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THE BIGGER PICTURE Nitrous oxide, N 2O, is an attractive oxidant for a range of selective oxidation reactions
due to its ability to donate monoatomic oxygen species. Direct ammonia oxidation to N 2O offers an alterna-
tive to the thermal decomposition of ammonium nitrate but requires a suitable catalyst. While promising
CeO2-supported catalysts based on manganese and chromium have been identi�ed, there is a lack of funda-
mental understanding of synthesis-structure-performance relations to advance catalyst engineering. This
work elucidates the interplay between CeO 2 and the supported Mn and Cr phases, revealing metal-speci�c
structure sensitivity in ammonia oxidation to N 2O via advanced characterization and kinetic studies. The
gained understanding of the effects of metal speciation and carrier properties on catalytic performance
will aid the rational design of catalysts for N 2O synthesis, providing guidelines for optimizing both the support
and the metal components.
SUMMARY
Manganese (Mn) and chromium (Cr) catalysts supported on CeO 2 enable direct ammonia oxidation to nitrous
oxide, N 2O, but the lack of synthesis-structure-performance relations hinders rational catalyst design. Here-
in, we generate a platform of CeO 2-supported Mn and Cr catalysts, systematically varying the metal nano-
structure from single atoms to nanoparticles, and the carrier redox properties, as con�rmed by advanced
characterization methods. Surface reducibility of CeO 2 emerges as a general descriptor, controlling N 2O pro-
ductivity. Conversely, structure sensitivity is metal speci�c, with Mn-based systems achieving high N 2O
selectivity in single-atom and nanoparticle forms, while the selectivity of Cr-based systems is dependent
on metal dispersion. In situ UV-visible (UV-vis), steady-state, and transient kinetic studies unveil the ability
of redox-active MnO x to synergize with CeO 2 and enhance oxygen transport for the reaction following a
Mars-van Krevelen mechanism. This work provides fundamental insights into the role and function of each
catalyst component and guidelines for the development of improved N 2O synthesis catalysts.
ÕÕ
INTRODUCTION

In the realm of heterogeneous catalysis, where supported cata-
lysts are ubiquitous, controlling the nanostructure of the active
phase is key to ensure optimal operation. Size effects can
have a strong inßuence on catalyst performance metrics (activ-
Chem Catalysis 5, 101165, Janu
This is an open access article under the
ity, selectivity, or stability) for a broad spectrum of reactions and
are commonly encountered in the case of metal nanopar-
ticles.1Ð4 This phenomenon, Þrst termed ÔÔstructure sensitivity
by Boudart, 5 also extends to metal-oxide-based systems,
where crystalline structure and metal oxidation state can further
impact reactivity. 6Ð10 With the emergence of single-atom and
ary 16, 2025 ª 2024 The Author(s). Published by Elsevier Inc. 1
CC BY license (http://creativecommons.org/licenses/by/4.0/ ).
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low-nuclearity catalysts, the range of metal species, which
can all have their individual catalytic Þngerprint, has further
broadened.11Ð14 Still, despite the complexity of elucidating
structure sensitivity for even a simple reaction, it is a crucial
undertaking to ensure that the utility of a catalytic technology
is maximized.

Ammonia (NH3) oxidation to nitrous oxide (N2O; Equation 1) is
a notable example of a reaction where promising catalysts based
on the same metal but with radically different structures have
been reported:

4NH3 + 4O2 / 2N2O + 6H2O: (Equation 1)

Pure and mixed oxides of manganese (Mn), in bulk and
supported form, have garnered signiÞcant attention for their
ability to selectively catalyze N 2O formation, with high-valent
forms (i.e., Mn2O3 and MnO2) being proposed as the active
phases.15,16 At the same time, we have discovered CeO2-sup-
ported single Mn atoms as a leading catalyst for the reaction,
identifying the low-valent nature of isolated Mn 2+ species as
key for setting benchmarks of stability and productivity. 17 In
contrast to Mn, the catalytic potential of chromium (Cr)-based
systems for NH3 oxidation to N 2O has not been extensively
explored in the literature due to its poor performance in early
studies.18,19 However, similar to the Mn-based system, we
have recently uncovered the ability of isolated Cr atoms sup-
ported on CeO2 to effectively catalyze the reaction, achieving
N2O selectivity on par with the benchmark systems. 20 These
examples hint at the existence of structure sensitivity in NH 3

oxidation and highlight the lack of existing guidelines for
rational catalyst design. In fact, even with the importance of
using a CeO2 support due to its redox ability being Þrmly
established in prior studies, 17,20,21 there remains ample room
for developing a more comprehensive understanding of rele-
vant carrier properties, such as the ability to synergize with
the supported phase and the kinetics of oxygen vacancy crea-
tion and healing processes. Thus, there is a need for studies
that systematically investigate the impact of different synthetic
parameters on metal speciation and support properties, and
derive robust performance descriptors. Ultimately, they can
aid in establishing the best practices for developing active,
selective, and stable catalysts for NH 3 oxidation to N 2O and
serve as a fundamental tool for bringing this technology closer
to practical scale.

In this work, we systematically derive a platform of CeO 2-sup-
ported Mn and Cr catalysts with distinct metal speciation, from
single atoms to particles of variable size (by changing metal con-
tent from 1 to 20 wt %), and CeO 2 properties (by changing calci-
nation temperature from 673 to 1,073 K) and evaluate their per-
formance in NH3 oxidation to N 2O. The choice of CeO2 is found
to inßuence the performance of all catalysts, reßected in the loss
of N2O selectivity and activity due to a decrease in surface
reducibility and area when the support is calcined at higher
temperature prior to metal deposition by impregnation. On the
other hand, we uncover a remarkable insensitivity of Mn-based
systems to metal nanostructure, with single-atom- and nanopar-
ticle-based systems reaching identical N 2O selectivity. This con-
trasts strongly with Cr-based systems, which only attain high
2 Chem Catalysis 5, 101165, January 16, 2025
N2O selectivity in atomically dispersed form, emphasizing the
unique synergy that emerges when Mn and CeO2 are in contact,
regardless of metal content. Through a combination of spectro-
scopic and transient kinetic analyses, we determine the highly
redox-active nature of MnO x to be key, allowing it to synergize
with CeO2 as efÞciently as low-valent isolated Mn atoms and
enable a quick and abundant supply of lattice oxygen species
for the reaction proceeding via a Mars-van Krevelen (MvK)-
type mechanism. These Þndings put forward comprehensive
guidelines for developing improved catalysts for N 2O synthesis
via NH3 oxidation.

RESULTS AND DISCUSSION

Catalyst synthesis and structural assessment
To investigate the effects of CeO2 properties on the structure and
performance of catalysts, it is important to have the full under-
standing of the synthetic history of a material. Accordingly, we
chose to prepare CeO2 by cerium nitrate precipitation and sub-
sequent calcination at variable temperatures ranging from 673 to
1,073 K, yielding corresponding supports denoted as CeO 2-673,
CeO2-873, and CeO2-1073 (Figure 1A). Higher calcination tem-
peratures lead to a reduction in the speciÞc surface area of the
support, as determined by N 2 sorption analysis, indicative of
CeO2 crystallite sintering (Table S1). This was also corroborated
by Raman spectroscopy analysis, showing broadening of the F 2g

band located around 466 cm � 1 for samples calcined at lower
temperature, consistent with a decreased crystallite size.
Furthermore, the relative intensity of the broad D band around
550Ð600 cm� 1, generally attributed to the O-vacancies in nano-
crystalline CeO2,22 concomitantly increased, highlighting that
the thermal treatment during synthesis enables control over
both textural and redox properties of the support ( Figure S1).
Subsequently, to investigate the effect of changing metal nano-
structure on catalyst performance, catalysts with variable Mn
and Cr content, ranging from 1 to 20 wt %, were prepared by
incipient wetness impregnation (IWI; Figure 1B), yielding mate-
rials labeled XMn-Tcalc and XCr-Tcalc, where X is the nominal
metal content. The deposition of the desired metal quantity
was veriÞed using X-ray ßuorescence spectroscopy (XRF),
generally showing good agreement with the target value
(Table S1).

High-angle annular dark-Þeld scanning transmission electron
microscopy (HAADF-STEM) coupled to energy-dispersive
X-ray spectroscopy (EDXS) was applied to verify the presence
of distinct metal species over selected catalysts ( Figures 2 and
S2). Highly dispersed Mn and Cr species were obtained when
depositing 1 wt % of metal on CeO 2-673, likely present as iso-
lated atoms, as had been reported for similar systems in earlier
studies.17,20 Indeed, continuous-wave electron paramagnetic
resonance (CW-EPR) spectroscopy of the two samples con-
ducted at room temperature supports this notion ( Figure S3).
Only one signal is observed in the spectra of both catalysts,
namely a signal consisting of six lines at around 3,500 G, with
additional lines in between due to forbidden transitions, for
1Mn-673 and a narrow signal at around 3,450 G for 1Cr-673,
indicative of paramagnetically isolated Mn 2+ and low-spin Cr 3+

ions, respectively. The absence of any other signals, particularly



Figure 1. Synthetic methodology to derive
CeO2-supported Mn and Cr catalysts with
variable carrier properties and metal nano-
structures
(A) Synthetic steps involved in the preparation of
different CeO2 supports and corresponding Mn and
Cr catalysts, accompanied by schematic repre-
sentations of synthesized carriers as a function of
calcination temperature (Tcalc).
(B) Distinct metal nanostructures obtained as a
function of metal content ( X), together with sample
code used in this work.
See also Table S1 and Figure S1.
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low-Þeld broad features, indicates that very few exchange-
coupled paramagnetic ions that would be found in oxide parti-
cles are present, leading us to conclude that these samples
exhibit atomic dispersion. However, when CeO 2-1073 is chosen
as the support, small nanoparticles begin to appear alongside
highly dispersed species, which occurs as a result of both a
lower available surface to disperse the metal and a reduction
in the number of available anchoring sites. When the metal con-
tent is increased to just 3 wt %, mixed speciation (i.e., single
atoms and nanoparticles) becomes prevalent in all samples,
regardless of the metal and support chosen, with the only excep-
tion of 3Cr-673, which still appears to maintain atomic dispersion
of Cr. Nevertheless, as the metal content becomes higher, both
the quantity and the size of nanoparticles continue to increase,
covering a signiÞcant fraction of the available support surface.
This effect is particularly pronounced in the case of CeO 2

calcined at higher temperatures.
X-ray diffraction (XRD) analysis of the samples yielded highly

comparable patterns for both Mn and Cr samples with metal
content below 5 wt %, exclusively showing typical diffraction
lines of ßuorite-type CeO2 (Figure S4). The only observable dif-
ferences arise due to the broadening of these reßections in sam-
ples with CeO2 calcined at lower temperatures, which is in line
with the smaller crystallite size. Characteristic reßections of
Mn3O4 and Cr2O3 become detectable in Mn- and Cr-based sam-
ples, respectively, when 10 or 20 wt % of metal is deposited,
which aligns with the fact that metal oxide nanoparticles, and
hence their crystalline domains, increase in size.
Chem
In addition to microscopy and diffrac-
tion investigations, spectroscopic anal-
ysis of select samples allowed a more
detailed identiÞcation of metal species
present. X-ray photoelectron spectros-
copy (XPS) of Mn-based catalysts re-
vealed the presence of the metal in both
the Mn2+ and the Mn3+ state, while Mn4+

content was negligible in all samples
(Figure 3A). Mn2+ was found to be domi-
nant in 1Mn-673, further supported by
the occurrence of the satellite peak
around 647 eV, characteristic of low-val-
ent Mn2+. This Þnding is consistent with
previous observations regarding CeO2-
supported isolated Mn atoms. 17,23 At
high metal content, the relative fraction of Mn 3+ increased, and
this effect was more pronounced in the sample supported on
CeO2-1073, which could indicate that Mn 2O3 and Mn3O4 are
the prevalent phases in the metal oxide nanoparticles. In the
case of Cr-based catalysts, two main components, attributed
to Cr3+ and Cr6+, were identiÞed. The former dominated in all
investigated catalysts, making up over 90% of the metal species
in the samples, while high-valent Cr6+ was present only in the
samples supported on CeO 2-673. This indicates that Cr6+ could
occur as scarce isolated chromate species in particular coordi-
nation environments.

Raman spectroscopy provided additional insight into the
speciation of metal oxide particles present in the samples. Char-
acteristic bands associated with MnOOH and Mn 3O4 species
started to appear as the metal content exceeded 1 wt %, regard-
less of the support chosen (Figures 3B and S1),24 albeit with the
signals corresponding to the latter phase being signiÞcantly
more prominent. Taking this into account together with the result
of XRD analysis, showing only the reßections characteristic of
Mn3O4, and the fact that it comprises Mn 2+ and Mn3+, the main
species identiÞed by XPS, we can posit that Mn 3O4 is the domi-
nant form of manganese oxide present. Furthermore, the Mn 3O4

band around 680 cm � 1 exceeded the intensity of the F 2g band of
CeO2 in samples with 20 wt % Mn, indicative of the consistent
increase in the size (and thickness) of metal oxide particles in
the context of limited penetration depth of 532 nm light used
for Raman analysis. For Cr samples, Raman analysis evidenced
bands attributable to the Cr 2O3 phase in 1Cr-1073 and at metal
Catalysis 5, 101165, January 16, 2025 3



Figure 2. Elemental distribution of represen-
tative catalysts
EDX elemental mappings of CeO2-supported Mn
and Cr catalysts with corresponding scale bars,
showing the effects of metal content and the choice
of support on the obtained nanostructure, ranging
from single atoms to metal oxide particles of vari-
able size.
See also Figure S2.
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contents of 3 wt % and above ( Figure S1).25 The presence of
these nanoparticles is consistent with XPS analysis, and the
increasing intensity of the bands aligns with their larger size in
samples with higher metal content. In addition, weak peaks
around 1,000 cm� 1 could be detected in samples supported
on CeO2-673, likely indicative of mono- and polychromate Cr 6+

species.26 However, their abundance is expectedly low based
on XPS.

Catalytic evaluation in NH 3 oxidation
We evaluated the inßuence of the reaction temperature on prod-
uct selectivity and NH 3 conversion of the catalysts (Figures S5
and S6). All catalysts exhibited signiÞcant activity at the applied
gas-hourly space velocity (GHSV = 15,000 cm3 h� 1 gcat

� 1),
almost fully converting NH 3 into products already at 623 K.
Accordingly, the temperature at which 50% NH 3 conversion
was achieved, T50, was used as a metric to assess their relative
4 Chem Catalysis 5, 101165, January 16, 2025
activity. Another relevant performance
descriptor, N 2O selectivity, S(N2O), gener-
ally increased at elevated temperatures,
peaking at either 623 or 673 K. A detailed
summary of temperature ramp experi-
ments is presented in Figure S7. When
evaluating the effect that the choice of
CeO2 has on T50, we see a common
pattern emerging, showing both Mn and
Cr catalysts supported on CeO 2-673 to
generally be more active than their coun-
terparts with equivalent metal content.
However, differences in activity between
samples on CeO2-873 and CeO2-1073
are more subtle, often showing near-iden-
tical T50 values. Increasing metal content
generally leads to enhanced activity, albeit
with the exception of Mn-based systems
supported on CeO2-873 and CeO2-1073.
However, it should be noted that the
largest changes are observed when
increasing the metal content from 1 to 3
wt %. Subsequent increases in the amount
of metal deposited do not have a pro-
nounced effect on activity, likely related
to a decrease in metal utilization as larger
nanoparticles begin to form. When assess-
ing the changes in maximum attained N 2O
selectivity, Smax(N2O), the choice of sup-
port appears to have a consistent effect,
with lower calcination temperature of
CeO2 leading to higher values. Two distinct metal-speciÞc pat-
terns emerge with regard to the dependence on metal content.
In the case of Mn-based systems, increasing the amount of metal
results in virtually no change in N2O selectivity for samples on
CeO2-673 and in a gradual rise for samples on CeO2-873 and
CeO2-1073. Still, all samples demonstrate high N 2O selectivity,
with all but one falling in the range of 70%Ð84%. Cr catalysts,
on the other hand, while selective at 1 wt % (up to 75%), exhibit
a strong and consistent decrease of at least 30% in N 2O selec-
tivity with increasing metal content. Nevertheless, it should be
noted that the onset of selectivity drop depends on the type of
CeO2, with higher speciÞc surface area supports shifting it toward
larger Cr contents.

To verify whether the observed trends are indicative of cata-
lystsÕ intrinsic properties, we conducted experiments at signiÞ-
cantly higher GHSV (3,000,000 cm3 h� 1 gcat

� 1), lowering NH3

conversion and allowing for a more comprehensive comparison



Figure 3. Spectroscopic insights into the
catalyst structure
(A) Mn 2p3/2 (top) and Cr 2p3/2 (bottom) XPS and (B)
Raman spectra of selected CeO2-supported Mn
(top) and Cr (bottom) catalysts.
See also Figures S1, S3, and S4.
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of catalytic activities and selectivity trends. The previously
observed dependence on the type of CeO 2 holds, with both
Mn and Cr catalysts consistently showing higher space-time
yield of N2O (STYN2O) when supported on CeO2-673 than on
CeO2-1073, regardless of metal content (Figure 4A). Further-
more, the increase in metal content results in STYN2O enhance-
ment for Mn catalysts on CeO 2-673 with 1 and 3 wt %, while
depositing even more metal brings no additional beneÞt, which
is also true for all samples on CeO2-1073. Cr-based samples
also show a steady drop in STYN2O as metal content increases
from 1 to 20 wt %, which is likely related to the decreasing num-
ber of active sites with lower dispersion. In fact, when normal-
izing STYN2O per gram of metal instead of catalyst, we see a
consistent metal-independent trend of decreased activity at
higher metal loadings. At higher GHSV, S(N2O) decreases over
all catalysts, primarily in favor of N2, although the fraction of
NO increases as well, particularly in the case of Cr-based sam-
ples (Figure 4B). The beneÞcial effect of the CeO2 support being
calcined at lower temperature on S(N2O) is also generally
evident, but its extent is much more pronounced in Cr catalysts,
Chem
which generally show lower selectivity
values. Most importantly, the element-
speciÞc dependence of selectivity on
metal nanostructure is further highlighted,
with Mn catalysts achieving the 50%Ð
60% range of N2O selectivity, irrespective
of Mn content. Conversely, S(N2O) of Cr-
based samples steadily declines with Cr
content, emphasizing the key role of metal
speciation in this class of catalysts.

To further verify the lack of structure
sensitivity of Mn-based catalysts, an
alternative synthetic approach was adop-
ted in an effort to generate a sample
containing metal oxide nanoparticle but
no isolated sites. Namely, using a polyol
method,27 Mn3O4 nanoparticles could
be formed and deposited on CeO 2 to
yield a material with a more uniform
speciation, featuring large (� 57 nm)
nanoparticles after calcination at 673 K
(Mn3O4-673; Figure S8). In an evaluation
of its catalytic performance in a tempera-
ture ramp experiment, it performed
similar to other Mn-based catalysts,
reaching Smax(N2O) of 78% at 673 K (Fig-
ure S9), further suggesting that CeO2-
supported Mn catalysts are capable of
selective N2O formation regardless of
metal speciation. Furthermore, by evalu-
ating the catalysts at elevated GHSV, we could make a perfor-
mance comparison between the Mn 3O4 nanoparticles and iso-
lated sites. Namely, assuming that all of the Mn in Mn 3O4-673
is present as 57 nm spherical particles, while 1Mn-673 serves
as the reference material with atomic metal dispersion, the
observed rate of N2O formation can be normalized by the num-
ber of active sites to yield corresponding turnover frequency
(TOF) values. The number of active sites on Mn3O4 particles
could be estimated using a methodology to determine the num-
ber of surface metal atoms previously proposed for anatase
TiO2,28 which has the same crystal structure as Mn 3O4.
Following this approach, it was determined that 2.2% of Mn
will be found on the surface of 57 nm Mn 3O4 particles, thus al-
lowing us to determine a TOF value of 33 s� 1. Notably, a TOF
value of only 2.3 s� 1 was found for isolated Mn sites on CeO 2,
thus demonstrating that metal oxide particles are intrinsically
one order of magnitude more active.

In addition to activity and selectivity, catalyst stability is
another performance metric that can be impacted by the choice
of the carrier and the nanostructure of the supported phase.
Catalysis 5, 101165, January 16, 2025 5



Figure 4. Catalytic evaluation of CeO 2-sup-
ported Mn and Cr catalysts in NH 3 oxidation
(A) Space-time yield of N2O, STYN2O, normalized
per mass of catalyst or mass of metal. Error bars
represent 95% conÞdence interval of the mean
STYN2O based on two measurements.
(B) Product selectivity and NH3 conversion at
different space velocities. Error bars represent
95% conÞdence interval of the mean X(NH3) based
on two measurements. Reaction conditions: Tbed =
673 K; mcat = 0.002Ð0.2 g; GHSV = 15,000 or
3,000,000 cm3 h� 1 gcat

� 1; feed = 8 vol % NH 3, 8
vol % O2, 4 vol % Ar, 80 vol % He; P = 1 bar.
See also Figures S5ÐS9.
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Hence, the performance of selected catalysts was evaluated
over 24 h on stream in NH3 oxidation to N 2O, monitoring changes
in the normalized space-time yield (STYN2O/STYN2O,0; Figure 5).
In our earlier works, we had already observed that isolated Mn
atoms do not agglomerate and achieve stable performance
when supported on commercial CeO 2. Similarly, in this study
we observed no deactivation in the case of 1Mn-673. Notably,
CeO2-supported Mn samples with smaller available surface
area and/or higher metal content, and hence with a mixed speci-
ation of isolated atoms and nanoparticles, also exhibited no loss
of activity over 24 h on stream. This further underscores the
apparent structure insensitivity of Mn catalysts, extending
beyond N2O selectivity to stability as well. It also contrasts
strongly with Cr-based samples, all of which showed a variable
degree of deactivation over time (Table S2). The choice of
CeO2 had the most pronounced effect, with the catalysts sup-
ported on CeO2-1073 experiencing a signiÞcantly faster loss of
activity and a minor loss of N 2O selectivityÑan effect that was
further magniÞed at higher Cr content. In samples on CeO2-
673 this behavior was less evident, however, indicating that sup-
port properties have the decisive role in determining the stability
of Cr catalysts. The observed deactivation is likely the conse-
quence of Cr sintering over time, as previously shown for
CeO2-supported Cr catalysts. 20 This is further supported by
Raman spectroscopy of the fresh and used catalysts, where
6 Chem Catalysis 5, 101165, January 16, 2025
an emergence or an increase in the inten-
sity of the band at 554 cm � 1 after the reac-
tion could be seen for 3Cr-673 and 3Cr-
1073, respectively (Figure S10). In addi-
tion, the disappearance of Cr 6+ chromate
bands at � 1,000 cm� 1 after the reaction
could be observed for 3Cr-673, which is
also in line with Cr sintering.

Probing the redox properties
The catalytic tests have revealed distinct
reactivity patterns for Mn and Cr cata-
lysts, which are determined by the com-
plex and element-speciÞc interplay of
metal nanostructure and carrier proper-
ties. However, in order to derive practi-
cally useful principles for catalyst devel-
opment and optimization, speciÞc
measurable characteristics that can be related to the observed
performance must be identiÞed. The redox properties of the cat-
alysts were probed by temperature-programmed reduction with
H2 (H2-TPR) of Mn- and Cr-based samples, as well as the CeO2

supports (Figures S11 and S12). It was immediately apparent
that the calcination temperature of CeO 2 strongly inßuences
its reducibility. The proÞle of CeO2-673 comprises two superim-
posed peaks centered around 640 and 740 K, attributable to the
Ce4+ reduction to Ce 3+ on the surface, and a peak centered at
1,015 K, characteristic of bulk reduction. The last peak is simi-
larly prominent in the reduction proÞle of CeO2-1073, albeit
shifted to a slightly higher temperature and having a larger
area, but the peaks associated with surface reduction are virtu-
ally absent. This is in line with the results of SBET, Raman, and
XRD analyses, showing that raising the calcination temperature
will result in a smaller, less defective surface area and larger
CeO2 crystallites.

Once Mn single atoms or oxide nanoparticles are deposited on
CeO2, the onset of surface reduction is shifted toward lower tem-
perature, regardless of calcination temperature of the support
and metal content, and the shape of the proÞles transforms. In
1Mn-673, and to a lesser extent in 3Mn-673, a broad peak
centered around 600 K associated with surface reduction of
the support is still present but vanishes as metal content in-
creases. However, in all samples on CeO2-673, two additional
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Figure 5. Catalyst stability
Stability test of selected CeO 2-supported Mn and Cr catalysts. Reaction
conditions: Tbed = 673 K; mcat = 0.002Ð0.2 g;GHSV = 600,000 cm3 h� 1 gcat

� 1;
feed = 8 vol % NH 3, 8 vol % O2, 4 vol % Ar, 80 vol % He; P = 1 bar.
See also Table S2 and Figure S10.
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sharp peaks can be seen, one centered between 450 and 500 K
and another between 500 and 650 K. The positions of both peaks
gradually move toward higher temperatures, and their areas
become larger with increasing Mn content. Notably, the rate at
which the intensity and area of the second peak increases signif-
icantly exceeds that of the Þrst one, likely signifying that this peak
is due to Mn3+ reduction to Mn 2+ in Mn2O3 particles of growing
size, as indicated by Raman and XPS analysis. The Þrst peak,
on the other hand, likely originates from the facilitated surface
reduction of CeO2 in the vicinity of isolated Mn sites or at the pe-
riphery of Mn2O3 nanoparticles. Analysis of samples on CeO2-
1073 supports this interpretation, as counterparts with equiva-
lent Mn content generally exhibit small reduction peaks below
550 K, while the peak attributed to Mn 3+ reduction to Mn 2+

largely has the same area and position.
In the case of Cr-based samples on CeO 2-673, the onset of

reduction is similarly shifted to lower temperature, and all pro-
Þles have a similar shape, being composed of a sharp peak
centered around 550 K, a small peak around 640 K, and a
peak due to bulk reduction of CeO 2. Unlike in Mn catalysts,
the intensity and size of the peaks do not increase concurrently
with metal content but remain largely constant, with the excep-
tion of the magnitude of the Þrst peak in 3Cr-673. There is also
a strong contrast with samples on CeO 2-1073, which undergo
little reduction below 750 K and only exhibit the peak at
550 K. Still, the size of this peak is signiÞcantly smaller than
in CeO2-673-supported counterparts and remains essentially
unchanged with metal content. This suggests that this peak
originates from the surface reduction of CeO 2 in the vicinity
of Cr species, in the form of both isolated atoms and Cr 2O3

nanoparticles. Similarly, the peak around 640 K, present in
CeO2-673- but absent in CeO 2-1073-supported samples, likely
occurs due to surface reduction of CeO 2 that is unassisted by
the presence of Cr, which aligns with this peak having a posi-
tion similar to the one in Cr-free CeO2-673. This suggests
that no reduction of Cr 2O3 nanoparticles occurred, further
corroborated by a reference measurement of bulk Cr 2O3 pow-
der, showing virtually no H2 consumption.

Based on the H2-TPR analysis of both families of catalysts,
clear differences in reducibility between them have been estab-
lished. In order to quantify them, the total area under the reduc-
tion peaks below 673 K (i.e., the temperature of the NH 3 oxida-
tion reaction) was evaluated and is summarized in Figure 6A.
As outlined above, while the choice of CeO 2 plays a prominent
role in the overall material reducibility, its relative contribution
in the case of Mn-based samples becomes progressively
smaller, with the majority of H 2 being consumed in the reaction
with Mn2O3 at high Mn contents. Cr-based samples, however,
due to the irreducibility of Cr 2O3 under these conditions, are
not strongly affected by the amount of Cr present, and H 2 con-
sumption is almost entirely dictated by the choice of CeO 2. To
corroborate these conclusions, volumetric O 2 chemisorption of
the same Mn- and Cr-based samples was performed. Prior to
the measurement, all samples were pre-reduced in H 2 at 673
K, followed by the acquisition of an isotherm at the same temper-
ature. The determined amount of chemisorbed O 2 was denoted
as ÔÔoxygen uptake,ÕÕ and the corresponding results are shown
Figure 6B. There is a clear similarity between the trends
observed when evaluating the area of the reduction peaks in
H2-TPR proÞles and oxygen uptake, indicating that the two tech-
niques yield highly complementary information and that the
redox processes that the catalysts undergo during the reaction
are largely reversible.

To verify whether the catalysts can truly undergo the redox
processes reversibly, in situ ultraviolet-visible (UV-vis) spectro-
scopic analysis of selected Mn- and Cr-based samples was
performed. For this purpose, each material was exposed to a
series of treatments, comprising (1) an initial surface oxidation
by O2, (2) a reduction by NH3, and (3) a reoxidation by O2, while
concomitantly acquiring the spectra ( Figures S13 and S14).
While initial oxidation did not lead to any alterations in the
spectra, subsequent reduction led to prominent changes in all
samples. Subsequent reoxidation treatment managed to regen-
erate the initial state of all Cr catalysts, as well as that of 1Mn-
673. However, in the case of 20Mn-673 and 20Mn-1073, the
initial state of the catalyst could not be fully restored. With
these samples having a heterogeneous nanostructure and pre-
senting a large fraction of Mn 3O4 nanoparticles, we can spec-
ulate that the reductive treatment led to irreversible changes
due to restructuring of these species. In particular, redispersion
into isolated low-valent Mn 2+ sites could have occurred, as has
been previously observed for MnO x nanoparticles on CeO2 at
the same temperature and in the presence of NH 3 and O2.17

Nevertheless, as was demonstrated in Figure 5, even Mn-
based samples with a mixed speciation, which likely also un-
dergo restructuring during the reaction, manage to maintain
stable performance.

Furthermore, by monitoring temporal changes in the relative
Kubelka-Munk function at a speciÞc wavelength during the
reductive and (re)oxidizing treatments, the rates of the corre-
sponding redox processes could be assessed and compared
(Figure 6C). In the case of 1Mn-673, reduction appears to take
place in two stages. The Þrst ends within the Þrst minute and
could be attributed to the reduction of isolated Mn 3+ species
down to Mn 2+, while the second stage, likely due to reduction
of CeO2, is only largely complete after 20 min. Conversely, in
both samples with 20 wt % Mn, reduction of different compo-
nents cannot be distinguished, and the proÞles are largely
Chem Catalysis 5, 101165, January 16, 2025 7



Figure 6. Evaluation of catalyst redox prop-
erties
(A and B) (A) H2 consumption upon surface
reduction and (B) oxygen uptake during O2

chemisorption measurements of selected CeO 2-
supported Mn and Cr catalysts and bare supports.
The corresponding H2-TPR proÞles are provided
in Figures S11 and S12.
(C) Normalized changes in the relative Kubelka-
Munk function during in situ reduction (top) and
reoxidation (bottom) treatments in NH 3- and O2-
containing feeds, respectively, of selected CeO 2-
supported Mn and Cr catalysts. The correspond-
ing in situ UV-vis proÞles are provided in
Figures S13 and S14.
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similar, with small deviation between 5 and 15 min after the start
of the treatment. In view of the overall reducibility values pre-
sented in Figures 6A and 6B, we can be conÞdent that the major-
ity of observed changes occur due to reduction of Mn 3O4 parti-
cles. At the same time, the small discrepancy could be assigned
to differences in reduction of CeO 2, as it also occurs around the
same time as for 1Mn-673. Furthermore, similarly to the 1Mn-673
sample, reduction does not commence immediately with the
treatment and is preceded by a short induction period of ca.
2 min. In contrast to reduction, the reoxidation proÞles of all
Mn samples are similar, with the process beginning as soon as
O2 is introduced and being nearly over within the Þrst 5 min of
the treatment.

For Cr-based samples, the reduction appears to proceed as a
single gradual process, in line with the changes occurring pri-
marily due to reduction of CeO 2 (Figure 6C). Accordingly, the
shapes of the proÞles for catalysts on CeO2-673 are similar,
with only minor differences leading to the process being com-
plete after � 5 and � 15 min for 20Cr-673 and 1Cr-673 samples,
respectively. On the other hand, reduction of 20Cr-1073 is a
much slower process, requiring 30 min before it is done, in
agreement with the overall lower reducibility of CeO 2-1073.
When it comes to reoxidation, it required only � 2 min for 1Cr-
673, being faster than the reduction. 20Cr-673 and 20Cr-1073,
on the other hand, required 20 and 30 min, respectively, to get
fully reoxidized.

Based on the conducted analysis, we can conclude that all
Mn catalysts can effectively remain in a highly oxidized state
when exposed to NH 3 oxidation reaction conditions. This, in
conjunction with a large available pool of reducible oxygen
from both CeO2 and MnOx nanoparticles, makes them a rich
potential source of reactive oxygen species. Among the Cr
catalysts, however, only 1Cr-673 combines the favorable
reduction/reoxidation kinetics and an abundance of reducible
oxygen species and is coincidentally the most selective Cr
system in this study. In samples with higher Cr content, the
irreducibility of Cr 2O3 nanoparticles does not allow it to serve
as an effective addition to the pool of available oxygen and,
while it facilitates the reduction of CeO 2, it also hinders its
reoxidation.
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Temporal analysis of products
Previously, we have observed the participation of lattice oxygen
of CeO2 in NH3 oxidation to N 2O. However, having now estab-
lished how the redox properties of CeO 2-supported Mn and Cr
catalysts can vary depending on the carrier properties and metal
nanostructure, it is highly relevant to assess how these affect the
mechanism of product formation. Accordingly, NH 3 oxidation
tests were conducted in a temporal analysis of products (TAP)
reactor, using a reaction mixture consisting of equal parts Ar,
NH3, and 18O2. The corresponding transient responses of rele-
vant products and reactants are presented in Figure 7A. No dif-
ferences in the signal shape of N2

18O and N2
16O could be de-

tected for any of the catalysts, suggesting that the mechanism
of N2O formation could be the same regardless of the source
of oxygen. This could also be an indication of rapid oxygen ex-
change taking place between the gas-phase 18O2 and 16O spe-
cies found in the catalyst. However, when monitoring the signal
of 18O16O, which would originate through activation of diatomic
oxygen and an exchange of a single 16O atom with the catalyst,
we observe a distinct shape of the signal exclusively in Mn-
based samples. In fact, the extent to which it occurred was the
highest in 20Mn-1073, which could indicate that this type of
monoatomic oxygen exchange preferentially takes place over
Mn3O4 nanoparticles, as opposed to CeO 2. Still, it is unlikely
that oxygen exchange would not happen over CeO 2 given its
redox ability, and the virtual lack of 18O16O formation in Cr-based
samples could instead serve as an indication that diatomic
exchange of 18O2 into 16O2 prevails over the support. Unfortu-
nately, given the overlap in mass-to-charge (m/z) ratio between
16O2 and N18O, with the latter being among the products formed,
direct evaluation of the catalystsÕ ability to undergo diatomic ox-
ygen exchange was not possible. Nevertheless, this result
serves as a secondary piece of evidence for the contrasting
redox behavior of Mn and Cr catalysts.

The product distribution obtained in the transient experiments
(Figure 7B) does not fully correspond to that shown in Figure 4B
despite the same experimental temperature. The deviations
should be due to the pressure gap that exists between the
conditions of experiments conducted in the TAP reactor and in
a conventional laboratory setup. 29 CeO2-673-supported Mn



Figure 7. Transient kinetic analysis of prod-
uct formation in NH 3 oxidation
(A) Height-normalized transient responses;
(B) product distribution, expressed as molar frac-
tion; and (C) relative contribution of lattice (16O) and
gas-phase (18O) oxygen to N2O formation in NH3

oxidation, expressed as molar ratio of products,
after pulsing an equimolar NH3-18O2-Ar mixture at
673 K over selected CeO2-supported Mn and Cr
catalysts.
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catalysts exhibit highly comparable product selectivity, with
N2

16O even being the main reaction product, clearly showing
that oxygen species originating from the catalyst play a key
role in product formation, regardless of Mn content. In fact, the
fraction of 16O-containing molecules makes up over 90% of
the total amount of N 2O formed over both catalysts ( Figure 7C).
When CeO2-1073 is employed as a support, N 16O becomes the
primary product, but the fraction of N 2

16O still exceeds that of
N2

18O. This indicates that, despite the reducibility of CeO 2 being
diminished, reactive 16O species are still available in abundance,
likely originating to a larger extent from Mn 3O4. In fact, although
the ratio of N2

16O to N2
18O is signiÞcantly reduced compared to

CeO2-673-supported counterparts, it still exceeds unity and
must be considered in the context of this catalystÕs superior
ability to undergo oxygen exchange, as outlined above. It is
therefore highly likely that a signiÞcant portion of 18O-containing
products did not originate through direct activation of gas-phase
18O2 but was preceded by a lattice-mediated exchange. In the
case of Cr catalysts, the formation of 16O-containing products
is similarly dominant over CeO2-673-supported samples, with
the N2

16O-to-N 2
18O ratio of the 1Cr sample even exceeding

that of its Mn-based counterpart. Still, as Cr content increases,
the drop in the fraction of N 2

16O is more signiÞcant than for Mn
catalysts. The biggest change, however, occurs when CeO 2-
1073 is employed as the support. This is the only sample
that forms N2 as the main product, indicative of the relative
lack of oxygen species for the reaction. It is also the only inves-
tigated material that shows a N 2

16O-to-N 2
18O ratio below unity,

therefore highlighting its reliance on oxygen species from the
gas-phase 18O2, as an insufÞcient amount is available from the
CeO2 support.

These results further underscore the differences in the redox
activity of Mn and Cr catalysts, which become prominent as
the metal nanostructure becomes more heterogeneous and
Chem
the fraction of metal oxide nanoparticles
increases. All catalytic materials in ques-
tion are capable of catalyzing NH 3 oxida-
tion to N2O proceeding via an MvK mech-
anism, with the participation of oxygen
from the catalyst lattice. However, this
ability strongly depends on the reducibility
of both the carrier and the supported
phase, which in the case of Mn-based
systems leads to effective cooperation
between CeO2 and reducible MnOx spe-
cies, whereas Cr catalysts are entirely
reliant on the redox capabilities of CeO 2 and are thus not capable
of matching the oxygen-supplying potential of Mn-based
counterparts.

Kinetic analysis and mechanistic considerations
The Þndings detailed in the previous sections demonstrate the
differences in the redox activity of Mn and Cr catalysts, which
become prominent as the metal nanostructure becomes more
heterogeneous and the fraction of metal oxide nanoparticles in-
creases. To evaluate how these differences affect the catalytic
behavior of the catalysts, the effect of partial pressures of O 2

and NH3 on the rate of NH3 oxidation was assessed, and the cor-
responding reaction orders with respect to either reactant ( n(O2)
and n(NH3)) were determined (Figures S15 and S16). The anal-
ysis revealed a stark contrast between Mn- and Cr-based sys-
tems, with the former showing a value of n(O2) in the narrow
range between ca. 0.6 and 0.4 for all catalysts, regardless of
CeO2 support and metal content, while n(NH3) was consistently
signiÞcantly higher, in the range between ca. 1.4 and 1.9. Cr
samples, on the other hand, show strong variation in n(O2),
steadily increasing with both calcination temperature of CeO 2

and metal content, from ca. 0.1 to 0.54. Meanwhile, n(NH3)
values are signiÞcantly lower than those for Mn-based counter-
parts, not exceeding 0.65 and being close to n(O2) in most cases.
The values of n(O2) close to 0.5, exhibited by Mn-based cata-
lysts, are indicative of dissociative adsorption of O 2, which
must occur to heal the oxygen vacancies that are created during
reaction. In fact, the comparably lower values of n(O2) deter-
mined for Cr-CeO2 systems with high metal dispersion are also
consistent with an MvK-type mechanism, as they suggest that
the abundance of oxygen species originating from the catalyst
lattice is so high that a point of surface saturation is reached,
lowering the apparent dependence on partial oxygen pressure,
p(O2). Still, as metal dispersion, and at the same time catalyst
Catalysis 5, 101165, January 16, 2025 9



Figure 8. Effect of oxygen reaction order on
catalyst selectivity
Reaction orders with respect to O 2, n(O2), and
corresponding N 2O selectivities at two distinct sets
of reaction conditions for selected CeO 2-sup-
ported Mn (left) and Cr (right) catalysts.
See also Figures S15 and S16.
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reducibility, decreases, we see Cr-based catalysts approach
and ultimately reach n(O2) of � 0.5, signifying that dissociative
adsorption of O 2 is occurring. In fact, the increase in n(O2) coin-
cides with the decrease in N 2O selectivity of Cr-based catalysts
(Figure 8), which further underscores the fundamental role of
catalyst reducibility. Namely, it is likely that once poorly reducible
Cr2O3 forms and occupies most of the CeO 2 surface, O2 activa-
tion becomes hindered, limiting the availability of oxygen spe-
cies. Conversely, we observe no changes in N2O selectivity of
Mn-CeO2 systems, signifying that they preserve the O 2-acti-
vating ability regardless of metal nanostructure, owing to the
reducible nature of Mn 3O4.

The signiÞcant discrepancy in n(NH3) between the two families
of catalysts can be rationalized as follows. The two primary prod-
ucts of NH3 oxidation under the relevant conditions i.e., N 2O and
N2, both contain two N atoms and must be formed through
recombination of nitrogen-containing surface intermediates,
such as the previously reported nitroxyl, HNO, or NH x intermedi-
ates. Since their surface concentration should depend directly
on p(NH3), the reaction order of the formation of N 2 and N2O
with respect to NH 3 should be 2. Consistently, the experimental
n(NH3) values determined for the Mn-based catalysts are close
to 2. The corresponding values for the Cr-based system are,
however, lower than 1. One explanation may be that the surface
coverage by nitrogen-containing intermediates is high under the
relevant conditions, which would result in a lower apparent
dependence of the rate on the partial pressure of NH 3, in analogy
with n(O2) of 1Cr-673. This assumption would align well with the
generally lower N2O selectivity of Cr-based catalysts, as N 2 for-
mation requires only the formation of an NÐN bond between any
two N-containing fragments, whereas only oxidized HNO frag-
ments can yield N2O. The higher surface concentration of NHx

species, coupled to the relatively lower abundance of oxygen,
would therefore result in signiÞcantly lower N2O selectivity.

While the conducted analysis provides insights into the role of
oxygen availability and its impact on catalyst selectivity, as well
as possible differences in the steps that control the rate of N 2O
formation over Mn- and Cr-based catalysts, additional studies
are still required to obtain a comprehensive understanding of
the mechanism of NH3 oxidation to N 2O. Namely, this work
offers a foundation for further in-depth in situ/operando spectro-
scopic studies and provides a rationale for the selection of suit-
able systems that could be studied to gain insights into the na-
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ture of relevant reaction intermediates,
sequence of product formation, and dy-
namic changes in catalyst structure.
This work would also enable the proposal
of a well-founded reaction scheme, open-
ing the doors to detailed computational
studies of the reaction mechanism by means of density func-
tional theory. However, it must be recognized that the structural
complexity of the catalysts studied in this work poses signiÞcant
challenges for such an approach. Namely, systems based on
reducible metal oxides, in particular CeO 2, are notoriously difÞ-
cult to model due to the presence of highly correlated electrons,
requiring the use of computationally demanding hybrid func-
tionals or other techniques, such as the use of the Hubbard U
correction. 30 This issue is further exacerbated by the fact that
the reducibility of the support is a key feature of the catalysts,
and vacancy formation must be explicitly factored into the pro-
posed catalytic cycle. This is particularly taxing when modeling
supported metal oxide nanoparticles, as it requires construction
of the interface between the two phases, resulting in large
model size and complex electronic interactions. Still, despite
the associated challenges and extensive efforts required, this
work could be instrumental in shedding light on the origin of
distinct selectivity patterns of CeO 2-supported Mn and Cr cata-
lysts and particularly the structure-insensitive behavior of the
former.

Conclusions
In this work, we have systematically varied the carrier properties
and the metal nanostructure, by respectively changing the calci-
nation temperature and the metal content, of CeO 2-supported
Mn and Cr catalysts for NH 3 oxidation to N 2O. Upon evaluation
of their catalytic performance, carrier properties were found to
have an inßuence on all samples, with those supported on
CeO2 with lower surface reducibility and density of oxygen va-
cancies generally exhibiting inferior activity and N 2O selectivity.
Conversely, we uncovered an element-dependent effect of
metal nanostructure. Mn-based catalysts always attain high
N2O selectivity, regardless of whether Mn is present in the
form of single atoms, metal oxide nanoparticles, or mixtures
thereof, while Cr-based systems achieve comparable selectivity
values only when the metal is atomically dispersed. In-depth
analysis of catalyst redox properties, comprising H 2-TPR, O2

chemisorption, and in situ UV-vis spectroscopy, and the mech-
anism of product formation, employing transient and steady-
state kinetic studies, has revealed the catalystÕs ability to serve
as an auxiliary source of oxygen for the reaction following an
MvK mechanism as the reason for the discrepancy between
the families of Mn and Cr catalysts. In particular, while single
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atoms of both Mn and Cr enhance the reducibility of CeO 2 and
work synergistically to favor N 2O formation, only manganese ox-
ide nanoparticles are redox active and can further complement
the oxygen-donating ability of CeO 2. Meanwhile, chromium ox-
ide particles cannot be reduced under the relevant reaction con-
ditions and provide oxygen for the reaction or assist in the diffu-
sion of the lattice of oxygen of CeO 2. We thus put forward that
the reducibility of CeO 2, synthetically controllable through oxy-
gen defect engineering, and redox activity of the supported
phase, dependent on the nature and the nanostructure of the
metal, are the two main aspects to be considered and optimized
in order to engineer an active, selective, and stable catalyst for
NH3 oxidation to N 2O.
EXPERIMENTAL PROCEDURES

Experimental details
All catalysts were prepared via an IWI. CeO2 supports were prepared via a pre-
cipitation method. The direct oxidation of NH 3 to N2O was carried out in a
continuous-ßow Þxed-bed reactor setup. Further details regarding catalyst
preparation, characterization techniques, catalyst pre-treatment, evaluation,
product analysis, and additional tools are provided in the supplemental
information.
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