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Abstract

N,O exhibits unique reactivity in oxidation catalysis, but the high manufacturing costs limit its
prospective uses. Direct oxidation of NH; to N,O 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 we discover low-valent manganese
atoms stabilized on ceria, CeO,, as the first stable catalyst for NH; oxidation to N,O, exhibiting
two-fold higher productivity than the state-of-the-art. Detailed mechanistic, computational and

kinetic studies reveal CeO, as the mediator of oxygen supply, while undercoordinated manganese
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species activate O, and facilitate N,O evolution via N-N 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. CeO,-supported isolated transition metals
emerge as a novel class of materials for N,O production, encouraging future studies to evaluate their

potential in selective catalytic oxidations at large.
1. Introduction

In view of the growing demand for green and sustainable technologies in the chemical industry,
performing atom-efficient and selective oxidation reactions represents a key chaIIenge.[l'S] Nitrous
oxide, N,O, 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 anaesthetic, 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-oxidation and, notably, generates ecologically benign N, as
the only by-product, positioning it as a green alternative to many conventional oxidizing agents.®®
In the following years, N,O has been shown to unlock unique pathways for the one-step oxidation of
benzene to phenol or methane to methanol.”*” The highly selective and facile nature of the former
led to the implementation of the AlphOx™ process in the late 1990s. Therein, the Boreskov Intitute
of Catalysis (BIC) and Solutia Inc. launched a pilot plant utilizing waste N,O generated during
manufacture of adipic acid, achieving 98% yield of phenol.'®”! Despite the success of the technology,
no significant advances in the commercialization of N,O-mediated processes have been made in the
past two decades. The main reason for this is the lack of affordable N,O. On the one hand, the
existing N,O streams (i.e., by-product of adipic acid production) contain only 30-40% N,O and
require extensive purification (removal of NO,, CO, and,0,), entailing large capital and operational
costs.™ On the other hand, almost all of the deliberately synthesized N,O currently comes from
thermal decomposition of ammonium nitrate, resulting in a prohibitively high price (ca. 4000 S/t).[lz]

This is reflected in the limited scale of N,O production, estimated to be ca. 0.2-0.3 Mt/yr and
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expected to increase at the rate of only around 7% annually.™® 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 NH; oxidation to NO, its subsequent transformation into nitric acid, acid-base reaction
with NH; and, finally, crystallization into a salt. Crucially, N,O also forms as a minor by-product
during the first stage of this process.’** Thus, by designing a suitable catalytic material and
adapting the reaction conditions, the process of NH; oxidation can be tuned to yield N,O as the
main product, significantly reducing its price (ca. 600 $/t) and eliminating the need for downstream
purification and allowing its application in existing or new selective oxidation reactions.”” Recent
advances in the field of blue and green NH; production make this approach even more appealing, as
they hold the potential to transform NH; oxidation to N,O into a fully sustainable process, starting at

the stage of feedstock procurement and ending with the ultimate product application. "

In an effort to design catalysts for NH; oxidation to N,O, reducible metal oxides have been

1819 with

studied most extensively, owing to their inherent activity in redox reactions,
manganese-based systems being the most prominent.?>?! An important milestone was reached in
1998, with the identification of Mn-Bi-O/a-Al,0;, the state-of-the-art catalyst at the time.'?? 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 N,O selectivity (~83%) to date at nearly
complete conversion of NH;.2*?* 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 O,, 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 transition metal-based catalysts are known to suffer from deactivation

[15, 24-27)

due to over-reduction of the active phase — a key limitation of this class of materials.

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

outperforming the Mn-Bi-O system and setting a new benchmark for N,O productivity.!?
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Remarkably, CeO, 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
nanoparticles. Furthermore, despite the superior activity of Au, the global trend towards making the
chemical industry more sustainable demands a reduction in the use of precious metals. Thus, we
adopted a new approach towards catalyst design, leveraging the newly gained understanding of the
unique redox capabilities of CeO,, while utilizing well-established manganese as the active phase.
Beyond simply using a cheaper and more abundant metal, this strategy aims to combine the specific
redox properties of both phases, making it possible to engineer the active site at the atomic level,
which can often give rise to new materials with unprecedented catalytic properties.”** Thereby,
the long-standing problem of control over the nanostructure of NH; oxidation catalysts can be

addressed.

Following this approach, we identify isolated, low-valent manganese atoms stabilized on CeO, as
an outstanding catalyst for NH; oxidation to N,O, outperforming Au nanoparticles in terms of
selectivity, activity, and stability. The oxygen buffer ability of CeO, is found to be essential for the
attainment of high N,O productivity, providing abundant O species for the reaction. This is
complemented by the ability of undercoordinated Mn®" species on the surface of the support to
effectively activate gas-phase O, and facilitate N-N 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 impregnation
method, while the few sporadic manganese oxide particles 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 NH; oxidation catalyst to N,O.
Moreover, the remarkable oxidative properties of CeO,-supported atomically-dispersed transition
metals presented here can extend beyond oxidation of NH; and find application in a range of other

oxidation reactions. Thus, these findings are of significant relevance to the field of catalytic
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oxidations not only as an advancement in the production of an affordable and efficient oxidant, N,0,

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 NH;
oxidation, a series of CeO,-supported transition metal catalysts were synthesized by incipient
wetness impregnation (IWI) with a nominal metal content of 1 wt.%. The reference catalysts were
prepared following the synthetic procedures described in the respective studies.™ ¥ The catalytic
performance of the derived materials was subsequently evaluated in NH; oxidation. Reference
systems showed performance metrics consistent with previous reports, thus providing a valid
benchmark, while transition metal catalysts exhibited varying levels of NH; conversion and product
selectivity (Figure 1). The majority showed very low activity and primarily formed N,, while Co/CeO,
achieved appreciable NH; conversion, but also produced a much larger amount of NO (Syo > 20%).
Accordingly, the poor catalytic performance of these systems disqualified them from further
consideration in this work. However, in line with our expectations, manganese-based system
achieved the highest N,O selectivity, even rivaling that of the state-of-the-art Au/CeO,. In fact,
Mn/CeO, exceeded the NH; conversion of the latter by a significant margin (73% vs 41%), thereby
reaching a higher space-time yield of N,O (STYn0) than any previously reported material.
Interestingly, the Mn-Bi/Al,O;reference catalyst displayed an order of magnitude lower STY value,
despite significantly 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 N,O from NHs, in accordance
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.

This article is protected by copyright. All rights reserved.

6

85U8017 SUOLUWIOD aAee1D 3|gedl|dde au Ag peusench afe sajoile O ‘8sN JO Se|NnJ o) Akelqiauljuo 3|1/ UO (SUOIPUOD-pUe-SLLB) WD A8 |1 Atelq 1 Buljuoy/:sdny) SUONIpUOD pue sWis | 8yl 8es *[£20z/70/c0] o Akiqiauluo As|iM ‘(‘ou) eAnge1) agnopesy Aq 092112202 ewpe/Z00T 0T/I0p/wod As|im Arelg i jpul|uo//sdny wouy papeojumoq ‘el ‘S60vT2ST



WILEY-VCH

Accordingly, a platform of manganese catalysts on a selection of different carriers was synthesized
by analogy with Mn/CeO,. Following the rationale of redox-active properties, supports ranging from
non-reducible (i.e., Al,Os, SiO,) to partially-reducible (i.e., ZrO,, TiO,) and reducible (ZnO) oxides
were chosen. The resultant materials were then thoroughly characterized 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
supports except ZnO, where nanoparticles of MnO, (~¥21nm) were observed (Figure4 and
Figure S4). Additionally, powder X-ray diffraction (XRD) analysis of the materials prior to and after
manganese deposition showed identical reflection patterns (Figure S5). This served as a further
indication that the majority of manganese is likely present in the form of a largely amorphous MnO,
phase, and even the nanoparticles visible on ZnO are likely too small and too few in number (metal
content =1 wt.%) to produce sufficiently sharp reflections. Temperature-programmed reduction
with hydrogen (H,-TPR) analysis also complemented this notion, generally showing several
ill-defined reduction peaks appearing over a wide range of temperatures, characteristic of a highly
dispersed nature and heterogeneous speciation of manganese (Figure 56).[3” In the case of
Mn/CeO,, the assignment of individual peaks to specific transformations of the active phase was
further complicated by the redox-active nature of CeO,. Accordingly, surface reduction of CeO,
strongly contributed to the superposition of peaks visible between 360 K and 700 K.®? 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 CeO,-based catalysts.**** Conversely, Mn/ZnO showed a strong
reduction peaks at 625K, which can be attributed to transformations of anogéMnO.BS] Such
behavior is consistent with the presence of nanoparticles seen by EDXS mapping. Finally, X-ray
photoelectron spectroscopy (XPS) analysis of Mn 2ps,, revealed a diverse electronic structure of
manganese in all samples, with metal oxidation state ranging from Mn* to Mn*" present in varying
amounts (Figure S8). Remarkably, in Mn/CeO, low-valent manganese (i.e., Mn®') was most
abundant, which is in line with previous reports on the ability of CeO, to strip oxygen from
manganese at temperatures above 700 K.*® This process likely occurred during sample calcination

(T =823 K), resulting in manganese being primarily stabilized in the reduced form. This point is
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further corroborated by the position of the peak being shifted towards lower binding energy values
(640.9 eV) relative to other catalysts and the presence of a prominent satellite feature at ~ 647 eV,

characteristic of Mn*".13"!

With structural differences and commonalities between the catalysts established, their
performance in NH; oxidation was assessed and differences in activity and N,O selectivity could be
observed, with the CeO,-supported system outpacing its counterparts (Figure 1). Still, the catalysts
do share some common features, such as the fact that N,O selectivity is generally maximized at
673 K (Figure S2) and increases alongside NH; conversion (Figure S$3). This is an important practical
consideration, as it enables operation under optimal conditions without the need to recycle
unreacted NHs. 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.

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 O, as a necessary factor for attaining high catalytic activity. Namely, by
performing volumetric O, chemisorption at 673 K, the quantity of adsorbed oxygen, herein referred
to as the oxygen uptake, could be quantified. 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 CeO,, and the manganese 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 CeO, would also be expected upon doping with a

[12]

heteroatom,™™ which could happen if manganese substituted cerium atoms during calcination.

However, penetration of manganese into even the surface layer of CeO, would entail manganese
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assuming a higher oxidation state (vide infra), which was not reflected by the XPS analysis, therefore
suggesting that undercoordinated manganese is indeed present on the catalyst surface. Additionally,
the quantities of O, 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, j.e., the temperature of the reaction. Hence, the
determined values of oxygen uptake are representative of a material’s ability to activate O, 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 N,O and STY\y,o 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 dehydrogenation of NH;, followed by oxidation of NH, fragments to ultimately
yield N,0. 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 N,
and N,O 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 N,O 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). The latter reflects how the respective concentrations of the reactants affect the
observed rate of reaction. 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 conditions. For instance, if
n(0,) is larger than n(NHs), we can interpret this in terms of the availability of NH; for the reaction
exceeding that of O,, and hence the rate of reaction is more strongly affected by a change in O,
partial pressure. Furthermore, as the stoichiometry of NH; oxidation towards N,, N,O and NO varies,
with each product requiring progressively larger quantity of O,, we can expect that the selectivity

profile of a catalyst will depend on the relative ratio of the two reaction orders as well. Following this
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rationale, the ratio of n(0,)/n(NHs3) was calculated and plotted against STYy,o (Figure 2e) for each
manganese catalyst. In agreement with our expectation, a good correlation was obtained, suggesting
that the ability of a catalyst to activate O, plays a decisive role in determining its activity and
selectivity to N,O. This is also in accordance with the previously established relation between STY\,0
and oxygen uptake, further validating it as a performance descriptor. Finally, the apparent activation
energy of the reaction could also be correlated with STYy,0, leading to the conclusion that oxygen

activation is likely to be the rate-limiting step of the reaction as well (Figure 2f).

2.3. Mn/CeO, Catalyst for N,O Synthesis

Having established the underlying reason for the observed differences in catalytic activity and
selectivity, catalyst stability in NH; 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 STYyyo during the test (Figure 3a). Accordingly, Mn/SiO, and Mn/ZnO rapidly
deactivated during the first 10 h of the reaction, losing over 50% of their initial activity. At the same
time, most of the remaining catalysts experienced a gradual drop in STYx20. Mn/CeO, 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 selectivity and activity was observed (Figure S9).
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 significant
deactivation under identical reaction conditions, thus setting Mn/CeO, 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 literature.®*¥ 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
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samples except Mn/CeO, and Mn/ZrO, (Figure4 and Figure S10). The latter two appeared to
maintain the high degree of manganese dispersion, despite Mn/ZrO, still deactivating, albeit to a
lesser extent than others. Mn 2p;,, XPS analysis of the used catalysts led to a rather unexpected
result, revealing that manganese in nearly all samples was oxidized (Figure S8). In fact, the only
catalyst which experienced a decrease in manganese valence is Mn/Ce0O,, which consistently
enhanced the activity. This is in direct opposition to the commonly accepted notion that transition
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 possible that the
overall increase in manganese valence was inextricably 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/CeO, warranted a more detailed investigation, as its stability not only positions it
as a 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/CeO,

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. Accordingly, a
more detailed microscopic analysis of both the fresh and the used sample was conducted,
comprising high-resolution STEM (HRSTEM) and EDXS mapping (Figure 5a, 5b). An extensive
HRSTEM search was carried out looking at the surface and edges of well-defined CeO, 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) By analyzing the
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corresponding elemental maps, the manganese signals appeared to be evenly scattered across the
entire surface of CeO,, 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/CeO,, EPR
spectroscopy was employed as a means of probing the degree to which EPR-active species (i.e., Mn**
and Mn*) are magnetically, and hence spatially, isolated. Accordingly, the EPR spectrum of
as-prepared Mn/CeO, was measured at room temperature 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 confirmed 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 indicates 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). A clear decrease
of the signal intensity was observed with lower temperatures, which is characteristic of
antiferromagnetic systems. By plotting the reciprocal of the peak-to-peak amplitude, which roughly
estimates the magnetic susceptibility, a Néel temperature (i.e., temperature at which
antiferromagnetic ordering takes place) of > 130 K was determined. This leads to the conclusion that
this signal stems from nm-sized MnO nanoparticles, in which Mn?* ions are antiferromagnetically
coupled.* 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 Mn?*, with the splitting due to the hyperfine interaction between electron and
nuclear spin (S=5/2, 1=5/2, respectively). The signal can therefore be attributed to
atomically-dispersed Mn** on the surface of CeO,. The narrow lines indicate that the dipole-dipole
interactions between Mn®* 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 temperature also showed the two

manganese-related components. However, in contrast to the as-prepared material, the MnO signal
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practically disappeared, while the signal of isolated Mn?*" 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 2p;;, XPS analysis it is evident that manganese undergoes reduction during the reaction
(Figure 5¢). 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 Mn?* species took place. This is also the likely origin of the observed induction period
during the stability test. Additionally, the increase of the Mn?* signal could be attributed not only to

redispersion of MnO, but also to the transformation of isolated Mn** species into Mn**.

To further validate these conclusions, EPR spectra of Mn/Al,O;at room temperature were also
acquired (Figure S14). The as-prepared sample showed a very similar, but significantly stronger MnO
signal. No Mn*" signal was observed in this case. This indicates a lower dispersion degree, compared
to Mn/CeO,. After the reaction, the MnO signal decreased, but its intensity was still quite strong.
However, as evidenced by Mn 2p;/, analysis, in contrast to Mn/Ce0O,, Mn/Al,O; gets significantly
more oxidized with time on stream. Therefore, in this case, the decrease in the intensity of the MnO
signal could be attributed to the transformation of Mn?* into Mn*". Indeed, this is more consistent
with the microscopy analysis, which shows significant agglomeration of manganese (Figure 4 and
Figure $10). In addition, a narrow, unstructured line appears at g = 2.006 after the reaction, which
can be attributed to Mn?* species still present on the surface of Al,Os. Unlike in Mn/CeO,, however,
the hyperfine splitting here is completely unresolved because the lines are significantly broader. This
is due to stronger Mn**-Mn** dipolar interactions and indicates that the degree of spatial isolation is

lower than in Mn/CeO,.

On the basis of the acquired spectroscopic and microscopic insights, we affirm that Mn/CeO,
constitutes a single-atom catalyst (SAC), being the first material of this class for NH; oxidation to
N,O. 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
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was achieved, ultimately giving rise to a distribution of Mn*"and Mn>" stabilized on the surface of
the catalyst. Furthermore, in view of the catalytic inertness of CeO, 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 reaction, 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 NH; oxidation must involve two key
steps, namely the oxidative dehydrogenation of NH; (Equation 1 and 2) and subsequent oxidation of
the NH, fragments to a nitroxyl intermediate, HNO (Equation 3).** “***! The latter has long been
postulated to be central in the formation of N,0, which proceeds via the recombination of two HNO

species (Equation 4).

NH; + O — NH' + H,0 1)
NH; + O — NH; + OH (2
NH" + O — HNO® ©)
HNO'+ HNO"— N,O0 + H,0 4

Conversely, if oxygen supply is insufficient, NH, fragments may proceed to react with each other

or HNO, thereby forming N, as the main product (Equation 5, 6 and 7).

HNO'+NH" — N, + H,0 )
NH, + NH5 — N,H, (6)
N,H; +20 5N, + H,0 (1)
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While only limited experimental or computational evidence exists to support this scheme, it is
nevertheless in good agreement with the observation that the catalyst’s ability to provide active
oxygen species results in the superior capacity to selectively generate N,0.™ 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 CeO,, considering on-top, bridge, and hollow adsorption
sites (Figure S15), as well as substitutional lattice positions. Structural optimizations for these 20
possible catalyst structures was done with the PBE functional, using a Hubbard U-correction for the
cerium cations.!*® Overall, we find that on all facets, feasible coordination motifs for the stabilization
of single-atom Mn exist (Figure S16, Table S5). We then assigned formal manganese oxidation states
(0S) by counting reduced Ce*" centers (polarons) in the support, revealing the strong correlation
between the number of oxygen ligands and the manganese oxidation state (Figure S16). Formal OS
assignments were further verified by Bader charges and simulated XPS shifts (Figure $17).17%!
However, we found that Mn/CeO, presents a highly complex electronic structure, due to the charge
transfer between manganese and CeO, that leads to a variable oxidation state of the former and a
variable number (and distribution) of reduced Ce* centers in the support. Therefore, while for many
applications the PBE+U method offers balanced cost- efficiency performance, a more sophisticated
method including exact exchange (i.e., hybrid method) is required to assess the energies for the
Mn/CeO, 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.®>*
Importantly, we find that highly oxidized manganese states are overstabilized when using PBE+U
(Table S5). For instance, on Ce0,(111), the exothermicity of single-atom adsorption increases with

the formal Mn-OS. This is in contrast to HSE03-13, which yields Mn®" as the only stable structure on

this facet. It should further be noted that the discrepancies for the substitutional catalyst models are
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less severe as they do not contain reduced Ce®' centers. Thus, we deem energy differences for

structures with a fixed numbers of Ce® centers to be reliable, even at the PBE+U level.

From the retained potential catalyst structures (Figure S16), we then turned our attention to the
investigating of possible reaction pathways towards the formation of N,O. Although manganese is
likely a mixture of various species, XPS points to manganese being mainly present in a low-valent
state, particularly after stabilization on stream (Figure 5c). Thus, we selected Mn** on all three
low-index facets, as well as the two lowest-energy Mn*" structures on (110) and (100) (models a-e in
Figure S16 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 investigate adsorption of the reactants, O, and NHs,
as well as the proposed HNO intermediate. Additionally, the stability of a hyponitrous acid, H,N,0,,
cyclic intermediate was investigated. It is the protonated form of a hyponitrite, NZOZZ_, ion,
commonly accepted to form during NO coupling in nitric oxide reductase (NOR) enzymes, followed
by decomposition into N,0.”**® Given the single-atom nature of the catalyst, the manganese site
could potentially act in an analogous fashion to the enzymatic metal center of an enzyme and

promote the combination of HNO species to yield N,0.

Adsorption energies were evaluated both with PBE+U and refined at the higher level HSE03-13
hybrid functional and are summarized in Table S7. First, we note that both molecular and
dissociative O, adsorption on low-valent Mn is highly exothermic for all three ceria facets
(Figure S18a), proving its inherent ability activate gas-phase O,, and to provide reactive oxygen
species necessary for the reaction. Secondly, we find that low-coordinated Mn** (models a-c in
Figure 6a) allows for the stabilization of a cis-hyponitrous acid intermediate via the formation of a
k’-coordinated ring structure. This is a crucial step for N-N bond formation en route to the main
observed products, N,O and N,.5”*% On the four-fold coordinated Mn** (models d-e in Figure 6a), on
the other hand, this process is hindered by the saturated coordination of the manganese to the

support.
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Finally, from the wealth of obtained data, we could construct a thermodynamically plausible
reaction pathway for the full selective catalytic cycle, schematically shown for Mn* on (111),
(structure 1 in Figure 6b). It should be noted that the arrows along the cyclic reaction path do not
denote elementary steps, but rather serve to connect key intermediates used to evaluate
thermodynamic viability. Importantly, the reaction sequence proceeds via previously proposed HNO
and H,N,0,, intermediates, and indeed follows a similar route as the formation of N,O by nitric oxide
reductase (NOR) enzymes. First, exothermic adsorption (—1.21 eV) and activation of gas-phase O,
leads to intermediate 2 (Figure 6b). The low-valent nature of manganese allows for co-adsorption of
NH;, which completes its octahedral coordination sphere. Subsequently, NH; dehydrogenation is
facilitated by the activated nature of O, (Figure $S18a) and driven by H,0 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
n’-coordinated HNO fragment, intermediate 5, requires the endothermic (+0.94 eV) formation of the

N-O bond.

We then assume the formation of another HNO proceeding in a similar fashion, consuming
another NH; and O, pair, while eliminating H,0, 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 N-N bond formation (+0.87 eV), which
results in the cis-hyponitrous acid intermediate 7. Interestingly, in this structure, one of the Mn-O
bonds to the ceria support is significantly elongated (2.41 A) such that the coordination around the
manganese atom can best be described as square planar. Evidently, the dynamic coordination to the
Ce0,(111) support allows the manganese atom to adapt its geometry during the reaction sequence.
Lastly, from the cis-hyponitrous acid fragment, intermediate 7, N,O can be released (intermediate 8),

with elimination of H,0 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 influence

the rate. Similarly, under operating conditions, the direct participation of reactive lattice oxygen
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originating from CeO, in a surface Mars-van Krevelen type mechanism is likely. (Figure 19) While we
have evaluated some alternative structures, presented in Figures S18b and S18c, these processes
open up an intractable number of additional reaction pathways, far exceeding the scope of the
present work, and warranting separate, dedicated investigations. Lastly, we could also obtain
analogous, thermodynamically, feasible reaction pathways (Figure $20) for Mn*" 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 N,O formation.

To experimentally investigate the role of lattice oxygen of CeO, in the course of NH; oxidation to
N,O, a suitable method to monitor the onset of the reaction under relevant conditions was required.
As oxidation of NH; 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 conditions.®® A further advantage of TAP is the ability to
pulse small quantities of the reactants (in the order of 10° mol), thereby making it possible to
monitor the initial catalytic behavior of a material and potentially observe the most prominent
involvement of oxygen species from CeO,. To this end, an equimolar mixture of He, NH; and 0, was
pulsed over Mn/CeQ, 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 N,O
formed at 673 K, while the amount of NO produced steadily increased with reaction temperature
(Figure 7a). Remarkably, the quantity of *0-containing products, i.e., N**0 and N,'°0, significantly
exceeded that of N,"20 and N*20, indicating that direct participation of oxygen originating from CeO,
took place. Furthermore, 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 **0,
likely healed the oxygen vacancy formed when lattice oxygen of CeO, participated in NH; oxidation,
and was incorporated into another N,O 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 H,'°0 and H,'®0 molecules, respectively (Figure 7b). Despite '*0, contributing to the

signal at m/z 18 as doubly ionized ion, the different shapes of the responses related to m/z 36 and
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18 prove that H,'°0 is formed. Thus, lattice oxygen species of CeO, also participated in oxidative
dehydrogenation of NH;. However, it should be noted that the origin of labelled and non-labelled
oxygen in the H,0 molecules is different. As the peak of H,"®0 appears after that of H,™0, the
formation of the former proceeds slower. This suggests that 0, participates in the initial
dehydrogenation of NH3as adsorbed and not lattice species, albeit to a lesser degree, as can be

inferred from the relatively noisier signal of H,'®0.

Given the presence of sporadic MnO particles in the fresh sample of Mn/CeO,, it also had to be
verified that it is indeed the lattice of CeO, that acts as the source of **0 atoms. Accordingly, we
have conducted analogous TAP pulse experiments on Mn/Al,O;. Interestingly, in this case we have
also observed an appreciable amount of *°O-containing products, however, it is still significantly
lower than that found in Mn/CeO,, particularly at higher temperature (Figure 7c). In view of the
non-reducible nature of Al,0;, the non-labelled oxygen atoms must have originated from the
supported manganese oxide phase. Notably, participation of lattice O in NH; oxidation has also been
reported for a TiO,-supported manganese catalyst.[GZ] Therefore, we cannot exclude that MnO
particles found in Mn/CeO, 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/Al,O; as compared to Mn/CeO, (Figure5, S 14), and the smaller amount of
1%0-containing products formed over the former, we can deduce that CeO, is still the primary origin
of oxygen species for NH; oxidation over Mn/CeO,. On the basis of these findings, we can conclude
that the process of N,O formation over Mn/CeO, proceeds via a surface Mars-van Krevelen-type
mechanism. This observation is in line with our previous findings on Au/CeO,, serving as another
example of atomically dispersed metal species activating surface lattice oxygen of the support for

[63,64]

catalytic oxidations, and highlighting the role of CeO, 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 redispersion of
manganese oxide particles in Mn/CeO,. Strategies for the redispersion of metallic nanoparticles
[65,66]

through alternating reducing and oxidizing treatments are well-established in the literature.

These typically describe a “strain” model, where oxidation of the outer layer of a metallic
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nanoparticle induces metal strain energy, prompting the fragmentation of the large particle into
smaller species, which then undergo dispersion through interactions with the carrier. Although in
the case of Mn/CeO, 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 manganese nanoparticle via NH; oxidation, the outer layer
is reduced, resulting in generation of strain. This, coupled to the high exothermicity of NH; oxidation,
and previously established ability of CeO, to effectively stabilize manganese atoms, could serve as
the impetus for particle fragmentation and subsequent anchoring of isolated manganese species,
leading to redispersion. However, extensive experimental validation of the proposed mechanism

would be required and remains a subject for a separate, dedicated investigation.

2.6. Catalyst Design Guidelines

The main elements that distinguish Mn/CeQ, as a remarkable catalytic material are summarized in
Figure 8. At the foundation of its design lies the ability of CeO, 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 CeO, is known as a
support for single-atom catalysts,”® ®”! to our knowledge there have not been previous reports of
surface-stabilized manganese. Indeed, the anchoring sites of the carrier 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 exceptional ability
to activate gas-phase O, and facilitate N-N 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 N,O selectivity and activity. Additionally, we found the active oxygen species to
originate from the lattice of CeO,, while O, in the feed appears to primarily replenish their reserves.
The involvement of lattice oxygen in both the initial dehydrogenation of NH; and the ultimate

formation of N,O has been demonstrated by TAP experiments. Furthermore, the DFT simulations
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show cerium atoms adjacent to the isolated manganese sites to participate in stabilization of
dehydrogenated NH, intermediates, emphasizing the multifaceted role of CeO,. With this, we have
gained both practical and fundamental insights into the structure and function of Mn/CeO,,
revealing a novel class of CeO,-supported atomically-dispersed transition metal-based catalysts for
N,O formation via NHs oxidation. In fact, the combination of properties 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 CeO, are revealed as the first stable catalyst
for NH; oxidation to N,O, rivaling state-of-the-art Au/CeO, in terms of selectivity and reaching a
two-fold higher N,O productivity. The isolated manganese sites are primarily generated during
synthesis via a simple impregnation, while in situ redispersion of few scattered MnO particles results
in full atomic dispersion. The resultant material shows no structural changes or loss of catalytic
activity over 70 h on stream. The oxygen transfer ability of CeO, is unveiled to be a fundamental
property which promotes N,0O selectivity, setting CeO, apart from other redox-inactive carriers.
Furthermore, the reaction is found to proceed with the direct participation of lattice oxygen of CeO.,.
Accordingly, low-valent manganese sites effectively activate gas-phase O,, thereby healing the
vacancies and allowing the abundant supply of active oxygen species to be maintained.
Furthermore, the isolated manganese species can facilitate the N-N bond formation between HNO
intermediates via a cyclic intermediate closely related to NOR enzymes, ultimately leading to
selective evolution of N,0O. The adjacent Ce atoms, in turn, aid in stabilizing dehydrogenated NH,
intermediates. This work sets an important milestone in the design and understanding of catalysts
for NH; oxidation to N,O, establishing CeO,-supported SACs as a highly promising class of materials

for this application, as well as a range of other selective oxidation reactions.
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4. Experimental and Computational Methods

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 K or 823 K (heating rate =3 K min ", hold time =5 h). Au/CeO, was prepared by
12]

deposition precipitation with urea (DPU) method, following the protocol described elsewhere.

Additional details of the catalyst synthesis are provided in the Supporing Information.

Catalyst Characterization. Numerous techniques were employed to characterize the catalysts in
fresh form and after use in NH; oxidation. Namely, the composition of the catalyst, metal speciation
and dispersion were determined by XRF, XPS, EPR, H,-TPR and HAADF-STEM. The specific surface
area was determined by N, sorption at 77 K. The interactions of the catalysts with O, were studied
by static volumetric O, 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 NH; oxidation was
conducted in a fixed-bed reactor set-up (depicted in FigureS1 and further described in the
Supporting Information). In a typical test, the catalyst (particle size 0.15-0.4 mm, m,, = 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 cm® h™' g, !) 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
(Toea = 473 K, Fr = 40 cm® min™) for 30 min prior to the measurement. Subsequently, the reactor was
heated to the desired temperature (T,eq = 473-723 K) and allowed to stabilize for at least 30 min
before the reaction mixture (8 vol.% NH;, 8 vol.% O,, 4 vol.% Ar, 80 vol.% He) was fed at a total
volumetric flow of Fr=16-250cm’ min™. The relevant performance metrics, including the NH;
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.
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Transient Mechanistic Studies. NH; 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 ca. 10~ Pa,
80,:NH;:He = 1:1:1 mixture was pulsed (pulse size = 1.5-10">-5-10" molecules) in the temperature
range of 473-773 K with a 100 K step. The pulses were repeated 10 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 approximately 100 us. 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 CeO,, and their corresponding reactivity, DFT modelling

was conducted with the Vienna Ab Initio Simulation Package (VASP 5.4.4),

using the
Perdew-Burke-Ernzerhof (PBE) functional,®® and the HSEO03 hybrid functional with 13% exact
exchange (HSE03-13).5% % The valence electrons were extended in plane waves with a basis set
cutoff of 500 eV.”>"" PBE+U framework was employed to carry out the structural relaxations. For
cerium atoms, an additional Hubbard U term (U = 4.5 V) was applied, following previous literature
reports.®> 7> 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° eV
and the positions of atoms were relaxed until residual forces reached 0.015 eV A™". 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™ 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 approximationml and referenced to manganese in a
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29-atom supercell of a-Mn. The code developed by Henkelman et al. was used for Bader charge

analysis.”*78

For the (111), (110), and (100) facets of CeO, slab models were constructed as (3x3), (2x2) and
(3x3) 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 A 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 Ce®* centers, where a threshold of 0.8 p was
applied.[“g] Single-atom manganese adsorption and substitution energies were calculated following
Equation 8 and 9, where F22 and E342 are the energies of the respective single-atom catalysts
(SACs), E,is is the energy of the corresponding pristine ceria slab, Ey, is the energy of single-atom
manganese, using a-Mn as reference (E.on=-8.98 eV atom '), and Ec 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.

Eads = Egc/lfc - Epris - EMn (8)
Esub = E;%C - Epris - EMn + ECe (9)
Ece = Eceo, — Eo, (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., H,-TPR, XRD, EPR)
were plotted as received without further manipulation. O, 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 Il 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
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particle size distribution presented in Figure SX and SX were determined through analysis of > 100
particles identified on the HAADF-STEM micrographs and elemental mappings, using Imagel
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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Figure 1. Catalytic performance in NH; oxidation of CeO, support and reference catalysts
(References), transition metals supported on CeO, (M/Ce0,) and manganese supported on different
carriers (Mn/Support), represented by the space-time yield (STY) of N,O (top), NH; conversion and
product selectivity patterns (bottom). Data presented as mean +95% confidence interval (n =2).
Reaction conditions: Tpeq = 673 K; M = 0.04 g; GHSV = 375,000 cm® h' g..."; Feed =8vol.% NH,,
8 vol.% 0,, 4 vol.% Ar, 80 vol.% He; P = 1 bar. Au/Ce0O, and Mn-Bi were evaluated at 573 K and 623 K,

respectively.
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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 O,
chemisorption; b) Mn valence, determined by XPS, and c) N,O selectivity as a function of oxygen
uptake; STY\,0 as a function of d) oxygen uptake, e) the ratio of O, and NHj; reaction orders; and f)

the apparent activation  energy. Reaction  conditions: Toeq = 673 K; me: =0.04 g;
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Figure 3. a) Stability test of selected catalysts. While all other systems exhibit varying rates of
deactivation, Mn/CeO, undergoes an induction period, gaining activity and subsequently stabilizing;
b) Deactivation constant k4 and c) loss of catalytic activity of supported Mn catalysts as a function of

change of Mn valence after 70 h on stream. Reaction conditions: Tpeq =673 K; m,;=0.04 g;
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Figure 4. STEM-EDX maps of as-prepared and used Mn/Support catalysts.
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Figure 5. Characterization of as-prepared Mn/CeO, and after 70 h on stream. a) HAADF-STEM
micrographs with EDX maps, b) HRSTEM images and c) Mn 2ps;, 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 Mn** 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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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, H,N,0, intermediates for the most stable Mn®* 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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Figure 7. Temporal analysis of products (TAP) of NH; oxidation over Mn/CeO, and Mn/Al,Os. a, ¢)
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Figure 8. Summary of the key structural and catalytic properties of Mn/CeO,.

TOC. Manganese atoms stabilized on ceria is the first highly active, selective and stable material for
NH; oxidation to N,O. Atomic dispersion is achieved by simple impregnation and preserved over 70 h
on stream. Low-valent manganese species, complemented by the oxygen transfer ability of ceria,

facilitate the supply of active oxygen species for the reaction, leading to the outstanding catalytic
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