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 A B S T R A C T

In light of the increasing relevance of alternative energy carriers, the established domain of emission control 
is confronted with novel challenges. Among these carriers, ammonia (NH3) has emerged as particularly 
promising due to its high energy density and carbon-free nature. This study focuses on the selective catalytic 
oxidation (SCO) of NH3 to elemental nitrogen (N2) under lean conditions. While conventional platinum-
based catalysts exhibit high activity, they suffer from poor N2 selectivity and significant formation of nitrous 
oxide (N2O), a potent greenhouse gas. As an alternative, palladium-based catalysts are investigated due to 
their inherently higher selectivity toward N2. Although palladium exhibits limited activity under static feed 
conditions, its performance is markedly enhanced under forced dynamic operation (FDO), wherein short, 
intermittent reducing pulses are introduced through oxygen cut-off. This operational mode not only boosts 
catalytic activity beyond that of platinum but also preserves palladium’s superior selectivity. Operando time-
resolved X-ray absorption spectroscopy (XAS) and ex situ Raman spectroscopic analysis of spent catalyst samples 
indicate that FDO promotes the formation of metallic palladium, which exhibits higher activity compared to 
palladium oxide that is the predominant phase under lean conditions. Operando XAS uncovers that a finite 
fraction of metallic palladium is retained at the catalyst inlet, enhancing low-temperature activity and likely 
contributing to improved long-term stability as long as 300 ◦C is not exceeded for extended periods. These 
findings correspond directly to axially resolved concentration profiles of gas phase species, which reveal the 
development of a highly active front zone during FDO, where the majority of NH3 conversion occurs selectively 
to N2. This phenomenon is observed under both dry and humid conditions, underscoring the robustness of 
the approach. The results suggest that FDO enables the use of significantly shorter monolithic converters for 
selective NH3 oxidation, i.e., a reduction of length by up to 50% in realistic humid conditions, thereby offering 
substantial reductions in both reactor volume and noble metal demand for practical applications.
1. Introduction

With the growing relevance of alternative energy carriers, con-
ventional emission control strategies are increasingly challenged by 
changes in boundary conditions and progressively stringent emission 
regulations. Among these carriers, ammonia (NH3) stands out due 
to its high energy density, carbon-free nature, and the existence of 
a globally established infrastructure for large-scale production, trans-
portation, and storage [1,2]. Compared to liquid hydrogen (H2), NH3 is 
more economically liquefied and possesses a higher volumetric energy 
density, making it a promising hydrogen carrier. Upon decomposition, 
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NH3 yields H2 and elemental nitrogen (N2). Furthermore, NH3 can 
be directly utilized as a fuel in combustion engines, particularly in 
large-bore applications such as marine propulsion systems and sta-
tionary combined heat and power plants [3,4]. A common challenge 
across these applications is the incomplete conversion of NH3, resulting 
in (trace) emissions. Given the toxicity of NH3, its release into the 
environment must be strictly avoided.

Among the various materials investigated for the selective catalytic 
oxidation (SCO) of NH3 to N2 and water (H2O) under lean conditions, 
commonly referred to as NH3-SCO, non-noble metal-based catalysts 
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generally exhibit inferior activity compared to their noble metal-based 
counterparts [5–7]. In general, platinum (Pt) has been identified as ex-
hibiting superior catalytic activity for NH3-SCO. However, this advan-
tage is diminished by its relatively low selectivity toward the desired 
product N2. Conversely, palladium (Pd) demonstrates higher selec-
tivity but lower overall activity. This trade-off becomes particularly 
evident when comparing simple catalyst formulations: When applying a 
O2/NH3 ratio of 7.2, Gang et al. [8] observed complete NH3 conversion 
at 200 ◦C over Pt/Al2O3 with a N2 selectivity of 87%, whereas Pd/Al2O3
requires temperatures up to 300 ◦C to achieve full NH3 conversion, 
albeit with a maximum N2 selectivity of 98%. High selectivity is criti-
cal for the development of efficient NH3-SCO processes, as oxidation 
under lean conditions may lead to undesirable byproducts such as 
nitrogen oxides (NO, NO2), which are toxic, or nitrous oxide (N2O), 
a potent greenhouse gas with a global warming potential (GWP100) 
of approximately 273 [9]. The use of alternative support materials, in 
particular zeolites such as ZSM-5, zeolite Y, or chabazite, has demon-
strated potential in enhancing both activity and selectivity [8,10–13]. 
These improvements were attributed to modifications in the reaction 
mechanism and oxidation state of the noble metal. Nevertheless, the 
choice of noble metal remains a decisive factor in catalyst performance, 
rendering the more selective Pd an attractive candidate for further 
development.

In addition to material innovations, optimization of operating con-
ditions can significantly enhance catalytic performance. In this context, 
forced dynamic operation (FDO), defined as the externally induced 
modulation of the reaction environment within chemical reactors, has 
emerged as a particularly promising approach. A seminal review by 
Bailey [14] that was published in 1973 highlighted the conceptual 
foundations of FDO and its potential advantages over conventional 
steady-state operation, indicating that the strategy has been recognized 
for several decades. Despite its inherent complexity, FDO was success-
fully translated into industrial practice during the 1990s [15]. More 
recently, its application has garnered renewed interest, particularly 
within the field of heterogeneous catalysis, where dynamic modula-
tion is increasingly being explored as a means to overcome kinetic 
limitations and improve overall process efficiency [16,17].

Our present work builds on recent advances in the field of emission 
control, which demonstrated improved methane conversion over lean-
operated Pd-based oxidation catalysts via short reducing pulses as a 
form of FDO [18]. Therein, FDO of monolithic Pd-based oxidation 
catalysts enables the formation of a highly active zone, whose excep-
tional performance was traced back to a PdO/Pd mixed phase with 
particularly active PdO sites that do not suffer from water inhibition 
due to the continuous removal of hydroxyl groups during the short rich 
phases. Motivated by the remarkable performance improvement during 
both light-off and steady-state operation, the present study explores 
NH3-SCO over a Pd/Al2O3 catalyst operated under lean conditions. 
Herewith, we aim at employing the unique Pd/PdO-redox chemistry 
and enforcing axial oxidation state gradients that are advantageous for 
NH3-SCO. Beyond the observed activity enhancement through FDO, 
particular emphasis is placed on product selectivity, which is particu-
larly critical in the context of NH3 oxidation. End-of-pipe measurements 
confirm the effectiveness of FDO under both dry model-like and more 
realistic humid conditions. Complementary operando X-ray absorption 
and spatially resolved ex situ Raman spectroscopic characterization 
and spatial profiling (SpaciPro) experiments reveal the formation of 
axial gradients along the catalyst bed, which are instrumental in un-
derstanding the performance improvements. Our findings suggest that 
the strategic application of FDO may enable significant reductions in 
catalyst volume and noble metal loading, offering a promising pathway 
toward more efficient and sustainable emission control solutions for 
NH -based energy systems.
3

2 
Table 1
Catalyst properties as determined by elemental analysis (ICP-OES), TEM imag-
ing, and N2 physisorption.
 Pt/Al2O3 Pd/Al2O3  
 Loading 1.88 ± 0.10 wt.−% 2.40 ± 0.12 wt.−% 
 Nanoparticle size 2.0 ± 0.9 nm 5.8 ± 2.2 nm  
 Dispersion 56% 20%  
 𝑀PGM 195.1 g∕mol 106.4 g∕mol  
 Surface area 136m2∕g 132m2∕g  
 Average pore diameter 8.5 nm 26.0 nm  

2. Experimental

2.1. Materials

The catalyst was prepared using the CATIMPREG platform (Chem-
speed) for automated incipient wetness impregnation [19]. A solu-
tion of tetraamineplatinum(II) nitrate or tetraaminepalladium(II)nitrate 
(Fischer Scientific, 99.99%) diluted in water was added dropwise to 
a commercial aluminum oxide support (𝛾  Al2O3, Sasol Puralox TH 
100/150, calcined for 5 h at 700 ◦C in static air). Subsequently, the 
material was dried for two hours at 75 ◦C and a reduced pressure of 
120mbar. After drying, these two steps were repeated eight times in 
total to achieve the desired noble metal loading. The received sample 
was then calcined for 5 hours at 500 ◦C in static air. The final metal 
loading amounted to (1.88 ± 0.10)wt.−% for platinum and (2.40 ±
0.11)wt.−% for palladium as determined by ICP-OES (inductively cou-
pled plasma-optical emission spectrometry). The average particle size 
of nanoparticles was determined by transmission electron microscopy 
(TEM) imaging. For this purpose, the samples were deposited onto 
a copper grid using a dry-mixing procedure, and were acquired at 
multiple magnifications. The mean particle size of the nanoparticles 
was determined with the FIJI software package [20] by measuring the 
longest diameter of at least 500 individual nanoparticles. Dispersion 
values were calculated under the assumption of ideally hemispheri-
cal nanoparticles [21] and were cross-validated by CO chemisorption 
experiments. Table  1 summarizes the results of the powder catalyst 
characterization.

2.2. Setups

2.2.1. Channel reactor
The channel reactor has been described in detail in previous work 

[22] and represents an improved version of the established design 
for studying planar, supported (emission control) catalysts [23]. It 
features a channel that is 2mm high and 20mm wide, which ensures 
undisturbed laminar flow and minimal dead volume, which facilitates 
rapid gas switching and pulsing experiments. The thermally insulated 
stainless steel body provides sufficient thermal inertia for stable op-
eration during highly exothermic reactions across a wide temperature 
range. This design enables light-off measurements at heating rates of 
2K∕min and temperatures up to 550 ◦C, while maintaining a uniform 
temperature field at the sample location with variations of at most 
1 ◦C along the catalyst layer. The channel is formed by replaceable 
inlays, allowing easy catalyst plate exchange and flexibility in plate 
and channel dimensions. Heating is provided by four mineral-insulated 
heating wires (ThermSys GmbH) embedded in the stainless steel casing 
and controlled by a programmable PID controller (Eurotherm 3208). 
Thermocouples are positioned near the catalytic layer and throughout 
the reactor body to monitor temperature distribution.

The sample plate is made from a stainless steel slab (20mm wide 
and 50mm long) that is plasma-coated with an 𝛼-Al2O3 layer, onto 
which the active catalyst is subsequently applied. The 𝛼-Al2O3 layer 
functions solely as an inert protective coating and as a support, enabling 
the actual Pd/𝛾-Al O  catalyst to be deposited on the metal plate with 
2 3
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sufficient mechanical stability. The catalyst layer is built up stepwise 
from aqueous slurry of the catalyst using an airbrush pistol, with each 
layer dried at elevated temperature before the next layer is applied. 
In total, 10 to 15 layers are deposited, resulting in a specific surface 
noble metal loading of approximately 1 μg∕mm2. The coated plates 
were calcined at 550 ◦C for 5 hours. Note that the uniformity of the 
coatings produced using this method has previously been confirmed by 
X-ray absorption near-edge structure (XANES) measurements along the 
catalyst [22]. Gas phase composition at the reactor outlet was analyzed 
using a Fourier-transform infrared spectrometer (FTIR, MG2030, MKS 
Instruments).

2.2.2. XAS setup
The chemical state of palladium (Pd, K edge, 24.35 keV) was investi-

gated by X-ray absorption spectroscopy (XAS) at the CAT-ACT beamline 
of the KIT Light Source (Eggenstein-Leopoldshafen, Germany) [24], 
using the same channel reactor described in the previous section. This 
reactor is equipped with 28 μm thick aluminum X-ray windows, which 
are placed opposite the catalytic plate and define the upper boundary 
of the 2mm high catalytic channel [22]. The experiments used a Pt/Rh 
mirror system and a Si(311) double-crystal monochromator to select 
the X-ray beam energy. The beam size was adjusted to 3 × 3mm2. 
X-ray absorption spectra were recorded in fluorescence mode using a 4-
element solid-state detector (ME4-Vortex, Hitachi High-Tech America, 
Inc.), with the region of interest centered on the Pd K𝛼1,2 emission 
line. The photon energy was calibrated to the tabulated value of 
24.35 keV using the K-edge data of a metallic Pd foil. XANES spectra 
were recorded between 24.25 keV and 24.75 keV (474 points, 120 s per 
scan). Throughout all experiments, the gas phase composition at the 
reactor outlet was continuously monitored using a mass spectrometer 
(OmniStar, Pfeiffer) in combination with Fourier-transform infrared 
spectroscopy (FTIR, MG2030, MKS Instruments).

The channel reactor facilitates time- and spatially-resolved XAS 
measurements under conditions that are identical to those employed 
in the end-of-pipe screening experiments (i.e., with respect to sample 
geometry and form, flow profile, operating conditions, and so forth). 
During light-off and light-out experiments, XANES spectra were col-
lected at a position 5mm downstream from the inlet edge of the 50mm
long catalytic plate in order to monitor the influence of temperature 
and reaction conditions on the oxidation state at the location where the 
most pronounced changes are expected. Note that the X-ray absorption 
spectra acquisition timing was synchronized to the reducing pulses, 
which maximizes the relevance of the data with regard to temporal 
resolution.

At predefined temperatures, the light-off/out profiles were tem-
porarily paused, maintaining the reactor at a constant temperature 
under inert conditions to ‘‘freeze’’ the catalytic state, thereby enabling 
additional acquisition of spatially resolved XANES data at 10mm in-
tervals along the catalyst plate. A comparison of the integral catalytic 
activity obtained from light-off/out measurements conducted with and 
without such intermittent temperature holds revealed no differences 
in catalytic performance. This demonstrates that the interruption of 
the temperature ramp for in situ spatial profiling does not perturb the 
catalytic state or its performance.

2.2.3. Spatial profiling (SpaciPro) setup
Monolithic catalyst samples were investigated using an advanced 

experimental setup designed to enable comprehensive gas phase anal-
ysis. This system integrates an FTIR analyzer (MG2030, MKS Instru-
ments) for monitoring the outlet gas composition and a quadrupole 
mass spectrometer (HPR-20, Hiden Analytical) for spatially resolved 
gas phase profiling. The latter employs the capillary-based spatial 
profiling (SpaciPro) technique to acquire axial concentration profiles of 
reactive species within the monolith channels. As detailed in previous 
studies [25,26], the setup comprises mass flow controllers (MFCs) 
for precise regulation of gas feed, a quartz glass reactor configured 
3 
in plug-flow geometry suitable for housing monolithic samples, and 
a motorized linear translation stage. This stage facilitates the con-
trolled movement of a slender quartz capillary (inner/outer diameter of 
100/170 μm) that is connected to the mass spectrometer and positioned 
within a central channel of the monolith, thereby enabling localized 
sampling of the gas phase along the reactor axis.

Cordierite monoliths (cell density of 600 cpsi) with a length of 50mm
and a diameter of 18mm (equal to 222 channels) were prepared by 
dip-coating in an aqueous slurry of the catalyst powder following the 
procedure described previously [26]. Similar to the plate preparation, 
the catalyst was applied in multiple layers, with channels blown clear 
using compressed air after each step and the monolith dried at approx-
imately 60 ◦C after each layer. For both catalyst types, the precious 
metal loading was 80 g∕f t3, corresponding to a surface loading of 
1 μg∕mm2, identical to the plates. Considering the differing metal load-
ings of the Pt/Al2O3 and Pd/Al2O3 catalysts, along with their respective 
particle sizes and dispersions (see Table  1), the resulting number of 
surface sites is similar for both metals; namely 1.54 × 1021 sites∕m2 for 
Pt/Al2O3 and 1.13 × 1021 sites∕m2 for Pd/Al2O3. The coated monoliths 
were subsequently calcined at 550 ◦C for 5 hours.

2.3. Testing protocol

Regardless of the specific experimental configuration employed, 
light-off tests were utilized as the primary method for assessing the 
catalytic performance of the monolithic samples. Initial evaluations 
were conducted under model conditions comprising 1000 ppm NH3, 
10 vol.−% O2, and balance N2. To simulate more realistic operating 
environments, additional tests were performed under humid conditions 
representative of practical applications, specifically using a gas mixture 
of 1000 ppm NH3, 10 vol.−% O2, 10 vol.−% H2O, and balance N2. Se-
lected temperatures of particular interest — based on observed catalytic 
behavior — were further investigated through steady-state experiments 
using both dry and humid gas compositions. For all channel reactor ex-
periments, a temperature ramp rate of 2K/min and a gas hourly space 
velocity (GHSV) of 30 000 h−1 were applied. In contrast, experiments 
conducted using the SpaciPro setup employed a ramp rate of 3K∕min
and a GHSV of 9500 h−1. Irrespective of the setup configuration, the 
catalytic tests were conducted in a temperature window ranging from 
100 ◦C to 400 ◦C. Considering the temperature-dependent species evolu-
tion, this is the relevant temperature regime for the Pd-based NH3-SCO 
catalyst subject to this study on the one hand; on the other hand, this 
matches well with typical tailpipe temperatures of lean-operated NH3
energy conversion applications, such as combustion engines [27,28].

During both light-off and steady-state testing, forced dynamic opera-
tion (FDO) was implemented by periodically interrupting the otherwise 
lean reaction conditions. Specifically, every 60 s, the oxygen feed was 
suspended for a duration of 10 s, while keeping the overall flow rate 
constant, thereby inducing transient net-reducing conditions within the 
reactor. This approach enabled the investigation of catalyst behavior 
under dynamically fluctuating redox environments.

3. Results and discussion

3.1. Basic performance tests in channel reactor

In the first stage of this study, plates coated with Pt/Al2O3 and 
Pd/Al2O3 were subjected to baseline performance tests in a channel 
reactor using a feed gas mixture comprising 1000 ppm NH3, 10 vol.−%
O2, and N2 as balance. The corresponding results are presented in Fig. 
1. For the benchmark catalyst Pt/Al2O3, NH3 conversion commences at 
approximately 150 ◦C, followed by a pronounced light-off and nearly 
complete conversion at around 250 ◦C. N2 and N2O concentrations 
initially increase concurrently, with N2 reaching a maximum near 
230 ◦C before declining, whereas N2O continues to rise, attaining a peak 
concentration of 338 ppm at approximately 270 ◦C. Further temperature 
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Fig. 1. N-atom balance during light-off over plates coated with Pt/Al2O3 (black) and Pd/Al2O3 (blue), obtained in the channel reactor, with a time-invariant 
(constant) inlet feed (1000 ppm NH3, 10 vol.−% O2, balance N2; 2K∕min, GHSV 30 000 h−1).
increase promotes the formation of NO and NO2, accompanied by 
a second yet local N2 maximum at about 330 ◦C. The predominance 
of N2O as a reaction product is particularly concerning due to its 
strong greenhouse effect, which constitutes the primary motivation for 
replacing Pt with the more selective Pd in this study.

Compared to Pt/Al2O3, Pd/Al2O3 exhibits markedly higher selec-
tivity toward the target product N2, achieving a global maximum 
of 340 ppm at approximately 350 ◦C, while generating substantially 
lower amounts of N2O and NO. NO2 formation was negligible. Despite 
this significantly improved selectivity — in fact, the N2O/NO ratio 
over Pd remains consistently lower than that over Pt across the en-
tire temperature range (see SI, Figure S1) — the reduced activity of 
Pd/Al2O3 represents a major limitation, as relevant NH3 conversion oc-
curs only above 250 ◦C and complete conversion requires temperatures 
well above 350 ◦C. Moreover, the temperature of 50% conversion, 𝑇50, 
is 210 ◦C over Pt but 305 ◦C over Pd.

Given the superior catalytic activity of Pt/Al2O3, strategies to im-
prove the performance of Pd/Al2O3 are essential. In this context, forced 
dynamic operation (FDO), a reaction engineering approach widely 
recognized for enhancing catalytic reactor performance [15–17], was 
implemented. Specifically, short reducing pulses (SRPs) were intro-
duced, defined as interrupting lean operation every 60 s for 10 s by 
temporarily cutting off the oxygen supply. As illustrated in Fig.  2, 
SRP operation has negligible influence on overall NH3 conversion 
and product selectivity during the initial phase of the first light-off. 
However, once a threshold temperature of approximately 290 ◦C is 
reached, the light-off curves under static and dynamic conditions begin 
to diverge, indicating catalyst activation induced by pulsing. This acti-
vation becomes markedly evident during a second, consecutive light-off 
experiment: NH3 conversion initiates well below 150 ◦C, and 𝑇50 was 
determined to be approximately 180 ◦C, representing a reduction of 
125 ◦C compared to Pd/Al2O3 in static operation and of 30 ◦C compared 
to the benchmark Pt/Al2O3 catalyst. This enhanced light-off behavior 
under continuous pulses stabilizes after the first cycle and does not 
change with additional cycling, indicating that the improvement is 
not caused by processes such as gradual PdO reduction but instead 
represents a reproducible response to the applied reductive pulsing 
protocol (see supplementary material for further details).

Apart from a moderate increase in NO formation at elevated tem-
peratures (𝑇 > 200 ◦C), this substantial activity enhancement does not 
compromise the high selectivity of Pd/Al2O3. On the contrary, due 
to the improved catalytic activity, product formation occurs at lower 
temperatures, with significantly higher N2 concentrations and markedly 
reduced N2O levels under dynamic operation compared to the Pt-based 
benchmark system. Notably, NO2 formation remains irrelevant also 
under dynamic conditions. Furthermore, alternating exposure of the 
samples to reductive pulses over multiple light-off/light-out cycles (at 
least four cycles), or complete reduction with hydrogen followed by 
regeneration under 10 vol.−% oxygen, does not produce any detectable 
deterioration in the overall catalytic performance. In all cases, the 
4 
conversion rates were fully reproducible under static lean conditions 
as well as during operation with reductive pulses, suggesting that 
alterations in, for example, the particle size distribution that would 
measurably affect the catalyst’s performance are negligible under the 
reaction conditions applied herein.

While the substantial performance enhancement achieved through 
FDO is remarkable, the durability of the activated catalyst state remains 
an open question. To address this, several long-term experiments were 
conducted under three distinct conditions: (i) dynamic operation, (ii) 
lean operation following activation via FDO, and (iii) lean operation 
after prior reduction of the catalyst. A temperature of 230 ◦C was chosen 
for these tests because it corresponds to the point where the light-off 
curves of the benchmark Pt/Al2O3 and the FDO-activated Pd/Al2O3
catalysts exhibit their maximum N2 selectivity (compare Figs.  1 and
2), while also ensuring high NH3 conversion, thus providing conditions 
relevant for practical applications. Fig.  3 shows the concentration of N2
and N2O at the reactor outlet, again expressed as an N-atom balance, 
over a period of up to 24 h. It is shown once for operation with 
reductive pulses (blue) and under static conditions (black), after the 
pulses have been switched off. Beforehand, the sample was activated by 
four successive light-off/out cycles with continuous SRPs. The enlarged 
sections illustrate the temporal variation of the outlet concentration 
during the SRPs. For comparison, the mean value over a full SRP cycle 
is also shown (open, blue circles), which is very close to the static 
operation after pulse activation. In addition, data from a long-term 
measurement on a previously reduced sample are shown (green), which 
indeed exhibits a higher NH3 conversion, but also slightly increased 
N2O concentrations at the reactor outlet. The data summarized in 
Fig.  3 indicate that the catalyst exhibits negligible deactivation over 
time on stream under dynamic conditions, maintaining a high NH3
conversion of just over 80%. Although this finding is promising, tech-
nical applications typically require predominantly lean operation, for 
instance in combustion processes where engine efficiency is prioritized. 
Consequently, dynamic operation may only be feasible intermittently 
to (re-)activate the catalyst. To simulate such scenarios, SRP operation 
was terminated and the catalyst was subsequently operated under 
static lean conditions for an additional 24 h. Remarkably, NH3 con-
version even slightly increased, while N2O concentrations remained 
unchanged.

Given the potential complexity of implementing frequent short re-
ducing periods in technical systems, a straightforward pre-reduction 
strategy was also evaluated, since earlier research suggests feasibil-
ity for performance enhancement [10]. Interestingly, the pre-reduced 
catalyst outperformed the pulse-activated sample in terms of NH3
conversion; however, this improvement came at the expense of in-
creased N2O formation. Considering the extremely high global warming 
potential (GWP100) of N2O, namely approximately 273 times greater 
than CO2 [9], selectivity will likely be prioritized over activity. In such 
cases, external measures such as electrical heating could be employed 
to achieve higher conversion without causing elevated N O emissions. 
2
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Fig. 2. Effect of continuous, short reductive pulses (SRPs) on the first and second light-off. Activation of Pd/Al2O3 occurs in a threshold temperature window 
around 300 ◦C. For reference also the light-off curves for Pt/Al2O3 and Pd/Al2O3 without SRPs are shown. (1000 ppm NH3, 10 vol.−% O2 (SRP: 60 s on, 10 s off), 
balance N2; 2K∕min, GHSV 30 000 h−1).
Fig. 3. Stability of the catalytic performance of activated Pd/Al2O3 at 230 ◦C, 
well below the activation threshold temperature, and for up to 24 h. There 
is hardly any drop in performance with SRPs, even when pulse operation is 
switched off (SRP off). NH3 conversion and N2O yield for a pre-reduced sample 
are also provided for reference (see text for details).

It is noteworthy that the pre-reduced catalyst also demonstrated stable 
performance over 24 h, suggesting a certain robustness of its oxidation 
state under the conditions investigated herein. The absence of any mea-
surable re-oxidation (i.e., loss of catalytic activity) of the pre-reduced 
Pd/Al2O3 catalyst at 230 ◦C, even after 24 h in the presence of 10 vol.−%
O2, can be rationalized by the well-established kinetic constraints on 
the formation of surface PdO at low temperature. While oxygen can 
adsorb on metallic Pd under these conditions, the transformation to 
bulk (crystalline) PdO generally proceeds only at temperatures above 
approximately 250 ◦C to 300 ◦C for particle sizes exceeding 5 nm [29–
31], which corresponds to the particle size regime investigated in this 
study. This conclusion is corroborated by our own X-ray absorption 
spectroscopy (XAS) measurements, which are presented in a subsequent 
section.

The robustness of the activated catalyst state is further corroborated 
by continuous and step-wise light-off/light-out experiments (see SI, 
Figure S3), which demonstrate that the oxidation state and corre-
sponding catalytic performance remain stable for at least 1 h not only 
at 230 ◦C, which is the temperature selected for long-term tests, but 
across a broader range from 175 ◦C to 400 ◦C. Taking typical exhaust 
temperatures of NH3-fueled applications into account, this observation 
is encouraging.
5 
3.2. Characterization in spatial resolution

Following exposure to FDO conditions, visual inspection of the 
catalyst plate showed a clear axial gradient: a dark brown zone with 
parabolic shape originating at the catalyst inlet, transitioning to light 
brown toward the rim and outlet, most likely due to the oxidation of 
metallic Pd (dark brown) to PdO (light brown). To obtain insight into 
the spatial variation of the oxidation state, spatially resolved ex situ
Raman spectroscopic mapping was performed at 11 distinct locations 
on the catalyst plate (see Fig.  4) using 532 nm excitation. For this, 
an inVia Raman spectrometer (Renishaw) equipped with a frequency 
doubled Nd:YAG laser (532 nm) and a Leica DM2500 optical microscope 
was used. Spectra were recorded at 11 different points in the spectral 
range of 100 cm−1 to 1300 cm−1. Data treatment was done using WiRE 
4.2 (Renishaw). The spectra were processed by applying a polynomial 
baseline correction and averaging five scans per measurement spot. 
Spectra obtained from light brown regions exhibited a characteris-
tic peak at 647 cm−1, which indicates the presence of PdO [29,32]. 
In contrast, this peak was absent in dark brown areas, suggesting 
the quasi-exclusive presence of metallic Pd formed via reduction by 
NH3. The distinct parabolic gradient observed originates from side-
wall effects associated with the unique geometry of the channel reactor 
employed in this study. Due to the zero-flow velocity at the channel 
side-walls, NH3 is almost completely consumed near the edges at the 
inlet region. Consequently, in the downstream sections adjacent to the 
side-walls, no NH3 remains to allow for catalyst reduction. Similarly, 
as the NH3 concentration progressively decreases along the axial flow 
direction, the residual levels near the outlet are insufficient to main-
tain reduction, resulting in an increasing fraction of PdO. Thus, the 
parabolic profile directly reflects the interplay between the internal 
flow velocity distribution and the surface catalytic reactions occurring 
within the channel.

While the parabolic profile or, more precisely, the light-brown 
regions of PdO at the lateral edges of the plate are primarily a con-
sequence of the lateral confinement of the flow, a gradient in the 
oxidation state appears to form along the centerline of the plate, which 
was presumably induced by the reducing pulses. Samples that were 
exposed exclusively to static, lean conditions show no visible gradients 
at all.

3.3. In situ/operando XAS for monitoring oxidation state changes

The ex situ Raman spectroscopic measurements from the previous 
section suggest that the observed increase in activity induced by the 
reducing pulses, along with the associated shift of the 𝑇50 temperature, 
is related to the presence of metallic palladium. However, they do not 
provide any insight into the effect of the reducing pulses under dynamic 
operation, particularly as a function of operating parameters such as 
temperature. For this reason, operando and in situ XAS measurements 
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Fig. 4. Ex situ Raman spectroscopic mapping uncovering axial oxidation state 
gradients induced by dynamic pulse operation (see text for details). The typical 
PdO peak is clearly visible in the lighter areas and is absent in the darker areas, 
indicating the presence of metallic Pd formed by reduction with NH3.

were carried out using exactly the same reactor in which the activity 
tests with and without SRPs described above were performed.

Normalized XANES spectra collected during oxidative (lean) and 
reductive pre-treatment and averaged over at least 70 scans are used as 
reference spectra in the subsequent analysis (see Fig.  5). This procedure 
minimizes systematic errors in the data evaluation that could arise 
from subtle discrepancies between the spectra of bulk Pd or bulk PdO 
and those of reduced or oxidized Pd nanoparticles, respectively, which 
originate from their small particle or cluster size. Normalization of the 
XANES spectra was carried out using the PyMca software package [33], 
employing first-order polynomial fits to the pre-edge and post-edge 
regions. Reference spectra recorded at different positions along the 
catalyst bed are essentially identical, indicating the absence of spatial 
gradients after either oxidative or reductive pre-treatment. For illus-
tration, a single sample spectrum is also displayed in Fig.  5 (open 
symbols), highlighting the signal-to-noise ratio of the XANES data at 
the chosen time resolution of 2min per scan. The spectrum is presented 
together with the corresponding fit (black line) and residuals (filled 
symbols), obtained from a linear combination analysis (LCA) using the 
oxidized and reduced reference spectra. The root-mean-square (RMS) 
deviation of the residuals is ≈ 0.03.

XAS was recorded under three distinct sets of conditions: (i) light-
off/out under lean, static reaction conditions (1000 ppm NH3, 10 vol.−%
O2, balance N2); (ii) light-off/out under forced dynamic operation 
involving the periodic and continuous application of short reducing 
pulses (10 s reducing pulse, followed by 65 s of lean operation); and 
(iii) light-off under lean, static conditions using a pre-reduced catalyst 
(reduction in 1000 ppm NH3, balance N2, at 450 ◦C for 90min). Prior 
to the XAS measurements, the catalyst was pre-conditioned by several 
light-off/out cycles under static lean conditions until no further changes 
in the integral performance were observed, which is typically achieved 
after two cycles (see Supplementary Information for additional details 
on the pre-conditioning protocol). A comparison of the catalytic per-
formance obtained in the previously described screening experiments 
with that measured during the XAS experiments confirmed the repro-
ducibility of the catalytic behavior and activation by short reducing 
pulses.
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Fig. 5. Pd K-edge XANES reference spectra of metallic Pd and PdO species 
acquired during oxidative (blue) and reductive (orange) pretreatment of the 
catalyst (each obtained by averaging at least 70 scans). A typical spectrum 
measured under reaction conditions is displayed as gray open circles to 
demonstrate the signal-to-noise ratio, along with its linear-combination fit 
based on the reference spectra (black line). The corresponding fit residuals 
are plotted as gray filled circles.

Fig. 6. Variation of the oxidation state near the inlet (𝑥 = 5mm, see inset) as 
a function of temperature under steady, lean conditions: (a) for a pre-oxidized 
sample (black circles) and (b) for a pre-reduced sample (purple diamonds). 
Error bars indicate the 68% confidence interval derived from the fit of the 
linear combination of the reference spectra (see text for details). (1000 ppm
NH3, 10 vol.−% O2, balance N2; 2K∕min, GHSV 30 000 h−1).

In Fig.  6, the change in the degree of oxidation (fraction of PdO) is 
shown as a function of temperature under static, lean conditions; once 
after an oxidative pre-conditioning (black circles) and the other time 
after the catalyst had previously been reduced (purple diamonds). Dur-
ing the light-off experiments conducted at a heating rate of 2 ◦C∕min, 
XANES spectra were continuously recorded at a position 5mm down-
stream from the inlet edge of the plate (see inset). The temperature 
associated with the data points corresponds to the mean value during 
the respective scan. Error bars only represent the error of the fit param-
eter in the LCA and correspond to the 68% confidence interval, which 
is equivalent to the simple standard deviation. The actual uncertainty is 
reflected in the scatter of the data points, which on average is at ±0.09
(RMS).

After oxidative pre-conditioning, the PdO fraction remains close to 
1.0 throughout the entire light-off up to 450 ◦C, with no evidence of 
PdO reduction to metallic Pd. In situ measurements at various positions 
along the plate, performed at fixed temperatures between 150 and 
450 ◦C in 50 ◦C increments under inert conditions (N2 flow), further 
confirm that the PdO fraction does not vary along the plate (not shown 
here). In contrast, for a pre-reduced catalyst the initial PdO fraction is 
initially about 0.15 and only begins to increase at approximately 280 ◦C, 
marking the onset of oxidation in the reaction mixture containing 
10 vol.−% oxygen. The purple arrow in Fig.  6 serves merely as a visual 
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Fig. 7. Impact of continuous, short reducing pulses (SRPs) applied during the 
first light-off/light-out cycle (red and gray circles, respectively) and the second 
light-off (green circles) on the fraction of oxidized Pd/Al2O3 close to the inlet 
(𝑥 = 5mm, compare Fig.  6). The operating conditions, catalyst pre-treatment, 
and light-off/light-out protocol are the same as in Fig.  2. Error bars represent 
the 68% confidence interval obtained from fitting a linear combination of the 
reference spectra (see text for further details). (1000 ppm NH3, 10 vol.−% O2
(SRP: 65 s on, 10 s off), balance N2; 2K∕min, GHSV 30 000 h−1).

guide, indicating the direction of the temperature ramp. The fact that 
the reduced sample does not initially exhibit a PdO fraction close to 
zero is due to the formation of surface oxides or the interaction with 
the support that is relevant even under inert conditions. In situ spa-
tial profiling under inert conditions shows no oxidation-state gradient 
during re-oxidation of the reduced sample; instead, the PdO fraction 
at a given temperature is uniform along the catalyst plate within the 
measurement uncertainty (see Supplementary Information for details). 
At 450 ◦C, the oxidation state matches that of the oxidized catalyst. As 
mentioned earlier, the light-off performance of the pre-reduced sample 
is in fact similar to that after FDO, whereas the subsequent light-out 
again closely resembles that of the oxidized sample, underscoring the 
reversible character of the oxidation-state and performance changes.

To characterize the influence of short reducing pulses on the oxida-
tion state under dynamic operation, the measurements in Fig.  2 were 
repeated while monitoring the Pd oxidation state via XAS. While the 
duration of the reducing pulse remained constant at 10 s, the duration 
of the lean phase was increased from 60 s to 65 s. In addition, the start 
of the XANES scans was synchronized with the end of the reducing 
pulse. In this way, the region around the Pd K edge that is relevant 
for determining the PdO/Pd ratio remains unaffected by the pulse and 
reliable probing of the Pd state takes place once the reducing phase was 
finished. Comparative measurements with a longer lean phase of 140 s, 
which covers a complete XANES scan, showed no differences, neither 
with respect to the spectra nor in terms of catalytic performance and 
activation.

Fig.  7 shows the change of the PdO fraction under FDO during: 
(1) the very first light-off with SRPs after pre-conditioning (red, filled 
circles), (2) the subsequent light-out (gray, open circles), and (3) the 
second light-off (green, filled squares). Again, arrows in Fig.  7 serve 
as a visual guide and indicate the direction of the temperature ramp. 
Analogous to the pre-oxidized sample under static lean conditions, the 
initial light-off with SRPs begins with a PdO fraction close to unity. 
However, at approximately 280 ◦C, and in contrast to the behavior 
observed under static operating conditions, the PdO fraction starts 
to decrease to about 0.4 at the probed measurement position. This 
observation demonstrates a pulse-induced reduction of PdO even in the 
presence of an excess of oxygen. Upon further temperature increase, 
the PdO fraction rises again in a manner closely resembling the re-
oxidation behavior of the pre-reduced sample shown in Fig.  6. The 
fact that the sample does not reach full oxidation in either case on a 
time scale shorter than that of the temperature ramp suggests that the 
oxidation process is comparatively slow relative to the reduction, or 
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that the degree of oxidation is predominantly governed by temperature. 
The latter interpretation would be consistent with the continuous and 
step-wise light-off/light-out experiments discussed previously (see SI, 
Figure S3).

During the subsequent light-out, the oxidation state again decreases 
to approximately 0.4 upon decreasing the temperature to 300 ◦C, closely
reproducing the oxidation state behavior observed during the initial 
light-off in this temperature interval. Upon further cooling, however, 
the PdO fraction remains constant at this low level, consistent with 
the observation that oxidation to PdO generally requires temperatures 
above approximately 250 ◦C to 300 ◦C for the particle sizes employed 
in this study [29–31,34]. The second light-off then replicates the 
preceding light-out with respect to both the degree of oxidation and 
the catalytic performance. Consequently, under operation with con-
tinuous dynamic pulsing, a finite fraction of metallic palladium is 
retained during cooling, thereby enhancing the catalytic activity at 
lower temperatures and accounting for the corresponding decrease in 
𝑇50. In contrast to the static measurements, the in situ measurements 
after pulsing at different positions on the catalytic plate provide clear 
evidence for the formation of a pulse-induced gradient in the Pd/PdO 
ratio along the centerline of the plate, in agreement with the ex situ
Raman spectroscopic measurements. The PdO fraction is only about 
40% to 50% in the inlet region, while the sample at the end of the plate 
is still almost fully oxidized. This gradient remains upon cooling under 
forced dynamic operation, but can be reversibly removed by oxidizing 
the sample at 450 ◦C again.

3.4. Translation into realistic monolithic samples and mechanistic interpre-
tation

The channel reactor provides well-defined experimental conditions 
and enables precise ex situ, in situ, and even operando characterization 
of the catalytically coated plates, as demonstrated by the XAS mea-
surements presented in the previous section. However, spatial gradients 
may be particularly pronounced due to the residence time distribution 
and flow properties in the channel (cf. Häber et al. [22]), where 
the residence time and the transverse diffusion timescale are of the 
same order of magnitude. Specifically, the residence time is given 
by 𝜏𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = 1∕GSHV = 120ms, and the diffusion timescale in the 
flat channel (𝑊 ≫ 𝐻) can be approximated as 𝑡𝑑𝑖𝑓𝑓 ∼ 𝐻2∕𝐷 ≈
227ms [35,36], where 𝐻 = 2mm and 𝑊 = 20mm denote the height and 
width of the channel, respectively, and 𝐷 is the diffusion coefficient.

It is essential to complement these investigations with tests under 
more realistic configurations to ensure the transferability of the promis-
ing findings discussed above to practical applications. To this end, 
additional kinetic experiments were performed in a quartz-glass tubular 
reactor operating under plug-flow conditions, equipped with cylindri-
cal, washcoated honeycomb monoliths of laboratory scale. For the sake 
of comparability, an identical gas mixture was applied (1000 ppm 
NH3, 10 vol.−% O2, balance N2), revealing the same trends as observed 
in the channel reactor when comparing the performance of Pt/Al2O3
and Pd/Al2O3 (see SI, Figure S5). Due to the small channel size of 
the 400 cpsi monolith, the transverse diffusion timescale in the nearly 
cylindrical channels can be estimated as 𝑡𝑑𝑖𝑓𝑓 ∼ 𝑅2∕(𝛼21𝐷) ≈ 3.3ms, 
where 𝑅 ≈ 0.58mm is the channel radius and 𝛼1 ≈ 2.405 is the 
first Bessel eigenvalue [35,36]. Since the transverse diffusion time 
characterizes how quickly concentration profiles become uniform in 
the direction perpendicular to the main flow, it follows that the mono-
lithic channels are expected to retain significant axial (streamwise) 
concentration gradients while exhibiting only minor lateral variations. 
To promote this behavior, we deliberately selected a GHSV of 9600 h−1, 
corresponding to a residence time of 𝜏𝑚𝑜𝑛𝑜𝑙𝑖𝑡ℎ = 325ms, which lies at the 
lower bound of values typically employed in practice, thereby reducing 
lateral concentration gradients in the gas phase to a minimum.

In contrast to the previously employed water-free model gas mix-
ture, additional experiments were performed in which 10 vol.−% of 
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Fig. 8. Effect of SRPs on the performance of a monolithic Pd/Al2O3 catalyst under dry and humid conditions. (1000 ppm NH3, 10 vol.−% O2 (SRP: 60 s on, 10 s off), 
0 or 10 vol.−% H2O, balance N2; 3K∕min, GHSV 9600 h−1). Note that, for clarity, the dashed lines represent data obtained during short reducing pulse operation, 
averaged over an entire 70 s long pulse cycle.
water vapor was introduced to simulate the humidity typically encoun-
tered in technical exhaust after-treatment processes. Since water is well 
known to inhibit catalytic conversion over palladium-based catalyst 
formulations, particularly in the context of methane oxidation under 
lean reaction conditions [37–39], investigating the effect of humidity 
is of particular relevance for the Pd/Al2O3 catalyst system. The data 
presented in Fig.  8 indicate a similar inhibitory effect for ammonia 
oxidation under lean conditions over Pd. Specifically, the addition of 
10 vol.−% water vapor shifts the light-off curve significantly toward 
higher temperatures, increasing the temperature at 50% conversion 
(𝑇50) by 50 ◦C. In the low-temperature regime (< 275 ◦C), humidity 
primarily causes a parallel shift of the selectivity curves toward higher 
temperatures, whereas at elevated temperatures, it reduces the selec-
tivity toward the desired product N2. This decrease in selectivity is 
attributed to overoxidation of NH3, resulting in increased formation of 
NO and NO2.

Given the pronounced water-induced inhibition of selective NH3
oxidation, mitigating this detrimental effect through forced dynamic 
reactor operation becomes crucial. As illustrated in Fig.  8, the intro-
duction of short reducing pulses enhances catalytic performance under 
both dry and humid conditions. In particular, T50 decreases by 42 ◦C
and 54 ◦C in dry and humid environments, respectively, when short 
reducing pulses are applied. Similar to the observations in the channel 
reactor experiments (cf. Fig.  2), intermittent oxygen cut-off promotes 
overoxidation of NH3, leading to increased NO and NO2 formation once 
temperatures exceed 250 ◦C and 275 ◦C, respectively. The enhanced 
formation of NO and NO2 during dynamic operation can be rationalized 
by the oxidation state of the noble metal phase. Metallic palladium, 
whose presence under dynamic conditions is confirmed by Raman and 
X-ray absorption spectroscopy (cf. Figs.  4 and 7), has been reported to 
exhibit higher activity for oxidation reactions compared to palladium 
oxide (PdO) [40–42]. Moreover, the observation of NO2 formation, in 
contrast to channel reactor experiments, may be explained by a more 
intense interaction between the gas phase and the catalytic surface. 
This is facilitated by the monolithic structure of the catalyst and, 
more importantly, by the lower space velocity employed. Consequently, 
space velocity emerges as a critical parameter in the design of full-scale 
after-treatment systems.

Furthermore, the selectivity toward the most undesired byproduct 
N2O requires detailed consideration. Fig.  9 illustrates the amount of 
N2O formed during a single light-off experiment as a function of 
operating conditions, expressed in mmol, specifically for the light-
off data shown in Fig.  8. For reference, data for monolith samples 
washcoated with Pt/Al2O3 are shown as well (see Figure S5 in SI for 
light-off curves). Three key observations can be drawn from Fig.  9. (i) 
Palladium-based catalyst formulations, regardless of operating condi-
tions, exhibit higher selectivity toward N2 compared to their platinum-
based counterparts. This observation corroborates earlier findings in 
the literature [8,10], and, considering the strong greenhouse effect of 
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Fig. 9. Cumulated amount of N2O formed during a single light-off experiment 
in static lean and forced dynamic SRP operation over Pd/Al2O3. Data for 
the benchmark catalyst Pt/Al2O3 are shown as reference. (1000 ppm NH3, 
10 vol.−% O2 (SRP: 60 s on, 10 s off), balance N2; 2K∕min, GHSV 9600 h−1).

N2O, this selectivity advantage justifies the preference for palladium 
over platinum in ammonia oxidation applications. (ii) Short reducing 
pulses moderately increase the formation of the undesired secondary 
emission species N2O. Thus, the observed activity enhancement en-
abled by FDO comes at the expense of selectivity. However, given 
the substantial performance improvement of Pd/Al2O3 under FDO (cf. 
Fig.  8) and the fact that Pd-based formulations remain more selective 
than Pt-based ones even under dynamic conditions, palladium emerges 
as a promising candidate for selective ammonia oxidation. (iii) While 
water vapor inhibits NH3 activation at least at low temperatures, it 
simultaneously mitigates N2O formation. This observation further sup-
ports the suitability of palladium-based catalysts for humid ammonia 
conversion, consistent with prior findings in catalytic wet air oxidation 
of ammonia, where PdO was identified as one of the most selective 
catalysts, enabling quasi-exclusive N2 formation [43].

Although detailed kinetic derivations lie beyond the scope of this 
study, the performance trends can be interpreted on a mechanistic level 
in light of existing literature. As mentioned already above, it is well-
known that metallic palladium exhibits higher oxidation activity than 
PdO [40–42]. Furthermore, several studies have addressed the kinetics 
of NH3-SCO over Pt in general [44,45] and Pt/Al2O3 in particular [46], 
proposing detailed reaction schemes. According to these models, N2O 
formation occurs via the combination of NO* and N* species adsorbed 
on the Pt surface (* denotes surface adsorbates). Assuming analo-
gous pathways for Pd-based catalysts, a mechanistic hypothesis can 
be formulated. The higher oxidation potential of (partially) reduced 
palladium sites leads to more NO𝑥 formation than over PdO, as re-
flected in the performance data depicted in Fig.  8. The increased NO 
concentration then facilitates N O formation through Pd-mediated NO* 
2
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Fig. 10. Axially resolved NH3 conversion data obtained at T50 and T97 in time-invariant static conditions and in forced dynamic SRP operation in dry and humid 
feed. (1000 ppm NH3, 10 vol.−% O2 (SRP: 60 s on, 10 s off), 0 vol.−% or 10 vol.−% H2O, balance N2; GHSV 9600 h−1).
+ N* combination reactions. Moreover, the kinetic studies suggest the 
formation of N* proceeds exclusively through one reaction pathway, 
namely NH3–S𝑏 + 1.5 O–S𝑎 → N–S𝑎 + 1.5 H2O + 0.5 S𝑎 + S𝑏, where 
S𝑏 denotes an active site for NH3 storage and S𝑎 represents an active 
site for all other intermediates. According to Le Chatelier’s principle, 
the presence of water vapor favors the reactant side and thus inhibits 
the formation of N* species that are a prerequisite for N2O formation. 
While this remains a hypothesis, albeit a rational one, it is imperative 
that future research validates the proposed mechanistic interpretation 
through comprehensive microkinetic modeling.

3.5. Spatial profiling (SpaciPro)

In the final step, species concentration profiles were obtained via 
capillary-based spatial profiling, which enables the derivation of NH3
conversion profiles with axial resolution, as illustrated in Fig.  10. For 
these experiments, the temperatures corresponding to ∼ 50% and 
∼ 97% conversion, as determined during the light-off experiments 
(Fig.  8), were selected. It is important to note that the absolute end-
of-pipe conversion observed during the SpaciPro experiments differs 
from that in transient operation. This discrepancy arises because the 
ceramic monolith is thoroughly heated at a constant temperature for an 
extended period, allowing exothermic heat evolution to fully develop 
under steady-state conditions. Irrespective of temperature or gas phase 
conditions, i.e., dry or humid, NH3 conversion increases steadily along 
the entire length of the monolith. In clear contrast, profiles obtained 
under forced dynamic operation, i.e., exposure to short reducing pulses, 
exhibit a pronounced step near the catalyst inlet, indicating a signifi-
cant activity enhancement in the front zone. This effect is particularly 
evident at 𝑇97, where more than 90% of NH3 is converted within the 
first few millimeters, followed by a relatively flat profile downstream 
of the inlet region.

On a fundamental level, the abrupt increase in NH3 conversion near 
the inlet, revealed by in situ spatial profiling, correlates with a distinct 
color gradient observed ex situ after forced dynamic operation: a dark 
brown to blackish zone confined to the first few millimeters, while the 
remainder of the catalyst exhibits a lighter brown hue (see Figure S6 in 
the SI). Under consideration of the Raman spectroscopy data discussed 
above (cf. Fig.  4), this color gradient indicates that short reducing 
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pulses generate a front zone dominated by reduced palladium species. 
In contrast, the majority of the monolith remains in an oxidized state, 
with Pd2+ from PdO as the prevailing electronic noble metal state. The 
coincidence of higher catalytic activity with metallic palladium in the 
inlet region aligns with earlier findings by Li and Armor [10], who 
reported a dramatic increase in low-temperature activity upon reducing 
PdO/Al2O3 catalysts.

The axially resolved profiles are highly relevant also for poten-
tial practical implementation. Under static lean conditions, the en-
tire monolith length is required to achieve the desired end-of-pipe 
conversion. Conversely, forced dynamic operation not only achieves 
comparable conversion at significantly lower temperatures, e.g., 𝑇97 =
311 ◦C for static versus 276 ◦C for dynamic humid conditions, but also 
enables near-target conversion within a fraction of the monolith length. 
This improvement suggests the potential for substantial downsizing of 
catalytic converters.

Given that cylindrical monolithic geometries, as employed in the 
SpaciPro experiments herein, are commonly used in technical appli-
cations (albeit with larger dimensions), a first-order estimate allows 
to assume similar performance gains at scale. Based on the profiles at 
𝑇97 (Fig.  10), a size reduction of approximately 60% could be possible 
under dry conditions; these may be particularly relevant for ammonia 
decomposition after-treatment systems where humidity is negligible. 
A length reduction of about 50% is possible under humid conditions, 
which are relevant in emission control of lean-burn ammonia com-
bustion engines. Notably, such downsizing would significantly reduce 
noble metal demand simply by leveraging more efficient utilization 
through rational dynamic catalyst operation strategies.

4. Conclusions

With the aim to outperform a conventional Pt/Al2O3 catalyst in se-
lective ammonia oxidation, Pd/Al2O3 was subjected to forced dynamic 
operation. Initial experiments employed washcoated plates within a 
channel reactor. In time-invariant lean gas streams, palladium ex-
hibited lower activity yet significantly higher selectivity toward N2
compared to platinum. However, the introduction of intermittent short 
reducing phases that were implemented as a form of forced dynamic 
operation resulted in a substantial activity enhancement. Once the 
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light-off temperature under dynamic conditions exceeded a critical 
threshold, which was determined to be around 280 ◦C according to
operando XAS measurements, the catalyst transitioned into an activated 
state, outperforming platinum in both activity and selectivity across 
the relevant temperature range. Ex situ Raman spectroscopy revealed 
that oxidized PdO dominated after lean operation, whereas metallic 
Pd prevailed following dynamic operation. Long-term stability tests 
(24 h) demonstrated that the activated catalyst state, associated with 
at least partial palladium reduction, persisted not only under contin-
uous dynamic conditions but also during subsequent lean operation. 
Furthermore, operando XAS experiments performed at the inlet of the 
catalyst-coated plate reveal that a finite fraction of metallic palladium 
is preserved during cooling under SRP operation, which enhances cat-
alytic activity at lower temperatures. This behavior may also contribute 
to the improved long-term stability in the absence of SRPs, as long as 
temperatures are insufficient to ensure significant re-oxidation.

Subsequent investigations utilized washcoated monolithic honey-
comb substrates under both dry and humid conditions. Water vapor 
inhibited ammonia activation, shifting the light-off toward higher tem-
peratures. Nevertheless, dynamic operation via short reducing pulses 
effectively activated Pd-based catalysts and mitigated water-induced in-
hibition. The cumulated amount of N2O, the most detrimental byprod-
uct, increased only moderately under dynamic conditions and remained 
substantially lower than that observed for the Pt-based benchmark 
catalyst. Furthermore, water vapor suppressed N2O formation, which, 
based on kinetic considerations, may result from altered surface ad-
sorbate dynamics. Capillary-based spatial profiling provided direct in 
situ insights into monolithic substrates, revealing a steep ammonia 
conversion gradient near the inlet, followed by moderate conversion 
downstream. These zones of differential activity correlated with visible 
color gradients and, in light of Raman spectroscopic and operando
XAS data, suggested an oxidation-state gradient: highly active yet less 
selective metallic Pd near the inlet and less active but more selective 
PdO in the remaining monolith.

Overall, compared to time-invariant lean conditions, forced dy-
namic operation enables efficient pollutant conversion at significantly 
lower temperatures. The possibility of operating the catalyst with high 
activity and high N2 selectivity over a broader temperature range offers 
opportunities for direct implementation of the laboratory-scale find-
ings in real-world applications. Furthermore, the pronounced activity 
boost in the front zone, as revealed by spatial profiling, allows for 
a reduction in catalyst length by up to 50% under realistic humid 
conditions. This reduction in catalyst dimensions that is achieved by 
exploiting palladium sites more effectively through dynamic operation 
offers a promising strategy to decrease noble metal demand, thereby 
contributing to environmentally sustainable catalysis twofold, namely 
through enhanced emission control and reduced reliance on scarce 
resources.

Future studies should further substantiate the atomic-level insights 
elucidated herein, preferentially enabled through advanced in situ and
operando techniques that correlate electronic state, surface species, 
and catalytic performance. Equally important, a systematic alteration 
of lean-rich cycling periods as well as evaluating potential impact of 
waveform modulation may unlock additional catalyst performance.
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