxygen defects on ceria

demonstrate that the geometric properties of local Ce3+ distribu-
tions crucially affect the relative stability of vacancies35. Thus, we
augmented the feature space with topological descriptors of the
oxide: (i) the average number of surface oxygen bound to the Ce3+

centers, denoted ϵ, indicative of surface strain35; and (ii) the
M-Ce3+ and Ce3+-Ce3+ distances, accounting for Coulomb
interactions between these centers. To remove the need for
explicit DFT optimizations, the distances are expressed in units of
primitive cell vectors. Owing to the inhomogeneity of the dataset,
we used statistical measures (i.e., the sum, minimum, mean,
maximum and standard deviation) of the respective distance sets
as ML features, instead of the individual values, see Supplementary
Note 4 and Supplementary Fig. 4.

Predictive ML models
In Fig. 3, we present a summary of the predictive ML models. In all
cases, we employed K-fold cross-validation (KFCV) using a 5-fold
data split and show predictions obtained by the best-performing
model, with mean errors and standard deviations indicated. Linear
regression (LR) with metal-only descriptors led to a convoluted
description, proving that host descriptors are crucial to untangle the

metal clusters, see Supplementary Fig. 5. However, as fully linear
models cannot capture the physics of the metal–oxide interaction,
predictions stay poor (Supplementary Table 5).
In a next step, nonlinearity was introduced via a secondary feature

space of second-order products and ratios of all combinations of
primary descriptors27 (871 in total), making regularization essential
to combat overfitting. Hence, we use the Elastic Net (EN) method36,
as it combines l1-and l2-regularization and therefore achieves
feature subset selection and robust predictions, even in the
presence of correlated variables, see Supplementary Note 5 and
Supplementary Figs. 4 and 6. With the secondary feature space, the
EN model achieves an excellent predictive performance of 0.19 eV
(RMSE) and 0.14 eV (MAE), see Fig. 3a. Complementary, a nonlinear
Random Forest (RF) model, see Supplementary Note 6, provides
similar predictive performance of 0.15 eV (RMSE) and 0.11 eV (MAE)
with the primary feature space, see Fig. 3b. Thus, our models
confirm that nonlinearity is crucial to reproduce the energy
distributions of the electronic ensembles for each SAC, and validate
the suitability of our descriptor pool. However, the large number (86)
of convoluted features retained by EN and the poor interpretability
of RF make it difficult to readily derive physical insight.

Feature space reduction
To identify the most representative descriptors, we then applied
sequential feature selection (SFS), while evaluating model perfor-
mances with KFCV, as well as leave-one-group-out cross-validation

Fig. 3 Predictive ML models constructed from the DFT dataset of adsorption energies (EAds) of ground and excited states of ceria-based
group 9–11 transition metal (TM) SACs. Predictions by the best-performing Elastic Net (EN), Random Forest (RF), and Bayesian Machine
Scientist (BMS) models are shown in the panels a, b, and d, with training (testing) data points indicated as circles (crosses). The gray areas mark
a region with a deviation of up to 0.2 eV. Panel c shows the courses of RMSE values for the EN and RF models during sequential feature
selection (SFS), evaluated via K-fold cross-validation (KFCV; opaque bars) and leave-one-group-out cross-validation (LOGOCV; transparent
bars). The use of secondary features for Elastic Net (see main text) requires a minimum of two descriptors in the reduced primary space. The
actual error values and selected primary features obtained during SFS, panel c, are listed in Supplementary Table 6.
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(LOGOCV), see Supplementary Note 7). Figure 3c) shows the RMSE
values of the Elastic Net and Random Forest models during SFS up
to the inclusion of eight primary features, while the full data is
presented in Supplementary Table 6. The use of Random Forest
with LOGOCV leads to considerable errors throughout, which we
attribute to the poor extrapolation capabilities of the method. On
the other hand, the EN model converges to low errors of around
0.20 eV, irrespective of the applied data partitioning. Predictions by
the Elastic Net model during leave-one-group-out cross-validation
are presented in Supplementary Fig. 8.
Importantly, as feature subsets are expanded during SFS, the

errors of both models quickly converge. Thus, a reduced set of
representative physical descriptors is sufficient to capture the
complex interactions governing metal adsorption energies of
ceria-based SACs. As the actual feature sets obtained from SFS
vary with model choice and validation procedure, see Supple-
mentary Table 6, we instead identified frequently occurring
feature classes that directly map to distinct physical properties
of the systems, see Fig. 4a. These properties, and corresponding
representative features, are (i) the metal species, Z; (ii) its charge
state, IP (cumulative up to mOS); (iii) its size, rcov; (iv) the
coordination environment, NO; (v) the covalent contribution of

the metal–oxygen bonds, ΔGM�O
bulk ; (vi) surface strain and distortion,

ϵ; (vii) Coulomb interactions between the metal and the support,
minðdM�Ce3Þ; and lastly (viii) Coulomb interactions between Ce3+

centers, dCe3-Ce3. Notably, this reduced space of eight representa-
tive features contains all contributions earlier suggested in the
Born–Haber model17, as well as relevant geometric properties of
the ceria support identified by Murgida et al.35.

Search for a closed-form model
Based on the reduced set of representative features, we then
searched for a closed-form model for the metal–oxide interaction
that generalizes the two-state Born–Haber cycle (Fig. 4b), to all
considered metals, coordination environments, oxidation states,
and surface electron distributions. Such a model has the
advantage that mathematical analysis of the obtained functional
form can provide additional physical insight. We employed the
Bayesian Machine Scientist (BMS)37, which samples the space of
possible functional forms that fit the training data (further details
are provided in the Methods Section). During preliminary runs
with all eight features (Supplementary Table 7), BMS only retained
dissimilar, reduced subsets, see Supplementary Note 8. Due to the

Fig. 4 Schematic of the data-driven construction of a closed-form model for the interaction of single metal atoms with the CeO2(100)
support, obtained by the Bayesian Machine Scientist (BMS). a Representative features selected via sequential feature selection (SFS) from
predictive ML models. b Physical Born–Haber model previously used to describe the metal-support interaction of a Pt1/CeO2(100) SAC at fixed
coordination and two charge states (energy terms: Red= Reduction; Cov= Covalent; Dist=Distortion; Coul= Coulomb; Ads= Adsorption).
c Energy contributions given by each individual term of EMBMS . The range of energy contribution due to the support, EOxBMS, is indicated as gray
background. Relevant mOS values for term (iii) are annotated.
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greater energy differences between the metal ensembles,
compared to within the individual distributions, BMS mostly
retained metal features, while oxide variables were discarded.
Therefore, initial models (Supplementary Eqs. 7 to 9) had low
predictive power and were elusive to physical interpretation.
Consequently, we decomposed the adsorption energies, EAds,

into a predominant metal and a separate oxide contribution.
Training the first BMS model with only the five metal features (see
above) gives an approximate positioning of each metal ensemble in
the appropriate region of the energy spectrum, EMBMS. To retrieve the
remaining oxide contributions, approximated by EOxBMS, we then
subtracted EMBMS from the DFT adsorption energies and trained a
second BMS model on the residuals, using the remaining three
host descriptors. Following this approach, we obtained consistent
and interpretable functional forms for both contributions, as
presented in Eqs. (1) to (3). The full, additive model gives accurate
adsorption energy predictions (RMSE= 0.20 eV and MAE= 0.15 eV),
as shown in Fig. 3d. Relevant fitting constants are reported in
Supplementary Table 8.

EAds ¼ EMAds þ EOxAds � EMBMS þ EOxBMS ¼ EBMS: (1)

EMBMS ¼ NOc1 ΔGM�O
bulk þ c2

� �NOcos rcovð Þ
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{

ðiÞ

þNOc3 þ ΔGM�O
bulk

2
zfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflffl{

ðiiÞ

� NOr2cov IPþ Zð Þ�c2�NO

c4 ΔGM�O
bulk þ c5

� �2
ΔGM�O

bulk � IPþ Zð Þ�c2�NOþc4
� �

rcov þ cos c6rcov
c4

� �� �2

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{
ðiiiÞ

(2)

EOxBMS ¼
1
c1

dCe3�Ce3 þ
minðdM�Ce3Þ

c22 minðdM�Ce3Þ � c2dCe3�Ce3
cos c1 c1ϵ c1 þ c2ð Þ þ ϵ2

� �� �� �

(3)

Deriving physical insight from the closed-form model
For better interpretability, we evaluated each of the three
constituent terms of EMBMS (Eq. (2), see above), denoted (i), (ii),
and (iii), separately, while their individual energy contributions are
presented in Fig. 4c. Term (i) spans from –1.86 to 0.24 eV and
attributes the greatest stability to highly coordinated (small)
metals that form strong bonds with oxygen. Thus, it accounts for
metal–oxygen bonding in the different coordination environ-
ments, and predicts the following stability trends: NO= 4
(exothermic) > NO= 2 (thermoneutral) > NO= 3 (endothermic), in
agreement with expectations derived from coordination chem-
istry. Thus, term (i) correctly reproduces the dependence of the
adsorption energies on the coordination number for the group 10
metals (Ni, Pd, Pt), Rh, and to some extent, Ir (see Fig. 2). However,
it provides a poor approximation for the group 11 metals (Cu, Ag,
Au), as they do not follow the same energy trends.
Term (ii) is endothermic, spanning from 0.54 to 1.40 eV, and

only depends on ΔGM�O
bulk and NO. Contrary to term (i), it particularly

destabilizes high coordination and strong metal–oxygen bonds,
thus we mainly attribute it to distortion. Term (ii) provides a first
correction to the estimates of term (i), and further distinguishes
the different metals and coordination environments in the energy
spectrum.
Lastly, term (iii) is given by a fraction that involves all five metal

features and spans from –2.00 to 0.00 eV. It therefore introduces a
distinction by the mOS. The contribution of term (iii) is exothermic
for the first-row metals cobalt, nickel, and copper, particularly at
lower coordination NO= 2 and 3. In the limit of large atomic
numbers and covalent radii, that is, for the second and third row
TMs, term (iii) approaches zero, therefore leaving these metals
almost unaffected. Owing to their weak metal–oxygen bond
strength, the effect is somewhat mitigated for silver and gold, for

which term (iii) slightly stabilizes low coordinations. Overall, the
influence of term (iii) is highly dependent on the specific metal
atom and mOS state, thus providing a final refinement of the
estimates given by terms (i) and (ii).
The remaining oxide contributions, approximated by EOxBMS and

illustrated as gray background in Fig. 4c, are mainly attributed to
Coulomb interactions (within the support, and between the metal
and Ce3+ centers), as well as lattice strain induced by the oxygen-
rearrangements and surface polarons. EOxBMS particularly penalizes
configurations with increased lattice strain, which span from –0.15
to 0.33 eV, and are therefore of the same magnitude as polaron
hopping barriers in ceria (0.40 eV)38, or the reconstruction energy
from 2O to 3O (0.30 eV, see Supplementary Note 1).
The investigated ML models (EN, RF, and BMS) all provide

similar predictive accuracy. However, as outlined above, the closed
functional expression obtained with BMS is physically interpre-
table. Supplementary Fig. 9 presents the BMS predictions in direct
comparison to the original data of Fig. 2. Overall, deviations for
ground states are within the range of the PBE+U inherent error for
the ceria reduction energy (up to 0.4 eV)39. In certain cases,
ground state mOS for a given metal and coordination are not
correctly identified by the BMS. We attribute these discrepancies
to the inherently small energy differences for these systems. For
instance, DFT adsorption energies of Co-4O in its 3+ and 4+
charge states differ by only 0.06 eV, see Fig. 2. On the other hand,
highly excited states are generally less well-reproduced, causing a
contraction of the energy spans of the individual distributions.
Nonetheless, the BMS model correctly reproduces ensemble
overlaps, and thus mOS dynamicity.
Owing to its compact nature, we can compare the generalized

model obtained from BMS to the phenomenological Born–Haber
(BH) cycle, which only provided the energy difference for two states
(Pt and Pt+), in a fixed coordination environment (2O). While the BH
model is derived from physical insights, BMS functional forms are
data-driven. The BH is based on seven local variables, including the
IP, surface distortion/reduction, a covalent contribution, and
Coulomb interactions, which were evaluated using explicit DFT
distances and Bader charges. Instead, the BMS accounts for nine
metals, three coordination environments, and up to five different
oxidation states, while using only eight variables, none of which
require explicit DFT. Owing to its significant contribution, the IP
appears in both models. The covalent term, ECov, in BH was
approximated by the Pt(H2O)2-binding energy. In the BMS, it is
replaced by the more general metal–oxygen bond-formation
enthalpy, ΔGM�O

bulk . As a bulk property, ΔGM�O
bulk , also contains non-

local ionic interactions that were approximated via the Coulomb
term in the BH model (see Supplementary Note 4). The remaining
contributions in the BH cycle are the reduction and surface
distortion of ceria, both of which are rather small, as no additional
oxygen-rearrangements were considered. In BMS, these effects are
condensed in the surface term, EOxBMS, which further accounts for
long-range repulsion and elastic properties of the surface due to
the localized polarons.
Finally, to provide an outlook on the expected generalization

capabilities of our BMS model, we consider the impact of
different metals and reducible oxide supports. Retaining the
same functional form and atomic descriptors, the adsorption
energies of other SA metals can be predicted by fine tuning the
coefficients, as evaluated for our set of metals through leave-
one-group-out cross-validation, see Supplementary Table 9. As
for the oxides, the surface contributions account for local strain
and polaron structure, and can thus be adapted to other
reducible oxide supports using equivalent descriptors. Account-
ing for defects, such as oxygen vacancies, will require future
extensions of the method40.
In summary, we have shown that the dynamic charge transfer

between isolated single-metal atoms and ceria supports is
ubiquitous and can be predicted via an interpretable, parsimonious
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mathematical expression for the metal-support interactions. Our
data-driven model employs a set of eight variables, including metal
properties like the atomic number, covalent radius, ionization
potentials, metal–oxygen bond strengths, and the coordination
number, as well as oxide contributions, accounting for surface strain
and Coulomb interaction. It generalizes a previous, physical
Born–Haber model and reproduces the adsorption energies for
ground and low-lying excited states for a variety of CeO2(100)-
based SACs. The proposed methodology of augmenting physics-
based models with data-driven machine-learning techniques allows
for a generalization of dynamic electron transfer in metal-support
interactions and paves the way towards the introduction of
complex electronic structure contributions in the modeling of
single atoms for heterogeneous catalysis.

METHODS
Density functional theory
DFT simulations were performed with the Vienna Ab Initio Simulation
Package (VASP; version 5.4.4)41 and the Perdew–Burke–Ernzerhof (PBE)
functional42. For the cerium atoms, an additional Hubbard U correction43,
with an effective Ueff value (Dudarev’s approach44) of 4.5 eV was applied45.
Core electrons were treated with the projector augmented wave (PAW)
method46,47 using the appropriate PAW-PBE pseudopotentials, while
valence electrons were expanded with plane waves up to a basis set
cutoff of 500 eV. Total energies were evaluated at the Gamma point, and
validated by comparison to (3 x 3 x 1) k-point sampling, see Supplementary
Fig. 3. Electronic convergence was set to 10−6 eV and atomic positions
were converged until residual forces fell below 0.01 eVÅ−1.
Slab models for the (111) and (100) surfaces were constructed as (3 x 3),

and for the (110) surface as (2 x 2) supercells, based on optimized ceria
bulk (theoretical lattice parameter: 5.491Å). They extend nine, nine, and six
atomic layers along the vertical direction, with the bottom three, four, and
three layers fixed at the optimized bulk positions, respectively. At least
10Å of vacuum were added on top of the surfaces to avoid non-physical
interactions between periodic images. Ce3+ centers, and consequently
discrete mOS states, were assigned through the localized magnetic
moments of cerium atoms, where we applied a threshold of 0.8 μB, based
on previous work17.
For the Born-Oppenheimer Molecular Dynamics (BOMD) simulations, we

used reduced (2 x 2) supercells of CeO2(100). They were conducted within
the canonical NVT ensemble (constant number of particles, volume and
temperature), using the Nosé-Hoover thermostat48 at an average
temperature of 600 K. Data was collected for 10 ps trajectories, with a
time-step of 1 fs. For the MD simulations, we lowered the electronic
convergence threshold to 10−5 eV. Continuous mOS progressions along
the MD trajectories (center panels of Fig. 1) were obtained by summing up
the absolute magnetic moments of all surface and subsurface cerium
atoms, without the application of a magnetization threshold. The
distributions shown in the right panels of Fig. 1 represent states at
discrete mOS values at increments of 0.1 μB.

Statistical modeling
All the data follows FAIR principles (findable, accessible, interoperable, and
reusable) according to the guidelines outlined by Artrith et al.22. Predictive
models (LR, RF, EN)36 were evaluated using KFCV with a 5-fold data split,
and LOGOCV procedures, see Supplementary Table 6. Data centering and
standardization were applied when necessary. Reported error measures
(R2, RMSE, MAE) were averaged over the different train-test splits, with
standard deviations indicated. Presented energy predictions correspond to
the best-performing models, as identified during the respective cross-
validation procedure. Hyperparameter tuning for the EN and RF models is
provided in Supplementary Figs. 6 and 7. For the final EN model, we used
values of α= 1 × 10−3 and l1-ratio= 0.999 throughout (low total
amount of regularization, high fraction of l1). The RF was constructed as an
ensemble of 128 trees, which were grown to a maximum depth of eight. At
each split, randomly selected features amounting to 60% of the given pool
were evaluated. Training was performed on bootstrapped data sets. For
data visualization, we made extensive use of the Plotly Python library49.
The symbolic equation search was performed via the Bayesian Machine

Scientist (BMS)37, which samples the space of possible functional forms
that fit the training data using using Markov Chain Monte-Carlo. As the

space of mathematical functions to be explored by BMS grows
exponentially with the number of variables, the method requires a
simplified descriptor space50. We limited the number of steps to 10,000, of
which the first 1000 were discarded. The maximum depth was set to 100
iterations per step. At each step, we examined the following BMS outputs:
(i) the current function and its complexity, (ii) the Bayesian Information
Criterion (BIC), (iii) the sum of squared errors (SSE), and (iv) the values of all
the fitting constants. Functions were evaluated by mathematical analysis,
focusing on accuracy and simplicity. For the separate metal (oxide) models
we used six (three) fitting constants, and suitable priors accordingly. BMS
allows continuous, as well as discrete variables as inputs. In our setup, the
latter are given by the metal features and the coordination number, both
of which separate distinct classes of data. In practice, BMS frequently
achieves separation of data classes and approximation of polynomial terms
by the use of trigonometric functions, as their compact nature lowers the
applied penalty on model complexity.
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1. Introduction

In view of the growing demand for green 
and sustainable technologies in the chem-
ical industry, performing atom-efficient 
and selective oxidation reactions repre-
sents a key challenge.[1–5] Nitrous oxide, 
N2O, stands to play an important role in 
addressing this issue. While it is a well-
established specialty chemical, primarily 
known for its use as an anesthetic, in the 
1980s it has started to attract significant 
attention as a selective oxidizing agent. 
Owing to its ability to donate a single 
oxygen atom, it avoids the risk of over-oxi-
dation and, notably, generates ecologically 
benign N2 as the only by-product, posi-
tioning it as a green alternative to many 
conventional oxidizing agents.[6–8] In the 
following years, N2O has been shown to 
unlock unique pathways for the one-step 
oxidation of benzene to phenol or methane 
to methanol.[9,10] The highly selective and 
facile nature of the former led to the imple-
mentation of the AlphOx process in the 
late 1990s. Therein, the Boreskov Institute  

Nitrous oxide, N2O, exhibits unique reactivity in oxidation catalysis, but 
the high manufacturing costs limit its prospective uses. Direct oxidation of 
ammonia, NH3, to N2O can ameliorate this issue but its implementation 
is thwarted by suboptimal catalyst selectivity and stability, and the lack of 
established structure–performance relationships. Systematic and controlled 
material nanostructuring offers an innovative approach for advancement 
in catalyst design. Herein low-valent manganese atoms stabilized on ceria, 
CeO2, are discovered as the first stable catalyst for NH3 oxidation to N2O, 
exhibiting two-fold higher productivity than the state-of-the-art. Detailed 
mechanistic, computational and kinetic studies reveal CeO2 as the mediator 
of oxygen supply, while undercoordinated manganese species activate O2 and 
facilitate N2O evolution via NN bond formation between nitroxyl, HNO, 
intermediates. Synthesis via simple impregnation of a small metal quantity 
(1 wt%) predominantly generates isolated manganese sites, while full atomic 
dispersion is achieved upon redispersion of sporadic oxide nanoparticles 
during reaction, as confirmed by advanced microscopic analysis and electron 
paramagnetic resonance spectroscopy. Subsequently, manganese speciation 
is maintained, and no deactivation is observed over 70 h on stream. CeO2-
supported isolated transition metals emerge as a novel class of materials for 
N2O production, encouraging future studies to evaluate their potential in 
selective catalytic oxidations at large.
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of Catalysis (BIC) and Solutia Inc. launched a pilot plant uti-
lizing waste N2O generated during manufacture of adipic acid, 
achieving 98% yield of phenol.[6,7] Despite the success of the 
technology, no significant advances in the commercialization of 
N2O-mediated processes have been made in the past two dec-
ades. The main reason for this is the lack of affordable N2O. 
On the one hand, the existing N2O streams (i.e., by-product of 
adipic acid production) contain only 30-40% N2O and require 
extensive purification (removal of NOx, COx, and,O2), entailing 
large capital and operational costs.[11] On the other hand, almost 
all of the deliberately synthesized N2O currently comes from 
thermal decomposition of ammonium nitrate, resulting in a 
prohibitively high price (≈ 4000$ t−1).[12] This is reflected in the 
limited scale of N2O production, estimated to be ≈ 0.2–0.3 Mt 
year−1 and expected to increase at the rate of only around 7% 
annually.[13] The reason for this is the high cost of ammonium  
nitrate itself, which is a product of a complex and multi-stage 
manufacturing route, comprised of ammonia, NH3, oxida-
tion to NO, its subsequent transformation into nitric acid, 
acid-base reaction with NH3 and, finally, crystallization into a 
salt. Crucially, N2O also forms as a minor by-product during 
the first stage of this process.[14,15] Thus, by designing a suit-
able catalytic material and adapting the reaction conditions, 
the process of NH3 oxidation can be tuned to yield N2O as 
the main product, significantly reducing its price (≈ 600$ t−1) 
and eliminating the need for downstream purification and 
allowing its application in existing or new selective oxidation 
reactions.[12] Recent advances in the field of blue and green 
NH3 production make this approach even more appealing, 
as they hold the potential to transform NH3 oxidation to N2O 
into a fully sustainable process, starting at the stage of feed-
stock procurement and ending with the ultimate product 
application.[16,17]

In an effort to design catalysts for NH3 oxidation to N2O, 
reducible metal oxides have been studied most extensively, 
owing to their inherent activity in redox reactions,[18,19] with 
manganese-based systems being the most prominent.[20,21] 
An important milestone was reached in 1998, with the identi-
fication of Mn-Bi-O/α-Al2O3, the state-of-the-art catalyst at the 
time.[22] This system, comprised of nm-sized particles of oxides 
of manganese, bismuth, and mixtures thereof and with a total 
metal content of 20  wt%, showed the highest N2O selectivity 
(≈ 83%) to date at nearly complete conversion of NH3.[23,24] 
This result prompted the construction of a pilot plant by 
Solutia Inc. in collaboration with the BIC. However, despite the 
reported success of the test, the catalyst was never industrially 
implemented. The apparent reason for this was that Mn-Bi-O 
system performed optimally under an excess of O2, requiring 
its removal downstream and significantly increasing the costs. 
In contrast, the use of stoichiometric reactant amounts would 
likely have had a negative effect on the catalyst stability, as tran-
sition metal-based catalysts are known to suffer from deactiva-
tion due to over-reduction of the active phase[15,24–27] — a key 
limitation of this class of materials.

In the following years, little advancement in the field of 
direct NH3 oxidation to N2O has been made. However, recently 
the topic experienced a revival, when our group reported small 
Au nanoparticles (2–3  nm) supported on ceria, CeO2, to be a 
highly selective and active material, far outperforming the  

Mn-Bi-O system and setting a new benchmark for N2O produc-
tivity.[12] Remarkably, CeO2 assumed the role of a co-catalyst,  
serving as the mediator of oxygen supply for the reaction, 
which proceeded via a Mars-van Krevelen-type mechanism at 
the interface between the support and Au. However, the catalyst 
suffered from deactivation due to agglomeration of Au nano-
particles. Furthermore, despite the superior activity of Au, the 
global trend toward making the chemical industry more sus-
tainable demands a reduction in the use of precious metals. 
Thus, we adopted a new approach toward catalyst design, lev-
eraging the newly gained understanding of the unique redox 
capabilities of CeO2, while utilizing well-established manga-
nese as the active phase. Beyond simply using a cheaper and 
more abundant metal, this strategy aims to combine the spe-
cific redox properties of both phases, making it possible to engi-
neer the active site at the atomic level, which can often give rise 
to new materials with unprecedented catalytic properties.[28–30] 
Thereby, the long-standing problem of control over the nano-
structure of NH3 oxidation catalysts can be addressed.

Following this approach, we identify isolated, low-valent 
manganese atoms stabilized on CeO2 as an outstanding cata-
lyst for NH3 oxidation to N2O, outperforming Au nanoparticles 
in terms of selectivity, activity, and stability. The oxygen buffer 
ability of CeO2 is found to be essential for the attainment of 
high N2O productivity, providing abundant O species for the 
reaction. This is complemented by the ability of undercoordi-
nated Mn2+ species on the surface of the support to effectively 
activate gas-phase O2 and facilitate NN bond formation, as 
evidenced by atomistic simulations. Furthermore, in contrast 
to the previously reported manganese-based systems, the high 
catalytic activity is attained with the total metal content of only 
1 wt%. Atomic dispersion of the majority of manganese atoms 
is achieved during synthesis, proceeding via a simple impreg-
nation method, while the few sporadic manganese oxide parti-
cles redisperse into single atoms over the course of the reaction.  
The resultant material remains subsequently unchanged, 
showing no loss of catalytic activity over 70 h on stream — an 
unprecedented result for an NH3 oxidation catalyst to N2O. 
Moreover, the remarkable oxidative properties of CeO2-sup-
ported atomically-dispersed transition metals presented here 
can extend beyond oxidation of NH3 and find application in a 
range of other oxidation reactions. Thus, these findings are of 
significant relevance to the field of catalytic oxidations not only 
as an advancement in the production of an affordable and effi-
cient oxidant, N2O, but also as a demonstration of a novel type 
of material for selective oxidations at large.

2. Results and Discussion

2.1. Platform of Materials

To verify that manganese represents the most promising 
earth-abundant transition metal for NH3 oxidation, a series of 
CeO2-supported transition metal catalysts were synthesized by 
incipient wetness impregnation (IWI) with a nominal metal 
content of 1  wt%. The reference catalysts were prepared fol-
lowing the synthetic procedures described in the respective 
studies.[12,23] The catalytic performance of the derived materials  

Adv. Mater. 2023, 35, 2211260
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was subsequently evaluated in NH3 oxidation. Reference sys-
tems showed performance metrics consistent with previous 
reports, thus providing a valid benchmark, while transition 
metal catalysts exhibited varying levels of NH3 conversion 
and product selectivity (Figure 1). The majority showed very 
low activity and primarily formed N2, while Co/CeO2 achieved 
appreciable NH3 conversion, but also produced a much larger 
amount of NO (SNO  >  20%). Accordingly, the poor catalytic 
performance of these systems disqualified them from further 
consideration in this work. However, in line with our expecta-
tions, manganese-based system achieved the highest N2O selec-
tivity, even rivaling that of the state-of-the-art Au/CeO2. In fact,  
Mn/CeO2 exceeded the NH3 conversion of the latter by a sig-
nificant margin (73%  vs 41%), thereby reaching a higher 
space-time yield of N2O (STYN2O) than any previously reported 
material. Interestingly, the Mn-Bi/Al2O3 reference catalyst dis-
played an order of magnitude lower STY value, despite sig-
nificantly larger manganese content (1  wt% vs 8.4  wt%). This 
suggests that manganese does appear to possess an inherent 
ability to catalyze the formation of N2O from NH3, in accord-
ance with previous literature reports. However, there remain 
other aspects of catalyst design, most prominently the choice 
of the support and the nanostructure of the active phase, which 
can have a profound effect on the catalytic footprint.

Accordingly, a platform of manganese catalysts on a selec-
tion of different carriers was synthesized by analogy with Mn/
CeO2. Following the rationale of redox-active properties, sup-
ports ranging from non-reducible (i.e., Al2O3, SiO2) to partially-
reducible (i.e., ZrO2, TiO2) and reducible (ZnO) oxides were 
chosen. The resultant materials were then thoroughly charac-
terized prior to testing. High-angle annular dark-field scanning  

transmission electron microscopy (HAADF-STEM) coupled 
with energy dispersive X-ray spectroscopy (EDXS) revealed 
manganese to be highly dispersed on the surface of all sup-
ports except ZnO, where nanoparticles of MnOx (≈ 21 nm) were 
observed (Figure  4 and Figure  S4, Supporting Information). 
Additionally, powder X-ray diffraction (XRD) analysis of the 
materials prior to and after manganese deposition showed iden-
tical reflection patterns (Figure  S5, Supporting Information). 
This served as a further indication that the majority of manga-
nese is likely present in the form of a largely amorphous MnOx 
phase, and even the nanoparticles visible on ZnO are likely too 
small and too few in number (metal content  =  1 wt%) to pro-
duce sufficiently sharp reflections. Temperature-programmed 
reduction with hydrogen (H2-TPR) analysis also complemented 
this notion, generally showing several ill-defined reduction 
peaks appearing over a wide range of temperatures, character-
istic of a highly dispersed nature and heterogeneous specia-
tion of manganese (Figure S6, Supporting Information).[31] In 
the case of Mn/CeO2, the assignment of individual peaks to 
specific transformations of the active phase was further com-
plicated by the redox-active nature of CeO2. Accordingly, sur-
face reduction of CeO2 strongly contributed to the superposi-
tion of peaks visible between 360 and 700 K.[32] Furthermore, it 
appears that manganese deposition led to the onset of surface 
reduction at a lower temperature, which likely occurred due to 
a strong interaction between the metal and the lattice oxygen 
species, a well-documented phenomenon for CeO2-based cata-
lysts.[32–34] Conversely, Mn/ZnO showed a strong reduction 
peaks at 625 K, which can be attributed to transformations of 
Mn2O3→MnO.[35] Such behavior is consistent with the pres-
ence of nanoparticles seen by EDXS mapping. Finally, X-ray 
photoelectron spectroscopy (XPS) analysis of Mn 2p3/2 revealed 
a diverse electronic structure of manganese in all samples, with 
metal oxidation state ranging from Mn2+ to Mn4+ present in 
varying amounts (Figure S8, Supporting Information). Remark-
ably, in Mn/CeO2 low-valent manganese (i.e., Mn2+) was most 
abundant, which is in line with previous reports on the ability 
of CeO2 to strip oxygen from manganese at temperatures above 
700  K.[36] This process likely occurred during sample calcina-
tion (T  =  823 K), resulting in manganese being primarily sta-
bilized in the reduced form. This point is further corroborated 
by the position of the peak being shifted towards lower binding 
energy values (640.9 eV) relative to other catalysts and the pres-
ence of a prominent satellite feature at ≈ 647 eV, characteristic 
of Mn2+.[37]

With structural differences and commonalities between the 
catalysts established, their performance in NH3 oxidation was 
assessed and differences in activity and N2O selectivity could be 
observed, with the CeO2-supported system outpacing its coun-
terparts (Figure  1). Still, the catalysts do share some common 
features, such as the fact that N2O selectivity is generally 
maximized at 673  K (Figure  S2, Supporting Information) and 
increases alongside NH3 conversion (Figure  S3, Supporting 
Information). This is an important practical consideration, as 
it enables operation under optimal conditions without the need 
to recycle unreacted NH3. This trend also suggests that there 
is likely to be a specific material property, which could serve as 
a descriptor of both activity and selectivity, and thus guide the 
rational design of a superior material.

Adv. Mater. 2023, 35, 2211260

Figure 1. Catalytic performance in NH3 oxidation of CeO2 support and 
reference catalysts (References), transition metals supported on CeO2 
(M/CeO2) and manganese supported on different carriers (Mn/Sup-
port), represented by the space-time yield (STY) of N2O (top), NH3 
conversion and product selectivity patterns (bottom). Data presented 
as mean  ±  95% confidence interval (n   =  2). Reaction conditions: Tbed   
=  673 K; mcat  =  0.04 g; GHSV  =  375000 cm3 h−1 gcat

−1; Feed  =  8 vol.% 
NH3, 8 vol.% O2, 4 vol.% Ar, 80 vol.% He; P  =  1 bar. Au/CeO2 and Mn-Bi 
were evaluated at 573 K and 623 K, respectively.
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2.2. Structure–Performance Relations

In order to understand the origin of the diverging behavior 
of manganese-based catalysts and identify relevant structure-
performance relationships, we first considered the ability of 
the catalysts to interact with gas-phase O2 as a necessary factor 
for attaining high catalytic activity. Namely, by performing vol-
umetric O2 chemisorption at 673  K, the quantity of adsorbed 
oxygen, herein referred to as the oxygen uptake, could be quan-
tified. Notably, this property clearly depends on both the redox 
properties of the support, as evidenced by negligible oxygen 
uptake values of all pristine carriers except CeO2, and the man-
ganese speciation, as is evident from the correlation with the 
valence of manganese, determined by XPS (Figure 2a,b). This 
observation was rationalized by considering manganese valence 
as a degree of oxygen saturation, and thus low-valent surface 
manganese species can accommodate more oxygen ligands. 
In this regard, it must be noted a significant increase in the 
oxygen uptake of CeO2 would also be expected upon doping 
with a heteroatom,[12] which could happen if manganese sub-
stituted cerium atoms during calcination. However, penetration 
of manganese into even the surface layer of CeO2 would entail 
manganese assuming a higher oxidation state (vide infra), 
which was not reflected by the XPS analysis, therefore sug-
gesting that undercoordinated manganese is indeed present on 
the catalyst surface. Additionally, the quantities of O2 adsorbed 
either physically or chemically can be easily differentiated  

using this technique, where the latter represents the amount 
of oxygen that forms a bond with the catalyst surface. This 
value was used for quantification of the oxygen uptake. It must 
also be emphasized that the measurements were carried out at 
673 K, that is, the temperature of the reaction. Hence, the deter-
mined values of oxygen uptake are representative of a materi-
al’s ability to activate O2 under the reaction conditions, and thus 
can be related to the observed catalytic performance. In this 
respect, a correlation between the oxygen uptake of different 
catalysts and their corresponding selectivity to N2O and STYN2O 
could be identified (Figure 2c,d). Accordingly, the principal role 
of oxygen uptake here can be interpreted on the basis of the 
reaction mechanism, which must comprise oxidative dehy-
drogenation of NH3, followed by oxidation of NHx fragments 
to ultimately yield N2O. As all manganese catalysts exhibited 
modest NO selectivity (< 5%) due to the relatively low reaction 
temperature, the main discrepancy between them consisted in 
the relative quantities of N2 and N2O produced. As the latter 
contains a more oxidized form of nitrogen, it stands to reason 
that oxygen availability is of central importance to the ability of 
a material to promote N2O formation.

To further validate this hypothesis, kinetic analysis of the 
catalyst platform was performed. Namely, by systematically 
varying the reaction temperature or the partial pressure of a 
given reactant, the apparent activation energy and the reaction 
orders with respect to each reactant were derived (Figure  S7, 
Supporting Information). The latter reflects how the respective  

Adv. Mater. 2023, 35, 2211260

Figure 2. Performance descriptors of Mn/Support catalysts. a) Oxygen uptake of bare supports (open symbols) and after depositing manganese (solid 
symbols), determined by volumetric O2 chemisorption; b) Mn valence, determined by XPS, and c) N2O selectivity as a function of oxygen uptake; 
STYN2O as a function of d) oxygen uptake, e) the ratio of O2 and NH3 reaction orders; and f) the apparent activation energy. Reaction conditions: Tbed  
=  673 K; mcat  =  0.04 g; GHSV  =  375 000 cm3 h−1 gcat

−1; Feed  =  8 vol% NH3, 8 vol% O2, 4 vol% Ar, 80 vol% He; P  =  1 bar.
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concentrations of the reactants affect the observed rate of reac-
tion. Given that both reactants must be adsorbed on the catalyst 
surface for the reaction to occur, the difference in the reaction  
orders can give an indication of the relative abundance of each 
species on the catalyst surface under typical reaction condi-
tions. For instance, if n(O2) is larger than n(NH3), we can inter-
pret this in terms of the availability of NH3 for the reaction 
exceeding that of O2, and hence the rate of reaction is more 
strongly affected by a change in O2 partial pressure. Further-
more, as the stoichiometry of NH3 oxidation toward N2, N2O, 
and NO varies, with each product requiring progressively larger 
quantity of O2, we can expect that the selectivity profile of a cat-
alyst will depend on the relative ratio of the two reaction orders 
as well. Following this rationale, the ratio of n(O2)/n(NH3) was 
calculated and plotted against STYN2O (Figure 2e) for each man-
ganese catalyst. In agreement with our expectation, a good cor-
relation was obtained, suggesting that the ability of a catalyst 
to activate O2 plays a decisive role in determining its activity 
and selectivity to N2O. This is also in accordance with the previ-
ously established relation between STYN2O and oxygen uptake, 
further validating it as a performance descriptor. Finally, the 
apparent activation energy of the reaction could also be corre-
lated with STYN2O, leading to the conclusion that oxygen activa-
tion is likely to be the rate-limiting step of the reaction as well 
(Figure 2f).

2.3. Mn/CeO2 Catalyst for N2O Synthesis

Having established the underlying reason for the observed 
differences in catalytic activity and selectivity, catalyst stability 
in NH3 oxidation was also evaluated for 70  h on stream. The 
resultant profiles showed significant variations in terms of 
both the rate of the initial activity loss and the overall drop in 
STYN2O during the test (Figure 3a). Accordingly, Mn/SiO2 and 
Mn/ZnO rapidly deactivated during the first 10  h of the reac-
tion, losing over 50% of their initial activity. At the same time, 
most of the remaining catalysts experienced a gradual drop in 
STYN2O. Mn/CeO2 stands in contrast to all other materials, as 
it actually underwent an induction period during the initial  
≈ 20 h of the reaction, during which a minor increase in selec-
tivity and activity was observed (Figure  S9, Supporting Infor-
mation). Subsequently, a stable mode of operation was achieved 
and maintained throughout the entire duration of the test. This 
is a remarkable result, as both reference catalysts showed sig-
nificant deactivation under identical reaction conditions, thus 
setting Mn/CeO2 apart as not only a highly productive, but also 
a robust catalyst. It must also be noted that the conditions of 
the stability test, namely the gas-hourly space velocity (GHSV), 
were much harsher than the typical values reported in the lit-
erature.[38,39] Therefore, the apparently relatively short duration 
of the test (70 h) nevertheless allows for a valid assessment of 
catalytic stability.

To gain insights into the structural changes that underpin 
the observed stability trends, HAADF–STEM, EDXS, and XPS 
analyses of the material after 70 h on stream were carried out. 
The acquired microscopy images and elemental maps clearly 
evidenced manganese agglomeration in all samples except  
Mn/CeO2 and Mn/ZrO2 (Figure 4 and Figure S10, Supporting 

Information). The latter two appeared to maintain the high 
degree of manganese dispersion, despite Mn/ZrO2 still deac-
tivating, albeit to a lesser extent than others. Mn 2p3/2 XPS 
analysis of the used catalysts led to a rather unexpected result, 
revealing that manganese in nearly all samples was oxidized 
(Figure  S8, Supporting Information). In fact, the only cata-
lyst which experienced a decrease in manganese valence is 
Mn/CeO2, which consistently enhanced the activity. This is in 
direct opposition to the commonly accepted notion that tran-
sition metal-based catalysts primarily suffer from deactivation 
due to reduction under the reaction conditions. Still, in view 
of the observed changes of manganese nuclearity, it is pos-
sible that the overall increase in manganese valence was inex-
tricably linked to the agglomeration process. Nevertheless, the 
importance of maintaining manganese in the low-valent state is 
evident—a clear correlation between both the rate of the initial 
deactivation and the overall decrease in catalytic activity with the 
change in the average oxidation state was found (Figure 3b,c). 
We can therefore conclude that preserving the highly dispersed 
nature of manganese is advantageous from the standpoint of 
both atomic efficiency, and as a way of maintaining the optimal 
metal speciation. Consequently, Mn/CeO2 warranted a more 
detailed investigation, as its stability not only positions it as a 

Adv. Mater. 2023, 35, 2211260

Figure 3. a) Stability test of selected catalysts. While all other systems 
exhibit varying rates of deactivation, Mn/CeO2 undergoes an induction 
period, gaining activity and subsequently stabilizing; b) deactivation con-
stant kd and c) loss of catalytic activity of supported Mn catalysts as a 
function of change of Mn valence after 70 h on stream. Reaction condi-
tions: Tbed = 673 K; mcat = 0.04 g; GHSV = 375 000 cm3 h−1 gcat

−1; Feed  
8 vol% NH3, 8 vol% O2, 4 vol% Ar, 80 vol% He; P  =  1 bar.
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practically relevant system for potential commercialization, but 
also as one of fundamental interest, offering a platform to study 
the nature of the active site.

2.4. Manganese Speciation in Mn/CeO2

While the highly distributed nature of manganese was apparent 
based on the elemental mappings shown in Figure 4, the exact 
nanostructure of the metal could not be fully discerned. Accord-
ingly, a more detailed microscopic analysis of both the fresh 
and the used sample was conducted, comprising high-resolu-
tion STEM (HRSTEM) and EDXS mapping (Figure 5a,b). An 
extensive HRSTEM search was carried out looking at the sur-
face and edges of well-defined CeO2 flakes, but no manganese 
particles were found. Single manganese atoms and clusters  
of a few atoms are not visible in the HAADF images due to 
the much higher atomic mass of cerium. Still, the presence 
of manganese was confirmed by the integrated EDXS spectra 
(Figure  S11, Supporting Information). By analyzing the corre-
sponding elemental maps, the manganese signals appeared to 
be evenly scattered across the entire surface of CeO2, which, 
given the scale of the images, suggested that manganese could 
be present in the form of isolated atoms.

To further substantiate the claim of atomic dispersion of 
manganese in Mn/CeO2, electron paramagnetic resonance 
(EPR) spectroscopy was employed as a means of probing the 
degree to which EPR-active species (i.e., Mn2+ and Mn4+) are 
magnetically, and hence spatially, isolated. Accordingly, the EPR 
spectrum of as-prepared Mn/CeO2 was measured at room tem-
perature and showed a very broad (with a linewidth of almost 
3000 G) signal centered at around 1800 G (Figure 5d). Contrary 
to the expectations, such broad, anisotropic, and low-field-
centered signals are typical for magnetically ordered systems 
with strongly exchange-coupled paramagnetic ions. This is con-
firmed by the change of the spectrum observed after changing 
the sweep direction (i.e., up: from low to high field, down: 
from high to low field). This magnetic hysteresis clearly indi-
cates that the signal can be attributed to the presence of ferro/
antiferromagnetic particles. In order to identify the latter, a 
series of additional measurements were performed at different 
temperatures (Figure  S13, Supporting Information). A clear 
decrease of the signal intensity was observed with lower tem-
peratures, which is characteristic of antiferromagnetic systems. 
By plotting the reciprocal of the peak-to-peak amplitude, which 
roughly estimates the magnetic susceptibility, a Néel tempera-
ture (i.e., temperature at which antiferromagnetic ordering 
takes place) of ≥ 130 K was determined. This leads to the con-
clusion that this signal stems from nm-sized MnO nanoparti-
cles, in which Mn2+ ions are antiferromagnetically coupled.[40,41] 
Nevertheless, an additional signal was observed at around 
3500 G (g factor g   =   2.006), consisting of six lines of almost 
equal intensity, split by about 92  G. This signal is typical for 
magnetically-diluted Mn2+, with the splitting due to the hyper-
fine interaction between electron and nuclear spin (S  =  5/2, I  
=   5/2, respectively). The signal can therefore be attributed to 
atomically-dispersed Mn2+ on the surface of CeO2. The narrow 
lines indicate that the dipole–dipole interactions between Mn2+ 
are relatively weak, which indicates that a significant fraction 
of manganese is still highly dispersed, despite the presence of 
some amount of MnO.

The spectrum of the used sample acquired at room tem-
perature also showed the two manganese-related components. 
However, in contrast to the as-prepared material, the MnO 

Adv. Mater. 2023, 35, 2211260

Figure 4. STEM-EDX maps of as-prepared and used Mn/Support catalysts.
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signal practically disappeared, while the signal of isolated 
Mn2+ species became much stronger. Such changes in the 
intensity of the signals may arise either from redox processes 
between paramagnetic (i.e., EPR-active) and diamagnetic (i.e., 
EPR-silent) states or from nuclearity changes, which can lead 
to interconversion between paramagnetic (isolated sites) and 
antiferromagnetic (particles) signals. From Mn 2p3/2 XPS anal-
ysis it is evident that manganese undergoes reduction during 
the reaction (Figure  5c). Therefore, if we only consider the 
redox processes, they would lead to an increase of the MnO 
signal. However, the opposite was observed, which instead  
suggests that redispersion of MnO into isolated Mn2+ species 
took place. This is also the likely origin of the observed induc-
tion period during the stability test. Additionally, the increase of 
the Mn2+ signal could be attributed not only to redispersion of 
MnO, but also to the transformation of isolated Mn3+ species 
into Mn2+.

To further validate these conclusions, EPR spectra of  
Mn/Al2O3 at room temperature were also acquired (Figure S14, 

Supporting Information). The as-prepared sample showed a 
very similar, but significantly stronger MnO signal. No Mn2+ 
signal was observed in this case. This indicates a lower dis-
persion degree, compared to Mn/CeO2. After the reaction, the 
MnO signal decreased, but its intensity was still quite strong. 
However, as evidenced by Mn 2p3/2 analysis, in contrast to Mn/
CeO2, Mn/Al2O3 gets significantly more oxidized with time 
on stream. Therefore, in this case, the decrease in the inten-
sity of the MnO signal could be attributed to the transforma-
tion of Mn2+ into Mn3+. Indeed, this is more consistent with the 
microscopy analysis, which shows significant agglomeration of 
manganese (Figure 4 and Figure S10, Supporting Information). 
In addition, a narrow, unstructured line appears at g   =  2.006 
after the reaction, which can be attributed to Mn2+ species still 
present on the surface of Al2O3. Unlike in Mn/CeO2, however, 
the hyperfine splitting here is completely unresolved because 
the lines are significantly broader. This is due to stronger 
Mn2+–Mn2+ dipolar interactions and indicates that the degree of 
spatial isolation is lower than in Mn/CeO2.

Adv. Mater. 2023, 35, 2211260

Figure 5. Characterization of as-prepared Mn/CeO2 and after 70 h on stream. a) HAADF-STEM micrographs with EDX maps, b) HRSTEM images, and 
c) Mn 2p3/2 XPS spectra demonstrate that the highly dispersed low-valent nature of manganese is maintained during the reaction. d) Both EPR spectra 
evidence hyperfine splitting, characteristic of large quantities of isolated Mn2+ species. Disappearance of the broad signal, characteristic of bulk MnO, 
after the reaction suggests that redispersion occurred and full atomic dispersion was achieved.
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On the basis of the acquired spectroscopic and microscopic 
insights, we affirm that Mn/CeO2 constitutes a single-atom 
catalyst (SAC), being the first material of this class for NH3 
oxidation to N2O. After synthesis, the as-prepared sample still 
has a small degree of nanostructure heterogeneity, exhibiting 
sporadic MnO nanoparticles, albeit so few in number that they 
could not be detected in any of the micrographs. However, upon 
exposure to the reaction conditions, full atomic dispersion was 
achieved, ultimately giving rise to a distribution of Mn2+ and 
Mn3+ stabilized on the surface of the catalyst. Furthermore, in 
view of the catalytic inertness of CeO2 alone, and the observed 
induction period during the stability test, attributed to in situ 
redispersion, we propose that isolated manganese atoms act as 
the active sites of the reaction. Therefore, having established 
the likely structure of the latter, we were presented with a 
unique opportunity to also study the mechanism of the reac-
tion, which could potentially reveal new guidelines for catalyst 
design and optimization.

2.5. Mechanistic Insights

It is generally accepted that the mechanism of low-temperature 
NH3 oxidation must involve two key steps, namely the oxidative 
dehydrogenation of NH3 (Equations (1) and (2)) and subsequent 
oxidation of the NHx fragments to a nitroxyl intermediate, 
HNO (Equation (3)).[24,42–45] The latter has long been postulated 
to be central in the formation of N2O, which proceeds via the 
recombination of two HNO species (Equation (4)).

NH O NH H O3
* *

2+ → +  (1)

NH O NH OH3
*

2
*+ → +  (2)

NH O HNO* *+ →  (3)

HNO HNO N O H O* *
2 2+ → +  (4)

Conversely, if oxygen supply is insufficient, NHx fragments 
may proceed to react with each other or HNO, thereby forming 
N2 as the main product (Equations (5)–(7)).

HNO NH N H O* *
2 2+ → +  (5)

NH NH N H2
*

2
*

2 4
*+ →  (6)

N H 2O N H O2 4
*

2 2+ → +  (7)

While only limited experimental or computational evidence 
exists to support this scheme, it is nevertheless in good agree-
ment with the observation that the catalyst’s ability to provide 
active oxygen species results in the superior capacity to selec-
tively generate N2O.[12] Thus, we adopted this reaction sequence 
as a starting point for the investigation of the mechanism over 
isolated manganese sites, using density functional theory (DFT).

For this purpose, we first evaluated all possible adsorption 
sites for manganese atoms on the low-index (100), (110), and (111) 
facets of CeO2, considering on-top, bridge, and hollow adsorp-
tion sites (Figure S15, Supporting Information), as well as sub-
stitutional lattice positions. Structural optimizations for these  
20 possible catalyst structures were done with the Perdew–Burke–
Ernzerhof (PBE) functional, using a Hubbard U-correction  

for the cerium cations.[46] Overall, we find that on all facets, fea-
sible coordination motifs for the stabilization of single-atom Mn 
exist (Figure S16, Table S5, Supporting Information). We then 
assigned formal manganese oxidation states (OS) by counting 
reduced Ce3+ centers (polarons) in the support, revealing the 
strong correlation between the number of oxygen ligands 
and the manganese oxidation state (Figure  S16, Supporting 
Information). Formal OS assignments were further verified 
by Bader charges and simulated XPS shifts (Figure  S17, Sup-
porting Information).[47–49] However, we found that Mn/CeO2  
presents a highly complex electronic structure, due to the 
charge transfer between manganese and CeO2 that leads to a 
variable oxidation state of the former and a variable number 
(and distribution) of reduced Ce3+ centers in the support. 
Therefore, while for many applications the PBE+U method 
offers balanced cost-efficiency performance, a more sophisti-
cated method including exact exchange (i.e., hybrid method) 
is required to assess the energies for the Mn/CeO2 interface. 
This comes at a price of at least one order of magnitude higher 
computational cost and the impossibility to re-optimize the 
structures, thus limiting our investigation to a thermodynamic 
assessment of the reaction mechanism. Thus, we further 
refined adsorption energy estimates with the HSE03-13 hybrid 
functional based on the PBE+U optimized structures.[50–53] 
Importantly, we find that highly oxidized manganese states 
are overstabilized when using PBE+U (Table  S5, Supporting 
Information). For instance, on CeO2(111), the exothermicity of 
single-atom adsorption increases with the formal Mn-OS. This 
is in contrast to HSE03-13, which yields Mn2+ as the only stable 
structure on this facet. It should further be noted that the dis-
crepancies for the substitutional catalyst models are less severe 
as they do not contain reduced Ce3+ centers. Thus, we deem 
energy differences for structures with a fixed numbers of Ce3+ 
centers to be reliable, even at the PBE+U level.

From the retained potential catalyst structures (Figure  S16, 
Supporting Information), we then turned our attention to the 
investigating of possible reaction pathways towards the forma-
tion of N2O. Although manganese is likely a mixture of var-
ious species, XPS points to manganese being mainly present 
in a low-valent state, particularly after stabilization on stream 
(Figure  5c). Thus, we selected Mn2+ on all three low-index 
facets, as well as the two lowest-energy Mn3+ structures on (110) 
and (100) (models a–e in Figure  S16, Supporting Information 
and Figure 6a) as representative reaction sites. This reduced 
set of five possible Mn-SAC structures encompasses all low-
index ceria surfaces, as well as coordination patterns ranging 
from two to four oxygen atoms, and was then used to investi-
gate adsorption of the reactants, O2 and NH3, as well as the pro-
posed HNO intermediate. Additionally, the stability of a hyponi-
trous acid, H2N2O2, cyclic intermediate was investigated. It is 
the protonated form of a hyponitrite, N2O2

2−
, ion, commonly 

accepted to form during NO coupling in nitric oxide reductase 
(NOR) enzymes, followed by decomposition into N2O.[54–56] 
Given the single-atom nature of the catalyst, the manganese 
site could potentially act in an analogous fashion to the enzy-
matic metal center of an enzyme and promote the combination 
of HNO species to yield N2O.

Adsorption energies were evaluated both with PBE+U and 
refined at the higher level HSE03-13 hybrid functional and 

Adv. Mater. 2023, 35, 2211260
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are summarized in Table  S7, Supporting Information. First, 
we note that both molecular and dissociative O2 adsorption on 
low-valent Mn is highly exothermic for all three ceria facets 
(Figure  S18a, Supporting Information), proving its inherent 
ability activate gas-phase O2, and to provide reactive oxygen spe-
cies necessary for the reaction. Second, we find that low-coordi-
nated Mn2+ (models a–c in Figure 6a) allows for the stabiliza-
tion of a cis-hyponitrous acid intermediate via the formation of 
a κ2-coordinated ring structure. This is a crucial step for NN 
bond formation en route to the main observed products, N2O, 
and N2.[57–59] On the four-fold coordinated Mn3+ (models d-e in 
Figure 6a), on the other hand, this process is hindered by the 
saturated coordination of the manganese to the support.

Finally, from the wealth of the obtained data, we could con-
struct a thermodynamically plausible reaction pathway for the 
full selective catalytic cycle, schematically shown for Mn2+ on 
(111), (structure 1 in Figure  6b). It should be noted that the 
arrows along the cyclic reaction path do not denote elemen-
tary steps, but rather serve to connect key intermediates used 
to evaluate thermodynamic viability. Importantly, the reaction 
sequence proceeds via previously proposed HNO and H2N2O2, 
intermediates, and indeed follows a similar route as the forma-
tion of N2O by nitric oxide reductase (NOR) enzymes. First, 
exothermic adsorption (−1.21  eV) and activation of gas-phase 
O2 leads to intermediate 2 (Figure 6b). The low-valent nature of 
manganese allows for co-adsorption of NH3, which completes 
its octahedral coordination sphere. Subsequently, NH3 dehydro-
genation is facilitated by the activated nature of O2 (Figure S18a, 
Supporting Information) and driven by H2O elimination. In 
the resulting intermediate 3, the NH fragment is stabilized by 
coordination to an adjacent cerium center of the support, while 
one reactive oxygen atom remains bound to manganese. The 

formation a first η2-coordinated HNO fragment, intermediate 
5, requires the endothermic (+0.94 eV) formation of the NO 
bond.

We then assume the formation of another HNO proceeding 
in a similar fashion, consuming another NH3 and O2 pair, 
while eliminating H2O, and finally resulting in intermediate 
6. In this structure, asymmetric coordination of the two HNO 
moieties again leads to octahedral coordination around the 
manganese atom. Crucially, the simultaneous coordination of 
two HNO fragments to low-valent manganese brings them in 
proximity to facilitate NN bond formation (+0.87  eV), which 
results in the cis-hyponitrous acid intermediate 7. Interestingly, 
in this structure, one of the MnO bonds to the ceria support 
is significantly elongated (2.41  Å) such that the coordination 
around the manganese atom can best be described as square 
planar. Evidently, the dynamic coordination to the CeO2(111) 
support allows the manganese atom to adapt its geometry 
during the reaction sequence. Lastly, from the cis-hyponitrous 
acid fragment, intermediate 7, N2O can be released (interme-
diate 8), with elimination of H2O recovering the catalyst in its 
initial state.

It should be noted that along the proposed reaction sequence 
(Figure 6b) different acid-base equilibria for the intermediates 
5 to 7, involving ligand and/or lattice oxygen, are likely to influ-
ence the rate. Similarly, under operating conditions, the direct 
participation of reactive lattice oxygen originating from CeO2 in 
a surface Mars-van Krevelen type mechanism is likely (Figure 
S19, Supporting Information). While we have evaluated some 
alternative structures, presented in Figures S18b,c, Supporting 
Information, these processes open up an intractable number of 
additional reaction pathways, far exceeding the scope of the pre-
sent work, and warranting separate, dedicated investigations. 

Adv. Mater. 2023, 35, 2211260

Figure 6. Computational exploration of the reactivity landscape. a) Representative Mn-SAC structures on low-index ceria facets, encompassing varied 
coordination motifs and manganese oxidation states. b) Proposed reaction pathway proceeding via nitroxyl, HNO, and cis-hyponitrous acid, H2N2O2 
intermediates for the most stable Mn2+ catalyst structure on the most abundant exposed (111) facet. Single-atom adsorption energies and reaction 
energies between intermediates along the reaction sequence are indicated. All energies are given in eV.
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Lastly, we could also obtain analogous, thermodynamically, fea-
sible reaction pathways (Figure  S20, Supporting Information) 
for Mn2+ catalysts on the (100) and (110) facets (models a and 
b in Figure 6a), hinting at the inherent capability of low-valent 
single-atom Mn to facilitate N2O formation.

To experimentally investigate the role of lattice oxygen of 
CeO2 in the course of NH3 oxidation to N2O, a suitable method 
to monitor the onset of the reaction under relevant conditions 
was required. As oxidation of NH3 proceeds very quickly and 
evolves a large amount of heat, temporal analysis of products 
(TAP) was chosen as a suitable tool to study the interactions of 
the reactants and the product formation under isothermal con-
ditions.[60,61] A further advantage of TAP is the ability to pulse 
small quantities of the reactants (in the order of 10−9  mol), 
thereby making it possible to monitor the initial catalytic 
behavior of a material and potentially observe the most promi-
nent involvement of oxygen species from CeO2. To this end, 
an equimolar mixture of He, NH3,  and  18O2  was pulsed over 
Mn/CeO2  in the temperature window of 473–773  K. Despite 
the quantitative difference in product distribution between 
steady-state and TAP experiments, likely arising as a result 
of the large pressure gap, the general selectivity trends were 
consistent, with the highest quantity of N2O formed at 673 K, 
while the amount of NO produced steadily increased with 
reaction temperature (Figure 7a). Remarkably, the quantity of 
16O-containing products, that is, N16O and N2

16O, significantly 
exceeded that of N2

18O and N18O, indicating that direct partici-
pation of oxygen originating from CeO2 took place. Further-
more, the identical shape of the signals for products containing 
labelled and non-labelled oxygen indicate that their formation 
proceeds at the same rate. This implies that 18O2 likely healed 
the oxygen vacancy formed when lattice oxygen of CeO2 par-
ticipated in NH3 oxidation, and was incorporated into another 

N2O molecule as a lattice specie upon subsequent reaction. We 
also observed two distinct signals at mass to charge ratio (m/z) 
of 18 and 20, which could be attributed to H2

16O and H2
18O 

molecules, respectively (Figure 7b). Despite 18O2 contributing to 
the signal at m/z 18 as doubly ionized ion, the different shapes 
of the responses related to m/z 36 and 18 prove that H2

16O is 
formed. Thus, lattice oxygen species of CeO2 also participated 
in oxidative dehydrogenation of NH3. However, it should be 
noted that the origin of labelled and non-labelled oxygen in the 
H2O molecules is different. As the peak of H2

18O appears after 
that of H2

16O, the formation of the former proceeds slower. 
This suggests that 18O2 participates in the initial dehydrogena-
tion of NH3 as adsorbed and not lattice species, albeit to a lesser 
degree, as can be inferred from the relatively noisier signal of 
H2

18O.
Given the presence of sporadic MnO particles in the fresh 

sample of Mn/CeO2, it also had to be verified that it is indeed 
the lattice of CeO2 that acts as the source of 16O atoms. Accord-
ingly, we have conducted analogous TAP pulse experiments on 
Mn/Al2O3. Interestingly, in this case we have also observed an 
appreciable amount of 16O-containing products, however, it is 
still significantly lower than that found in Mn/CeO2, particu-
larly at higher temperature (Figure  7c). In view of the non-
reducible nature of Al2O3, the non-labelled oxygen atoms must 
have originated from the supported manganese oxide phase. 
Notably, participation of lattice O in NH3 oxidation has also been 
reported for a TiO2-supported manganese catalyst.[62] Therefore, 
we cannot exclude that MnO particles found in Mn/CeO2 also 
contribute to the product formation via a Mars-van Krevelen 
mechanism. However, given the significantly higher intensity 
of manganese oxide signal in the EPR spectrum of Mn/Al2O3 
as compared to Mn/CeO2 (Figure  5, S  14), and the smaller 
amount of 16O-containing products formed over the former, we 
can deduce that CeO2 is still the primary origin of oxygen spe-
cies for NH3 oxidation over Mn/CeO2. On the basis of these 
findings, we can conclude that the process of N2O formation 
over Mn/CeO2 proceeds via a surface Mars-van Krevelen-type 
mechanism. This observation is in line with our previous find-
ings on Au/CeO2, serving as another example of atomically 
dispersed metal species activating surface lattice oxygen of the 
support for catalytic oxidations,[63,64] and highlighting the role 
of CeO2 as an integral component of the catalyst.

Notably, the observation that oxygen species of manganese 
oxide can be involved in the product formation potentially 
offers interesting insights into the previously mentioned redis-
persion of manganese oxide particles in Mn/CeO2. Strategies 
for the redispersion of metallic nanoparticles through alter-
nating reducing and oxidizing treatments are well-established 
in the literature.[65,66] These typically describe a “strain” model, 
where oxidation of the outer layer of a metallic nanoparticle 
induces metal strain energy, prompting the fragmentation of 
the large particle into smaller species, which then undergo dis-
persion through interactions with the carrier. Although in the 
case of Mn/CeO2 the particles are not metallic, it is possible 
that the inversion of the mechanism described above could be 
the reason for the observed redispersion. Namely, through the 
removal of oxygen atoms from the outer layer of the manga-
nese nanoparticle via NH3 oxidation, the outer layer is reduced, 
resulting in generation of strain. This, coupled to the high exo-

Adv. Mater. 2023, 35, 2211260

Figure 7. Temporal analysis of products (TAP) of NH3 oxidation over 
Mn/CeO2 and Mn/Al2O3. a,c) Product distribution as a function of 
temperature and b,d) transient response at 673 K after pulsing of 1:1:1 
NH3:18O2:He mixture.

 15214095, 2023, 24, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202211260 by U
niversidad R

ovira I V
irgili, W

iley O
nline L

ibrary on [11/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

202

UNIVERSITAT ROVIRA I VIRGILI 
CERIA-BASED SINGLE-ATOM CATALYSTS: FROM SIMPLIFIED MODELS TOWARDS REAL-WORLD COMPLEXITY 
Julian Geiger 



www.advmat.dewww.advancedsciencenews.com

2211260 (11 of 14) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

thermicity of NH3 oxidation, and previously established ability 
of CeO2 to effectively stabilize manganese atoms, could serve 
as the impetus for particle fragmentation and subsequent 
anchoring of isolated manganese species, leading to redisper-
sion. However, extensive experimental validation of the pro-
posed mechanism would be required and remains a subject for 
a separate, dedicated investigation.

2.6. Catalyst Design Guidelines

The main elements that distinguish Mn/CeO2 as a remarkable 
catalytic material are summarized in Figure 8. At the founda-
tion of its design lies the ability of CeO2 to stabilize isolated 
atoms of manganese, as demonstrated by the combination of 
microscopy and EPR analyses. These can be formed by simple 
impregnation, using a small amount of metal (1  wt%). While 
CeO2 is known as a support for single-atom catalysts,[28,67] to 
our knowledge there have not been previous reports of surface-
stabilized manganese. Indeed, the anchoring sites of the car-
rier appear to be sufficiently strong to prevent agglomeration 
during the reaction, resulting in a robust metal nanostructure 
and stable catalytic performance. The surface nature of the 
manganese species also allows them to remain in a low-valent, 
undercoordinated state, which in turn translates into the excep-
tional ability to activate gas-phase O2 and facilitate NN bond 
formation, as shown by the kinetic analysis and DFT modeling. 
This complements the inherent oxygen transfer ability of the 
support and enables the attainment of high N2O selectivity 
and activity. Additionally, we found the active oxygen species to 
originate from the lattice of CeO2, while O2 in the feed appears 
to primarily replenish their reserves. The involvement of lattice 
oxygen in both the initial dehydrogenation of NH3 and the ulti-

mate formation of N2O has been demonstrated by TAP experi-
ments. Furthermore, the DFT simulations show cerium atoms 
adjacent to the isolated manganese sites to participate in sta-
bilization of dehydrogenated NHx intermediates, emphasizing 
the multifaceted role of CeO2. With this, we have gained both 
practical and fundamental insights into the structure and func-
tion of Mn/CeO2, revealing a novel class of CeO2-supported 
atomically-dispersed transition metal-based catalysts for N2O 
formation via NH3 oxidation. In fact, the combination of prop-
erties pertaining to the generation and supply of active oxygen 
species, which emerge as a result of the catalyst’s unique 
nanostructure, are of relevance to selective catalytic oxidations 
in general and encourage future investigations for a range of 
other applications.

3. Conclusion

In summary, low-valent manganese atoms stabilized on CeO2 
are revealed as the first stable catalyst for NH3 oxidation to 
N2O, rivaling state-of-the-art Au/CeO2 in terms of selectivity 
and reaching a two-fold higher N2O productivity. The isolated 
manganese sites are primarily generated during synthesis via 
a simple impregnation, while in situ redispersion of few scat-
tered MnO particles results in full atomic dispersion. The 
resultant material shows no structural changes or loss of cata-
lytic activity over 70 h on stream. The oxygen transfer ability of 
CeO2 is unveiled to be a fundamental property which promotes 
N2O selectivity, setting CeO2 apart from other redox-inactive 
carriers. Furthermore, the reaction is found to proceed with 
the direct participation of lattice oxygen of CeO2. Accordingly, 
low-valent manganese sites effectively activate gas-phase O2, 
thereby healing the vacancies and allowing the abundant supply 
of active oxygen species to be maintained. Furthermore, the iso-
lated manganese species can facilitate the NN bond formation 
between HNO intermediates via a cyclic intermediate closely 
related to NOR enzymes, ultimately leading to selective evolu-
tion of N2O. The adjacent Ce atoms, in turn, aid in stabilizing 
dehydrogenated NHx intermediates. This work sets an impor-
tant milestone in the design and understanding of catalysts for 
NH3 oxidation to N2O, establishing CeO2-supported SACs as a 
highly promising class of materials for this application, as well 
as a range of other selective oxidation reactions.

4. Experimental Section
Catalyst Synthesis: Supported metal catalysts were synthesized by 

an IWI method. Metal precursors were dissolved in deionized water 
and the obtained solutions were added dropwise to the support. After 
impregnation, the samples were dried under vacuum at 353 K overnight 
and then calcined in static air at 673 or 823 K (heating rate  =  3 K min −1, 
hold time   =   5  h). Au/CeO2 was prepared by deposition precipitation 
with urea method, following the protocol described elsewhere.[12] 
Additional details of the catalyst synthesis are provided in the Supporting 
Information.

Catalyst Characterization: Numerous techniques were employed to 
characterize the catalysts in fresh form and after use in NH3 oxidation. 
Namely, the composition of the catalyst, metal speciation and dispersion 
were determined by X-ray fluorescence (XRF), XPS, EPR, H2-TPR, and 
HAADF-STEM. The specific surface area was determined by N2 sorption 

Adv. Mater. 2023, 35, 2211260

Figure 8. Summary of the key structural and catalytic properties of  
Mn/CeO2.
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at 77 K. The interactions of the catalysts with O2 were studied by static 
volumetric O2  chemisorption at the reaction temperature (673  K). 
Details of all characterization techniques and procedures are provided in 
the Supporting Information.

Catalyst Evaluation: Evaluation of catalytic performance in continuous-
flow NH3 oxidation was conducted in a fixed-bed reactor set-up 
(depicted in Figure  S1, Supporting Information and further described 
in the Supporting Information). In a typical test, the catalyst (particle 
size 0.15–0.4  mm, mcat   =   0.004–0.5  g for catalytic activity tests, 
and 0.04  g for kinetic and stability tests; for tests at elevated GHSV  
(> 32  000  cm3 h−1  gcat

−1) the catalyst bed was diluted with SiC (particle 
size 0.5–0.6 mm) to avoid the formation of hot spots) was loaded into 
a quartz micro-reactor and activated in a He flow (Tbed   =   473  K, FT   
=  40 cm3 min−1) for 30 min prior to the measurement. Subsequently, the 
reactor was heated to the desired temperature (Tbed   = 473–723  K) and 
allowed to stabilize for at least 30 min before the reaction mixture (8 vol% 
NH3, 8 vol% O2, 4 vol% Ar, 80 vol% He) was fed at a total volumetric flow 
of FT   =  16-250 cm3 min−1. The relevant performance metrics, including 
the NH3 conversion, product selectivities, material balances, and criteria 
for the presence of mass and heat transfer limitations were quantified 
according to the protocols detailed in the Supporting Information.

Transient Mechanistic Studies: NH3 oxidation was investigated in 
the temporal analysis of products (TAP-2) reactor operating in pulse 
mode. The catalyst (≈ 70  mg, particle size 0.2–0.4  mm) was packed 
between two layers of quartz particles (particle size 0.25–0.35  mm) in 
the isothermal zone of an in-house developed quartz reactor. After the 
exposure of the reactor to ≈ 10−5 Pa, 18O2:NH3:He  =  1:1:1 mixture was 
pulsed (pulse size  =  1.5 × 1015–5 × 1016 molecules) in the temperature 
range of 473–773 K with a 100 K step. The pulses were repeated ten times 
and averaged to improve the signal-to-noise ratio. The feed components 
and the reaction products were quantified by an online quadrupole mass 
spectrometer with a time resolution of ≈ 100 µs. The contribution of the 
compounds to the respective m/z values was estimated using standard 
fragmentation patterns determined in separate experiments. Additional 
details are provided in the Supporting Information.

Computational Details: To gain insights into the possible structural 
configurations of isolated manganese atoms on different surfaces of 
CeO2, and their corresponding reactivity, DFT modelling was conducted 
with the Vienna Ab Initio Simulation Package (VASP 5.4.4),[68] using 
the PBE functional,[50] and the HSE03 hybrid functional with 13% exact 
exchange (HSE03-13).[50,69] The valence electrons were extended in 
plane waves with a basis set cutoff of 500  eV.[70,71] PBE+U framework 
was employed to carry out the structural relaxations. For cerium atoms, 
an additional Hubbard U term (Ueff   =   4.5  V) was applied, following 
previous literature reports.[52,72,73] Projector Augmented Wave (PAW) 
method was applied to the core electron, utilizing appropriate PAW–
PBE pseudopotentials. Simulations were performed spin unrestricted, 
applying dipole corrections, where appropriate. The threshold for 
electronic convergence was set at 1  ×  10−6  eV and the positions of 
atoms were relaxed until residual forces reached 0.015  eV  Å−1. For 
selected structures, HSE03-13 hybrid functional was also used to refine 
the energies, fixing the atomic coordinates at the PBE+U optimized 
positions. In view of the significantly higher computational cost of 
HSE03-13, the threshold for electronic convergence was lowered to 
1 × 10−4 eV. Total energies of slab models were evaluated at the Gamma 
point throughout. Relative XPS shifts (core level binding energies) 
were calculated in the final state approximation[74] and referenced to 
manganese in a 29-atom supercell of α-Mn. The code developed by 
Henkelman et al. was used for Bader charge analysis.[75—78]

For the (111), (110), and (100) facets of CeO2 slab models were 
constructed as (3 ×  3), (2 ×  2), and (3 ×  3) supercells, extending 9, 6, 
and 9 atomic layers along the z-direction, of which the bottom 4, 3, and 
4 layers were fixed at the optimized bulk positions, respectively. At least 
10 Å of vacuum was added on top of the surfaces to minimize interactions 
of vertically repeated slab images under periodic boundary conditions. 
Formal oxidation states of manganese single-atoms were assigned 
using the localized magnetic moments of reduced Ce3+ centers, where 
a threshold of 0.8 µB was applied.[48] Single-atom manganese adsorption 

and substitution energies were calculated following Equations  (8) 
and (9), where SAC

adsE  and SAC
subE  are the energies of the respective single-

atom catalysts (SACs), Epris is the energy of the corresponding pristine 
ceria slab, EMn is the energy of single-atom manganese, using α-Mn 
as reference (Ecoh   =  −8.98  eV  atom−1), and ECe is the energy of the 
substituted cerium atom, evaluated via Equation  (10). Adsorption 
energies of reactants and reaction intermediates were evaluated using 
Equation (8), accordingly.

= − −ads SAC
ads

pris MnE E E E  (8)

= − − +sub SAC
sub

pris Mn CeE E E E E  (9)

= −Ce CeO O2 2
E E E  (10)

Statistical Analysis: All catalytic data (i.e., conversion, selectivity, STY) 
are presented as arithmetic mean ± 95% confidence interval, based on 
at least two repeated measurements under the specified conditions. 
Source data obtained from selected characterization techniques (i.e., H2-
TPR, XRD, EPR) were plotted as received without further manipulation. 
O2 chemisorption values (i.e., oxygen uptake) were acquired based on 
Sinfelt analysis method of the corresponding isotherms, performed 
on the 3Flex software (V 5.01, Micromeritics Instrument Corp., US). 
Specific surface area values were acquired based on Brunauer–Emmett–
Teller analysis method, performed on TriStar II 3020 software (V 3.02, 
Micromeritics Instrument Corp., US). Metal content based on XRF 
analysis was determined using the built-in quantitative analysis tool 
of ORBIS Vision software (V 2.148, EDAX Inc. US). The particle size 
distribution presented in Figure  S4 and S10 were determined through 
analysis of > 100 particles identified on the HAADF-STEM micrographs 
and elemental mappings, using ImageJ software (V  1.52a, National 
Institute of Health, US). The corresponding plots were created using 
OriginPro 2019 software (V 9.6.0.172, OriginLab Corp., US), assuming a 
normal distribution of particle size. XPS spectra were subject to charge 
correction based on the C 1s photoemission of adventitious carbon, set 
at 284.8 eV, prior to the fitting. The fitting was performed using CasaXPS 
software (V 2.3.23PR1.0, Casa Software Ltd., UK), as described in the 
respective section of the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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