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Using a Cu-doped lanthanum manganite perovskite structure (LaCugsMngs03.s), we show how Pd addition
following different synthesis approaches (sol-gel vs. impregnation) allows to overcome the oxidation limitation
of Cu in realistic de-NOy reaction mixtures involving NO, CO, O3 and water. The beneficial interplay of Cu with
the oxygen-deficient perovskite resulting from in situ exsolution during humid de-NOy treatments is strongly
connected with the metallic Cu state enhancing the N2O chemistry. The beneficial catalytic properties of metallic

Cu can be preserved by adjustment of the Pd amount, as evidenced by combined in situ X-ray photoelectron
spectroscopy and catalytic experiments following the main reactions of the de-NOx reaction network, including
water-gas shift reaction and CO oxidation. The concept of impregnation with a noble metal and simultaneous
exsolution with Cu yields a reactive Cu(Pd)/perovskite interface and provides a first step towards the econo-
mization of the noble metal content at the surface in future works.

1. Introduction

The reduction of NO by CO to elemental N5 (1) is a prominent model
reaction for a variety of technological processes, such as the de-
nitrification (de-NOy) of exhaust gas from combustion mixtures using
air as oxidant.

2N0(g) + ZCO(g) = N2(g) + 2C02(g) (@D)]

The partial reduction of NO also causes the formation of N2O, a
greenhouse gas and cause of stratospheric ozone depletion, with a global
warming potential of 265 CO5 equivalents and an atmospheric lifetime
of 121 years [1]. The model reaction (2).

N2O(g) + COg) = Nagg) + COxg) (2

describes the reductive degradation of N»O, which is emitted e.g., during
nitric and adipic acid production [2] and in the polymer industry [3].

A main issue in general de-NOy research concerns the impact of
parasitic side reactions on catalytic materials in the presence of water,
which is an important component in model exhaust gas mixtures. The
most prominent is the water-gas shift (WGS) reaction (3).
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HO(g) + CO(g) = Hagg) + COxg) 3

The key step of this reaction is the activation, i.e., splitting of water.
The necessary formation of Hy or Hygs in this pathway causes highly
reductive conditions, which in consequence leads to the full reduction of
NO to NHs, which is frequently observed on supported noble metals
[4-6].

State-of-the-art catalytic materials, such as supported noble metals
(e.g., Rh, Pt or Pd [7]), compete with perovskite-based compounds
(main stoichiometry ABO3), which are under investigation for several
decades [8]. Initially, perovskites based on LaCoO3 were reported to
rival Pt [9] and subsequently, their possible application for automotive
emission control was studied [10]. Noble metals were also investigated
as structural and chemical dopants in a variety of perovskite structures
for automotive exhaust gas treatment [11,12]. In this respect, the
bifunctionally operating Pd/perovskite interface was suggested as a
prominent catalyst candidate for the NO reduction reaction, at least
under dry conditions [13-16].

Considering chemical aspects regarding NO activation (reaction 1),
oxygen deficient metal oxides, such as perovskites, serve as promoter in
activating the NO bond [17]. With respect to the decomposition of NoO
(reaction 2, and therefore pushing the selectivity toward Nj), Cu is
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considered a promising candidate in enhancing this particular reaction
pathway [18,19]. Supported Cu catalysts exhibit low-temperature
water-gas shift activity (~200 °C) [20], therefore reaction 3 deserves
special consideration. One strategy to suppress parasitic WGS reactions
is to withdraw CO from the reaction equilibrium by oxidation with Og
(reaction 4) at a lower temperature regime compared to the
WGS-reaction (3). In this perspective, Cu/perovskite interfaces have
been shown to provide high activity in CO oxidation [21].

2C0(g) + Oz(g) = 2C02(g) (©)]

The main drawback of metallic Cu is the poor oxidation stability in
oxidizing atmospheres, which also includes HoO steam as an excess
component in technologically relevant de-NOy applications.

A concept combining the discussed approaches, in addition to
providing the huge benefit of sinter-stability [22], is metal exsolution
from perovskites [13-16,22-26]. We have shown in two recent works,
how control of the Pd and Cu/lanthanum perovskite interface enables
the exact tuning of the de-NOy activity [27,28] and in particular, how Cu
is in principle able to replace noble metals in a model NO+CO reaction
[28]. We relied on the parent perovskite material LaMnOs, as it serves as
a temperature-stable active structure [29]. By B-site substitution of
manganese in LaMnOs with copper, oxygen defects are generated [30,
31], fulfilling the requirement of oxygen deficiency in order to activate
NO. Theoretical calculations show that Cu doping of LaMnOs improves
the reducibility of the parent LaMnOs structure [32], thereby promoting
the reductive exsolution of metallic copper particles. This approach thus
far, however, does not solve the problem of deactivation by (interme-
diate) copper oxidation, as even oxygen spillover from the
oxygen-deficient perovskite structure is plausible under dry de-NOy
conditions. This has been shown recently for Ni-based perovskite ma-
terials [33]. We anticipate also the effect of oxidation by water under
realistic de-NOy reaction conditions, but also to overcome this problem
by doping the LCM structure with minute amounts of Pd. During the
NO+CO treatment, co-exsolution of both copper and palladium occurs,
leading to alloyed and surface-bound Cu-Pd particles. We expect to steer
and control the oxidation behavior of copper by controlling the amount
of Pd within the exsolved copper particles. As the reduction of palladium
oxide is facilitated in comparison to copper oxide [34], the co-exsolution
of the respective lattice M2t species is even enhanced by adding Pd?*.
Cu(0)-Pd(0) exsolution is therefore anticipated, yielding a potentially
active, vacancy-doped and oxidation-stable Cu-rich CuyPdy/perovskite
interface. A second viable strategy to increase the nobility of Cu is to
impregnate the LCM surface deliberately by Pd. Alloying the
surface-abundant Pd with Cu during exsolution, thus, increases the Pd
amount of the particles, establishing a comparatively Pd-richer CuyP-
dy/perovskite interface. To investigate both, the promotional effect of
Pd on the oxidation stability and catalysis and the catalytic effect of Cu
itself, we prepared a pure LaCugsMngs03s (termed LCM55 in the
following) perovskite catalyst, its respective B-site doped variants La
(Cup.sMng 5)0.98Pd0.0203.s (y = 0.02) with 0.86 wt% Pd via a sol-gel
method (termed SG) and a wet-impregnated LCM55 (termed IM) with
the same Pd amount (0.86 wt%). To compare the
temperature-dependent activity of each LCM55-based catalyst and to
outline the benefits of the CuyPd,/LCM55 interface in terms of stability,
activity and selectivity we synthesized two reference catalysts by a
wet-impregnation approach. Serving as a benchmark, the catalytic
behavior of these references, the respective Cu-particles (7.0 wt%) and
Pd-particles (0.86 wt%) on an inert support (silica) were investigated.

The main goal of the study is to unravel the advantages and draw-
backs of using copper as exsolvable dopant to create a Cu/LCM interface
under realistic humid de-NOy conditions and to eventually overcome the
limitation of deactivation by copper oxidation. As such, we also test this
interface in the two important parasitic side reactions of water-gas shift
reaction and CO oxidation, as the suppression of the former and po-
tential enhancement of the latter appear very crucial in creating a
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reactive Cu/LCM interface with high activity and low-temperature ni-
trogen selectivity. We extend the studies also to more realistic exhaust
gas conditions with excess water, CO and O, as this is anticipated to
severely impact the product selectivity by formation/suppression of
unwanted NH3 and of oxidized vs. reduced Cu species. Structure-
reactivity and -selectivity relationships will be established by corre-
lating the catalytic performance to surface chemical changes monitored
by in situ X-ray photoelectron spectroscopy under realistic de-NOyx
conditions.

2. Experimental
2.1. Synthesis of the materials

A sol-gel self-combustion approach was followed to synthesize the B-
site doped perovskite catalysts La(Cug,sMng 5)1 -yPdyO3.s (y = 0 and 0.02
£ 0.86 wt%). Stoichiometric amounts of metal nitrates were dissolved in
de-ionized (DI) water, before glycine was added as a complexing agent
in a molar ratio glycine/nitrate = 1. A sticky gel resulted after heating
the solution to 80 °C under continuous stirring to remove excess water.
Gel decomposition was induced by increasing the temperature to 250 °C
and final self-ignition, yielding a black powder in a total yield of ~95%.
The as-synthesized powder was calcined at 700 °C for 5 h in air. La
(NO3)3-6 HoO (Alfa Aesar, 99.9% (REO)), Mn(NO3)2-4 HoO (Sigma
Aldrich, 97.0% (KT), Cu(NO3)2-3 H,O (Merck, 99.5%), PA(NOs3),-2 H,0O
(Sigma Aldrich, 99.9%) and glycine (Sigma Aldrich, 99.9%) were used
for synthesis.

For wet-impregnation synthesis of 0.86 wt% Pd on LCM55, the
freshly calcined LCM55 powder was suspended in deionized water and a
solution of dissolved Pd-nitrate was added dropwise over the course of
30 min. After solvent removal by gentle evaporation, the obtained
powder was dried at 120 °C for 24 h followed by calcination at 700 °C
for 1 h in air, yielding the as-synthesized PdO4/LCM55 material.

To evaluate the synergistically operating Cu,Pdy/perovskite inter-
face, we reference the catalytic activity and selectivity to the respective
Cu-free, Pd-free and perovskite-free materials. Details of the synthesis of
the reference catalysts (Cu/SiO2 and Pd/SiO3) are given in the Sup-
porting Information (SI), App. A.

2.2. Structural and spectroscopic characterization

2.2.1. Transmission Electron Microscopy (TEM)

Chemical and structural analysis was performed using a FEI Tecnai
F20 microscope operated at 200 keV and equipped with a SDD-EDX
TEAM Apollo XLTW detector. For the measurements, the powder sam-
ples were placed on holey carbon films without further treatment.

2.2.2. Powder X-Ray Diffraction (PXRD)

All ex situ XRD measurements were performed in transmission mode
utilizing a STOE Stadi-P diffractometer, equipped with a DECTRIS
MYTHEN2 DCS4 detector and a Mo X-ray tube (GE Sensing & Inspection
Technologies GmbH, Ahrensburg, Germany). All diffractograms were
collected using Mo Ky radiation with a wavelength of > = 0.7093 A. The
WinXPOW software and the ICDD and ICSD databases were used for
qualitative analysis.

2.2.3. Near Ambient Pressure X-ray Photoelectron Spectroscopy (NAP-
XPS)

In situ X-ray photoelectron spectra were collected using a custom-
made SPECS X-ray photoelectron spectroscopy setup. A detailed
description of the experimental setup is given in the SI, App. B. During
all the experiments the gas atmosphere consisted of a mixture of NO and
CO with and without HoO vapor (ratio 1:1:(1); 0.3 mbar each; CO:
Messer, Purity 4.7; NO: Linde, Purity 2.5; HpO: vapor from deionized
water, Merck, ultra-pure Milli-Q 18.2 MQ). The main interest of the
NAP-XPS investigation is to observe changes of the surface oxidation
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Fig. 1. Electron microscopy analysis of pure LCM55 (left), Pd-doped LCM55 obtained a via sol-gel route (middle) and Pd-impregnated LCM55 (right), separated into
imaging after synthesis (top row) and after the pre-activation step (overview images: middle row, detailed images: bottom row). Panels A-C show overview images of
the respective catalysts. Panel D and G depict high-resolution images of LCM55 and of an isolated exsolved Cu(0) particle. Fast Fourier Transform shown as insets.
Identical location EDX line scan analysis exclusively identifies Cu (SI, App. I, Fig S6). Panel H shows an enlargement of the image highlighted in Panel E. On the
green-arrow-marked particles EDX area analysis were carried out resulting in an averaged composition of the particles of Cug.94+0.01Pdo.06+0.01- Panel F and I show
HRTEM images of 0.86 wt% Pd-impregnated LCM55. The EDX area analysis result in an averaged particle composition of Cug e2-+0.01Pdo.38+0.01. For details regarding
the particle composition we refer to the SI, App. I, Fig S7 and App. J, Table S6. The bar graph panels schematically show the influence of both the addition of water

vapor to the reaction mixture and the formation of metallic particles via exsolution on the catalytic activity.

state of Cu during the catalytic treatments. Therefore, Cu compounds
(Cu, Cuy0 and CuO) with Cu in the oxidation states (0), (I) and (II) serve
as reference materials to limit the constraints (e.g., peak position and
full-width-at-half-maximum) used in the peak fitting procedure. The
measured XP-spectra od the Cu2ps3,, and Cu LMM region and a table
summarizing the results derived are given in the SI, App. Cin Fig. S1 and
Table S1. As for the assignment of the chemical shifts, we note that for
Cu divalent ions, the maximum energy values of the resulting XP peaks
can exist over a wide range depending on their coordination states (such
as Cu(OH); or CuO). Although this feature is also present for monovalent
and metallic Cu, the energy range for Cu™ and Cu® is typically narrower
compared to Cu?*. This feature has been accounted for in the framework
of the discussion of Figs. 2 and 6.

2.3. Catalytic experiments

The evaluation of the catalytic data is based on a combined mass
spectroscopy and Fourier transform infra-red spectroscopy online mea-
surement of the downstream gas-phase. An explanation in how activity
rates are calculated from these experiments is pointed out in detail in the
SI, App. D in Figs. S2 and S3. As we expect to induce structural changes
in the catalyst during the catalytic treatments, we relied on the deter-
mination of the mass-specific activity (mol st g’l) derived from the
contact time to the catalyst bed for rate/activity calculations. As we aim
to investigate catalysts with minute amounts of Pd, the Pd-content (0.86
wt.-%) was kept the same over all catalysts (LCM-based and reference).
Therefore, only the mass-specific activity rates allows ensuring compa-
rability of the different samples. No substantial variation of the BET
surface area (SI, App. E, Table S2) has been observed, supporting the
normalization to the catalyst mass. The surface area scattering of the
LCM55-based samples is a consequence of synthesis influenced by Pd-
doping vs. Pd-impregnation. Based on that fact, the reference catalysts
were synthesized using a respective support material with a surface area
in range of the LCM-based samples.

To give a semi-quantitative account of the reaction kinetics and the
catalytic data, we combined determination of both the activation energy
(E,) and the pre-exponential factors (derived from the Arrhenius fits of
the initial consumption rates at low conversion) with the particle
coverage estimation (derived from the analysis of the La3d and Cu2p
XPS data via an attenuated overlayer model [35] extended for fractional
coverage by particles). For details we refer to the SI, App. F, Fig. S4 and
Tables S3 and S4.

For the humid NO+CO reaction, the catalysts were heated at 2 °C
min ~! from 50 °C to 500 °C in a gas mixture of 1% NO (Linde, Purity
4.5), 1% CO (Linde, Purity 4.5) and 1% H>O. All cited concentrations
denote final concentrations. For the addition of water vapor to the re-
actants, a stream of 120 mL min~! dry He was bubbled through a
saturator kept at a temperature of 14.7 °C. Reactant gases were subse-
quently added to obtain a total flow of 200 mL min~}, remaining the
same for all reactions.

Aheating ramp of 2 °Cmin ! from 50 °C up to 650 °C was utilized for
the determination of the water-gas shift reaction. The gas mixture con-
sists of 1% CO (Linde, Purity 4.5) and 1% H30. The He stream (160 mL
min~?) was saturated with water vapor by bubbling He through deion-
ized and thermostatted (10.0 °C) water (Merck, ultra-pure Milli-Q 18.2
MQ).

For CO oxidation, the temperature range was set to between 50 °C

and 400 °C and the heating ramp was adjusted to 5 °C min~!. As re-
actants 1% CO (Linde, Purity 4.5) and 0.5% O, (Linde, Purity 4.5) were
used.

To determine the activity of NO reduction under CO excess and
under the presence of O, a heating rate of 2 °C min~! from 50 °C to
500 °C was exploited. In a more realistic gas atmosphere, the samples
were exposed to a mixture of 0.25% NO, 1.25% CO, 1% H,0 with and
without 0.5% Oy (NO:CO:H50 = 1:5:4 or NO:CO:H50:0, = 1:5:4:2).
Water vapor was added in the same way as for the humid NO+CO
reaction.

All reaction conditions are summarized in a table given in the SI,
App. G, Table S5.

3. Results and discussion

The Results and Discussion chapter is organized as follows: at first,
we structurally characterize the Cu(Pd)/LCM interface to verify the
exsolution of Cu and/or alloyed Cu-Pd particles. In this respect, we
combine bulk and in situ surface chemical characterization by electron
microscopy and in situ XPS, respectively. In a second step, we will focus
on the catalytic consequences of the formation of the metal/mixed oxide
interface under more realistic de-NOy conditions including water in
comparison to the dry NO-+CO model reaction. We will subsequently
focus on the water-gas shift and CO oxidation behavior and in a final
step discuss the consequences of excess water and CO as well as the
addition of Os.

3.1. Copper exsolution from LCM55 during the humid NO+CO reaction:
bulk structural consequences

The structural and topological motifs of nanoparticular Cu and
CuyPdy/perovskite interfaces were analyzed by electron microscopy. To
ensure the exsolution of metallic particles from the perovskite lattice
and to form the desired Cu/LCM55 or CuyPdy/LCM55 interface, all
samples undergo an annealing step in humified NO+CO atmosphere
(1% each in He) at 450 °C for 2 h. This state is from now on termed “pre-
activated (P.A.) state” equal to a Cu/LCM or CuyPdy/LCM interface. The
state after calcination is from now on termed “as-synthesized (A.S.)
state” being equal to a bare LCM55 perovskite motif or a PdOy/LCM55
interface in case of the Pd-impregnation approach. The corresponding X-
ray diffractograms of the transformation of the as-synthesized (A.S.)
catalyst into the pre-activated (P.A) state are given in the SI, App. H,
Fig. S5. The XRD characterization confirms the exsolution of metallic
Cu/CuyPdy particles after pre-activation. High-resolution imaging in
combination with elemental mapping by energy dispersive X-ray im-
aging directly provides evidence for nanoparticular metallic Cu particles
in pure LCM55, as well as Pd-alloyed Cu particles on Pd-doped LCM55
and Pd-impregnated LCM55, after a treatment in a humid NO+CO re-
action mixture (Fig. 1 and SI, App. I, Figs. S6 and S7). EDX area analysis
of the particles results in the quantification of the Cu and Pd content (SI,
App. J, Table S6). In the case of Pd-doped LCM55, synthesized via the
sol-gel route, an averaged composition of Cugg4+0.01Pdo.06+0.01 Was
found. Hereafter, this particle composition is used synonymously with a
"low-Pd-particle-content". In contrast, the Pd-impregnated LCMS55,
synthesized via the wet-impregnation approach, shows an averaged
composition of Cug e2+0.01Pdo.38+0.01 and thereby a clear enrichment of
Pd due to the higher amount at the surface. From now on, this particle
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Summarizing table illustrating frequently used abbreviations and details regarding the nominal and effective composition and the particle and surface properties.

Abbrevi- Syn- Catalyst Nominal Composition Activation Effective Composition Exsolved surface area
ation thesis state treatment particle size by by BET / m?
type TEM / nm g !
LCM55 SG sol-gel A.S. as-syn- LaCug sMng 5035 none LaCug sMng 5035 N/A 11
thesized
P.A. pre- LaCup sMng 503 5 H,0, NO,CO 1% LaCug 5_xMng 5035 + x Cu exsolved ~5-10
activated each in He 450 °C,
2h
LCM55 SGsol-gel  A.S.as-syn-  La(CugsMnos)o.osPdo.0203.5 ~ none La(Cuo sMng 5)o.98 Pdo.0203.5 N/A 5
0.86 wt% thesized
Pd SG P.A. pre- La(Cuo sMno 5)0.98Pd0.0203.5 H,0, NO,CO 1% La(Cug.5-0.94xMng.5)0.98 Pdo.02 0.06x03.5 ~ ~ 5-10
activated eachin He 450 °C,  + x Cuo.94+0.01Pdo.060.01 "low-Pd-
2h particle-content"
LCM55 M A.S. as-syn- LaCup sMng 503 5 + 0,02 Pd none LaCup sMng 5035 N/A 16
0.86 wt% impreg- thesized impregnated + 0,02 Pd impregnated
Pd IM nation P.A. pre- LaCug sMng 503 5 + 0,02 Pd H,0, NO,CO 1% La(Cug 5_9.62xMng 5)O03.5 ~ 5-10
activated impregnated each in He 450 °C, + (0,02-0,38x) Pd + x Cug 2
2h +0.01Pdo.38+0.01 "high-Pd-particle-

content"

d

LCMS55 Pdg gg i IM
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Fig. 2. XP spectra of the Pd 3d and Cu 2ps,, region recorded in situ under CO + NO + H»0 atmosphere (0.3 mbar each) at 25 °C and 450 °C for pure LCM55, 0.86 wt
% Pd-doped LCMS55 via the sol-gel route and 0.86 wt% Pd-impregnated LCM55. Experimental data: grey circles; green-shaded fit components: oxidized Pd(IV) or Cu
(ID); red-shaded fit components: oxidized Pd(II); violet-shaded fit components: metallic or alloyed Pd(0)/Cu(0) or Cu(I). Resulting fit envelope: black line. Vertical
dashed lines: BE (a-h) reference values for (a) Cu(II) 2ps,2 934.1 eV, (b) Cu(0) 2ps,2 932.9 eV, (SI, App. C, Fig. S1 and Table S1), (¢) Pd(IV) 3d3,2 343.3 eV, (d) Pd(II)
3ds3/5 341.6 €V, (e) Pd(0) 3ds,» 341.2 eV, (f) PA1V) 3ds,» 337.9 eV, (g) PA(II) 3ds,» 336.3 eV and (h) Pd(0) 3ds,» 335.6 eV [36-39].

in particle size (5-10 nm) and shape to the already reported exsolution
of such entities under dry NO+CO conditions [28]. The bar graph panels
provide a schematic outlook on the influence on the catalytic activity

composition is used synonymously with a "high-Pd-particle-content". No
pure Pd particles were detected after activation. Exsolution of Cu and
CuyPdy particles under humid NO+CO conditions show clear similarities
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based on two factors (i) the addition of water vapor to the reaction
mixture and (ii) the formation of metallic particles via exsolution, both
in detail discussed in Section 3.3. “Reduction of NO by CO under humid
conditions”.

Table 1 summarizes frequently used abbreviations, terms and cata-
lysts properties (e.g. nominal and effective composition, activation
treatment, particle and surface properties).

3.2. Surface-chemical consequences of copper exsolution from LCM55
during the humid NO+CO reaction

To relate the bulk characterization to eventual chemical changes at
the surface, in situ NAP XPS measurements were carried out during
activation in humid NO+CO reaction mixtures. High-resolution scans of
the Pd 3d and Cu 2p3,, regions at selected temperatures of 25 °C and
450 °C in NO + CO + H50 (0.3 mbar each) show clear evidence of the
transformation of the synthesized PA(IV) and Cu(Il) lattice states toward
exsolved Pd(0) and Cu(0) state during the annealing procedure (Fig. 2).
The latter (shown in Panels A-F) support the scenario of reductive
exsolution of metallic/alloyed CuyPdy particles by a clear increase of the
Cu(0/I) contribution (violet-shaded fit, index b) at 450 °C compared to
the amount of Cu(Il) (green-shaded fit, index a). Note, that inclusion of a
component representing Cu(0/1) also in the fits of the respective spectra

at 25 °C is necessary to describe the experimental data. This is plausible
from our previous studies on LCM materials with a high Cu content.
LCMB55 is already at the verge of structural breakdown and even higher
Cu contents inevitably lead to Cu excess and parasitic structures.[28]
We, therefore, cannot exclude a minute contribution of small Cu seeds,
that are invisible in both XRD and the resolution of the TEM used in this
study. Remarkable is the more pronounced increase of the Cu(0/1) peak
in the Pd containing catalysts, hence, Pd is facilitating the reductive
particle exsolution. Residual Cu(II) species recorded in the Cu 2ps3/,
region at 450 °C show the validity of an intact perovskite motif (cf.
Fig. 1). The fitting procedure of the Cu 2p3,5 XP spectra is based on
XP-spectra of Cu(II), Cu(I) and Cu(0) reference substances, the resulting
constrains (e.g., BE, full-width-half-maximum and deviations) are
summarizing in the SI, App. C in Table S1.

The oxidized Pd 3d peaks (Panels F and J, green- and red-shaded)
recorded at 25 °C shifts toward a metallic-like and/or alloyed Pd state
(panel E and I, violet-shaded) at 450 °C. For the Pd-doped LCM55 sol-gel
sample, compared to Pd-impregnated LCM55, this behavior is less pro-
nounced, being consistent with the microscopically shown intact
perovskite motif, still containing oxidized Pd. The binding energy (BE)
of 337.9 eV of the 3ds,/» peak marked with (f) in Fig. 2 is very similar to
the BE found for PdO,, thus, a Pd(IV) valence state can be formally
assigned [36-38]. The 3ds,2 peak marked with (h) at BE of 335.6 eV,
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recorded at 450 °C, can be attributed to Pd(0) [38,39]. Taking into ac-
count the partial reduction of oxidized Pd species, the recorded data was
fitted with a Pd(II) state (red-shaded) at a BE of 336.3 eV marked with
(g) [38]. The respective peak splitting (3ds,2 to 3ds/2) of 5.3 eV is in
very good agreement with literature values for Pd, PdO and PdO, [36,
38,39].

3.3. Reduction of NO by CO under humid conditions

One core aim of this work is to unravel the role of water participating
in the reduction of NO by CO. Figs. 3-5 illustrate the catalytic behavior
of pure LCM55, low-Pd-particle-content LCM55 and high-Pd-particle-
content LCM55 with and without stoichiometric amounts of water
vapor added to the reaction mixture (colored traces correspond to humid
and grey traces to dry reaction conditions; NO:CO:(H20) = 1:1:(1)). A
comparative approach is followed by benchmarking the performance of
the LCM55-based catalysts to reference catalysts with 7.0 wt% Cu and
0.86 wt% Pd on inert silica (Cu/SiO, and Pd/SiO5), indicated by dashed
lines. For the LCM55-based catalysts we further distinguish between the
as-synthesized (A.S.) state equal to freshly prepared catalyst, in which
the Cu(Pd)/LCMS55 interface is in situ evolving upon heating, and the
pre-activated (P.A.) state being equal to a catalyst with an already
generated metal-mixed oxide interface. These catalyst states are from
now on indicated by open circles for the A.S. state and crosses for the P.

A. state, respectively. More precisely, Fig. 3 highlight the consumption
rate of CO and NO, the formation rate of intermediate NoO and the
selectivity toward No. Benefits of Cu-containing catalysts are closely tied
to the ability of decomposing intermediate N2O. Only minor amounts of
N2O are detected as compared to Pd on silica. This effective decompo-
sition of intermediate NoO directly leads to high N, selectivity.

How the catalyst state affects the catalytic performance is discussed
in the following and for the sake of clarity in the context of both dry and
humid reaction conditions. In particular, the performance of LCM55
improves in the onset of activity from the A.S. (bare LCM55 surface,
traces with circles) to the P.A. state (Cu/LCM55 interface, traces with
crosses). Cu on silica is prone to catalytically deactivate upon catalytic
cycling, as proven by ex situ XPS characterization (SI, App. K, Figs. S8
and S9). In contrast, the Cu/LCM55 interface remains active upon
additional catalytic cycles and consequently persists deactivation (SI,
App. L, Fig. S10).

Comparing dry and humid conditions, a drawback of the pure LCM55
catalyst clearly is the delayed onset of catalytic activity combined with
the increase in conversion temperature under humid reaction condi-
tions. Despite this major disadvantage, the pure LCM55 catalyst is still
able to achieve 100% N selectivity, albeit at elevated temperatures
(~500 °C). In contrast, the reference catalysts 0.86 wt% Pd on silica and
7.0 wt% Cu on silica both saturate at 85% Ny-selectivity at 500 °C due to
inefficient decomposition of intermediate N5O. Conclusively, the
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interfacial sites on pure LCM55 developing under in situ conditions are
crucial for high N» selectivity.

The decrease of the CO consumption rate between = 270 °C and
320 °C on the Pd reference catalyst is clearly suppressed under humid
conditions compared to the more pronounced shoulder between
~ 270 °C and 350 °C visible for dry conditions. This saturation in CO
consumption corresponds to the region with a high intermediate N»,O
formation rate and is most likely due to a delayed onset of reaction (2)
by intermediate Pd poisoning by adsorbed CO. As thermal CO desorption
from Pd under dry conditions becomes increasingly fast at around
340 °C [40], the onset of CO desorption leads to an increase of Pd sur-
face adsorption sites for N2O followed by a strongly accelerated N»O
decomposition above this temperature. Under humid conditions, this
behavior is obviously enhanced, which is already known for Pd on inert
supports [41]. The associated performance of the reference catalyst Pd
on silica is illustrated in the SI, App. M, Fig. S11.

To overcome the limitations of the pure LCM55 catalyst (and, in
consequence, the Cu/LCM interface forming under in situ conditions),
Fig. 4 illustrates the role and benefit of the incorporation of Pd into the
LCM55 catalyst on the consumption of CO and NO, as well as on the
intermediate NoO chemistry and Ny selectivity. The profiles for the
reference catalyst 0.86 wt% Pd on silica under humid conditions remain
the same as in Fig. 3.

The major take-away message from Fig. 4 is that the Pd-enriched

LCM55 sample with a low-Pd-particle-content exhibits a superior ac-
tivity and selectivity performance with respect to pure LCM55, which
apparently is not affected by the addition of stoichiometric amounts of
steam. The catalytic behavior under humid conditions matches the dry
conditions. We observe a weak promoting effect of water on the catalytic
performance of the P.A. sample (i.e., Cug94+0.01Pd0.06+0.01/LCM55
interface), interpreted as a water-assisted reaction enhancement re-
ported for Pd/perovskite interfaces, [42] similar to the Pd/Al;O3 study
[41] in terms of adsorbate chemistry.

To study the catalytic effect of a higher Pd particle-content, Fig. 5
provides an insight into the nature of the PdOy/LCM55 interface and
how it evolves by alloying with exsolved Cu (i.e., by formation of a
Cug 62+0.01Pdo.38+0.01/LCM55 interface) and consequently, impact the
overall catalytic performance. By comparing the dry and humid reaction
profiles, a minor impact of water can be extracted (i.e., the light red
trace is shifted to lower temperatures compared to the grey trace in
Fig. 5). The promoting aspect of water vapor in the lower temperature
region can be derived from the catalytic data of the reference catalyst Pd
onsilica (SI, App. M, Fig. S11). Fig. S11 shows a higher CO consumption
rate under humid, compared to dry conditions. In agreement with the
literature Pd is poisoned by dry CO in the low temperature regime, water
vapor disturb the CO blocking layer by competitively absorption and
enhance the CO lift-off reaction [40,41]. Via this pathway the NO
adsorption is enhanced, and CO consumption rate profiles are increased
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Fig. 6. Cu 2p3,, XP spectra recorded in situ under humid CO + NO + H;0 atmosphere (0.3 mbar each) for 8 isothermal temperature steps between 25 °C and 450 °C
for pure LCM55 (left panel), 0.86 wt% Pd-doped LCM55 (center panel) and Pd-impregnated LCM55 (right panel). Experimental data: gray circles; colored fits
components: green shaded Cu(Il) and violet shaded Cu(0/1); vertical dashed lines: BE reference values for Cu(Il) 934.1 eV and Cu(0/1) 932.9 eV see SI, App. C, Fig. S1
and Table S1; fit envelope: black line. On the right side of each panel, the La 3ds »-normalized integral intensity of Cu(0/I) (violet line with dots, determined from the
color shaded peak fittings) is directly compared to the formation rate of intermediate N,O (solid blue line with circles), as taken from the catalytic measurements.

compared to dry conditions. A similar behavior of Pd in the impregnated
LCM55 sample explain the promoted catalytic performance under
humid conditions.

However, the catalytic performance of the A.S. state (trace with open
circles) compared to the P.A. state (trace with crosses) shows major
differences in terms of CO and NO consumption, as well as N»O for-
mation. Starting from the A.S. state, i.e. pure Pd particles on LCM55, a
highly active catalyst consumes CO and NO already below ~ 180 °C to a
large extent. The proof that the mixed-metal-oxide interface is respon-
sible for the catalytic benefit can easily be derived by comparing the
traces with those of the 0.86 wt% Pd on silica reference catalyst. In
addition, the PdOx/LCM55 interface forms intermediate NoO at equal
maximum rate (1.5:10°° mol s™! g’l). This evidences that the partial
NO reduction reaction toward N3O is triggered by Pd and explains the
pronounced NO saturation. However, less NoO is produced at higher
temperatures compared to Pd on silica, yielding a N3 selectivity of 97%
at 300 °C and 100% from 450 °C upwards. After pre-activation of the
high-Pd-particle-content LCM55 catalyst ending in a final Cugg2
10.01Pdo.38+0.01/LCM55 interface, the performance in CO and NO con-
sumption drops to almost the same level as the low-Pd-particle-content

LCM55 catalyst. This indicates the presence of structurally and/or
chemically similar interfacial sites. However, the NoO chemistry is
drastically improved by pushing the N, selectivity toward 100% already
at 280 °C, therefore showing the huge benefit of the presence of Cu.

To determine the respective activation energy (E,) and the pre-
exponential factor, kinetic studies based on the CO and NO consump-
tion rate profiles of the LCM catalysts under humid conditions were
carried out. In addition, a particle coverage estimation based on an
attenuated overlayer model utilizing NAP-XPS data was established to
semi-quantitatively compare reaction kinetics with active sites. In brief,
the activation energy drops from pure LCM55 to Pd-impregnated LCM55
from ~65kJ to ~57 kJ, indicating that the Cu,Pdy/LCM55 interface
lowers the activation barrier from pure Cu to CuPd alloys (Cug.94Pdo.06
for Pd-doped LCM55 and CugezPdg 3g for Pd-impregnated LCMS55).
Keeping a constant pre-exponential factor is based on the assumption of
comparable phase boundary dimensions on all catalysts and agrees with
the estimated Cu-covered surface fraction being in a similar range for all
LCM55-based catalysts. For details, we refer to the SI, App. F, Fig. S4 and
Tables S3 and S4.

Based on the discussed formation and catalytic properties of different
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Cux(Pdy)/perovskite interfaces in humid NO + CO reactions and the
advantages and drawbacks of exsolving Cu particles, the question now
arises, how these interfaces behave under more realistic conditions and
in parasitic side reactions of the de-NOy reaction network.

3.4. Influence of copper exsolution on the N2O chemistry

In terms of investigating how exsolved Cu affects the NoO chemistry
we monitored the chemical surface state of Cu in situ via NAP-XPS. Due
to the decreased experimental pressure regime, a suppressed nucleation
of Cu particle seeds and, therefore, a temperature-delayed particle
growth cannot be excluded. The applied temperature and atmosphere
mimic the catalytic measurements and cover both dry and humid con-
ditions with NO + CO + (H0) (0.3 mbar each). For the measurements
under dry conditions we refer to the SI, App. N, Fig. 512, still Fig. S12 is
discussed comparatively to Fig. 6 in the following. Both Figs. 6 and S12
validate the redox state and growth of Cu in pure LCM55, 0.86 wt% Pd-
doped LCM55 and 0.86 wt% Pd-impregnated LCM55 depending on the
gas mixture and temperature. The recorded XP spectra are waterfall-
plotted to compare effects originating from the stepwise increased
temperature. In addition, Figs. 6 and S12 are matching the NAP-XPS
data to the catalytically recorded N5O formation rate.

As the La content is the same in all samples, fitting of the Cu 2ps,2
region with 2 components representing Cu(II) and Cu(0/I) and
normalization of the respective integral intensities to the La 3ds/» peak
area allows to quantify both the relative and total surface-near contri-
butions of those two distinguishable Cu oxidation states. For details
concerning the normalization procedure and precise values see SI, App.
O, Tables S7 and S8.

By comparing the Cu(0/I)/La ratio (violet trace) of pure LCM55
under dry and humid conditions (left panel in Fig. 6 and left panel in
Fig. S12), a major increase of the ratio was detected between 150 °C and
200 °C (1.4-3.1) in the dry NO + CO mixture, followed by a growth in
the Cu(0/I) contribution at higher temperatures. The evolved Cu/
LCMS55 interface effectively decomposes intermediate N»O, originating
from the partial reduction of NO (compare grey and dark blue N,O-
traces for dry and humid conditions respectively (Fig. 3).

The situation under humid conditions changes in a way that the
major increase in the Cu(0/I)/La ratio is shifted to the temperature step
between 200 °C and 250 °C. As soon as sufficiently enough Cu/LCM55
interface (e.g., more than a Cu(0/I)/La ratio of 2.5 indicated by the
dashed vertical line in Fig. 6) is present, the decomposition of inter-
mediate N,O starts to become increasingly fast. Between 300 °C and
350 °C we observe a decrease in the Cu(0/I) contribution, interpreted as
intermediate oxidation of Cu(0/I) to Cu(II) due to the presence of water
in the reaction mixture. However, above 350 °C the Cu(0/I)/La ratio
increases again, exceeds the critical level of 2.5 at 400 °C and directly
triggers the further reduction of N3O toward Nj. This intermediate
oxidation of Cu(0/I) species under humid conditions shows a drawback
of Cu and results in an overall deterioration of the catalytic activity and
selectivity (c.f. Fig. 3).

By modifying the Cu/LCM55 interface toward a more noble char-
acter through alloying Cu with Pd, the water-based oxidation of the
Cug.94+0.01Pdo.06+0.01 particles can be largely suppressed (center panel
in Fig. 6). Consequently, the overall activity (c.f. Fig. 4), the N,O
decomposition (Fig. 6), and therefore, the Na-selectivity can be
increased in the low-Pd-particle-content LCM55 catalyst under humid
conditions. By increasing the surface availability of Pd and thus, the Pd
content in the Cug e2+0.01Pdo.38+0.01 particles (i.e., via Pd-impregnation
and subsequent Cu exsolution), the stability vs. oxidative degradation
can be further improved. Consequently, the visible shoulder in the NoO
trace of low-Pd-particle-content LCM55 at 300 °C (Fig. 6 center panel
and Fig. 4) vanishes in the N5O trace of high-Pd-particle-content LCM55
(Fig. 6 right panel and Fig. 5). Therefore, 100% Nj-selectivity can be
achieved at ~ 280 °C and a clear structure-reactivity relationship was
established.
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Fig. 7. Consumption rate and formation profiles of the averaged rates of CO/
H20 (crosses) and H,/CO, (circles) respectively, as derived from online MS
measurements. The profiles illustrate the catalytic performances of pre-
activated (P.A.) states of LCM55 (dark blue), 0.86 wt% Pd-doped LCM55
(light blue), 0.86 wt% Pd-impregnated LCM55 (light red), 0.86 wt% Pd/SiO,
(violet) and 7.0 wt% Cu/SiO (green). The effective rate of the throretical
equilibrium is shown with black markers. GHSV = 9.6-10% h™™.

In terms of oxygen vacancies, EDX analysis (SI, App. I, Fig. S6) shows
that the amount of Cu(Il) in the perovskite lattice is decreased in the
near region of the exsolved particle, but still remaining Cu(Il) is present
in this region, which allows to anticipate a certain vacancy concentra-
tion. This argumentation is supported by the catalytic data of the
reference Cu on silica compared to LCM55 in the pre-activated state
(Fig. 3). Both catalysts exhibit a Cu/support interface, but they differ in
the oxygen vacancy concentration of the support. For this reason, the
LCM55 catalyst show higher consumption rates from 200 °C onward.
Both light-off curves show no significant consumption of CO or NO up to
200 °C, a possible explanation for this behavior can be extracted from
the in situ NAP XPS data (Fig. 6), indicating an oxidized and conse-
quently inactive Cu(Il) state up to 200 °C. A possible oxygen-vacancy-
quenching of water vapor up to 500 °C is expected to be neglectable
as highly oxidizing agents (e.g. ozone) are needed to facilitate this
pathway [43].

3.5. Water-gas shift activity

CO and HyO0 in excess stoichiometry are the main contributors in
more applied exhaust gas mixtures. To understand catalytic effects
originating from the direct reaction of those [44], the water-gas shift
activity was accordingly investigated (Fig. 7). As the educts (CO and
H50) and products (CO5 and Hy) show the same conversion trend, the
respective signals were combined and averaged. As soon as a sufficient
temperature is reached, the mixture (1% CO and 1% H3O in He) ap-
proaches the theoretical WGS equilibrium profile, indicated with black
markers in Fig. 7. From thermodynamics, equal contributions of CO2/H,
and CO/H,0 are expected at 815 °C [20]. The data obtained on the
reference catalyst Cu on inert silica (green traces) agree with the
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reported observation of weak activity of wet-impregnated Cu/SiOy
catalysts with comparably low Cu-loadings [45].

By comparing the trend of Cu/SiO; with the ones of the LCM55-
based catalysts the lower onset of the conversion temperature by
introducing an oxygen-deficient perovskite is remarkable. In addition,
the traces of all LCM55-based catalysts differ from those of the Pd/SiO»
by ~ 200 °C. The further addition of Pd to LCM55 (low-Pd-particle-
content, light blue trace) did not have any effect on the catalytic activity,
whereas if the perovskite has a higher-Pd-particle-content, the activity is
further enhanced. This indicates that the enrichment of nanoparticular
Cu by alloying with more surface-abundant Pd (i.e., via impregnation) is
beneficial for the overall catalyst performance. Consequently, the M/
LCM55 interface (M = Cu or Cug.94+0.01Pdo.06+0.01) Shows notable WGS
activity at ~ 250 °C according to the formation of CO, and Hj, whereas
the Cug.g210.01Pdo.38+0.00/LCM55 interface starts to form products
already at =~ 200 °C.

3.6. Effect of the excess of water vapor and CO

To investigate how CO and Hy0 vapor excess affect the consumption
of NO and to prove the role of Hy evolving via the WGS route, we per-
formed a catalytic experiment in excess CO and H20 (0.25% NO, 1.25%
CO and 1% H,0 in He (NO:CO:H20 = 1:5:4)). Fig. 8 shows the catalytic
results in terms of educt and product progress of the LCM55-based pre-
activated (P.A.) catalysts with and without Pd addition. By comparing
the LCM55-based catalysts we point out that, at first NO is fully

100 200 300 400 500100 200 300 400 50
Temperature / °C

consumed by CO with an increase in onset-temperature, but the reduc-
tion of NO covers the full range of nitrogen oxidation states down to
NH;s. This indicates the participation of activated water to the overall
reduction reaction. Before NH3 evolves to a major extent (formation rate
saturation between 121077 mol s~ g™! and 14107 mols™ g™1), a
minor amount of N5O is formed (formation rate of ~1 .10 mol s ! g’l).
As the NH3 formation rate does not fully cover the consumption rate of
NO, we assume a minor contribution of N5. The behavior of Cu/SiO, is
similar to that of LCM55, although the consumption of NO and CO is
slightly delayed in temperature and the NH3 formation remained at a
formation rate of ~9-1077 mols™' g~!. This indicates that Cu is
responsible for the main activity and the interface to LCM55 enhances
the performance to some extent. Pd-addition to LCM55 further increases
the activity at lower temperatures. Pd on silica shows an intermediate
full consumption of NO toward N3O. However, the formation rate of
NHj3 is the lowest of all investigated catalysts, indicating that Pd on silica
has in comparison the lowest water activation capability. The excess of
CO and H3O decreases the NO onset temperature of all LCM55-based
catalysts by =~ 50 °C, most prominently for pure LCM55. In conse-
quence, a higher CO partial pressure increases the gas-phase reduction
potential, causing an effective metal-mixed-oxide surface regeneration
route by reaction of O,qs species (e.g., from NO dissociation) with CO.
Low-temperature water-activation, however, results in a surface avail-
ability of Hags coherent with the low-temperature formation of NHs.
With respect to the CO rate profiles, all LCM55-based catalysts follow
more or less the theoretical WGS pathway at higher temperatures.
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3.7. CO oxidation activity

To test if the LCM55-based catalysts in their pre-activated state
trigger a low-temperature CO oxidation reaction prior to a notable WGS
reaction, we performed catalytic experiments in a CO + Og reaction
mixture (Fig. 9). As Cu/SiO; is suffering from oxidative deactivation, a
weak performance was expected [46]. Instead, the Pd/SiO5 catalyst
shows an onset at ~ 175 °C consistent with literature [47]. We observe a
low-temperature consumption of CO and O, on all LCM55 catalysts,
which we assign to the beneficial effect of the mixed-metal oxide
interface in the P.A. state. As all catalytic measurements were performed
under the same catalyst quantity and GHSV, full conversion tempera-
tures can be compared to each other. The temperature of 100% con-
sumption of the CO:0, mixture 2:1 (1% CO and 0.5% O, in He) was
detected between 150-175 °C and therefore, at 25 °C lower than the
onset of the WGS reaction at least with respect to the
high-Pd-particle-content LCM55 catalyst. A decrease in the temperature
of full conversion from pure LCM55 (dark blue trace, Cu/LCM55 inter-
face) over low-Pd-particle-content LCM55 (light blue trace, Cugo4
10.01Pd0.06+0.01/LCM55 interface) toward high-Pd-particle-content
LCM55 (light red trace, Cug g2+0.01Pdo.38+0.01/LCM55 interface) was
detected. This behavior can be interpreted as a shift towards the
behavior of pure Pd particles suffering from increased CO poisoning in
the studied temperature regime.

3.8. Effect of the addition of Oy to reach quantitative N3 selectivity

As the LCM55 catalysts trigger the oxidation of CO at lower tem-
peratures than the WGS reaction, we aim on a proof combining applied
de-NOx reaction conditions (excess of CO and steam) with the addition
of O3 to reach quantitative Ny selectivity (Fig. 10). Catalytic experiments
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were performed using a mixture of NO: CO: HyO: Oy =1: 5: 4: 2.
Assuming that one CO molecule reacts with NO, the amount of O, added
corresponds to the half-equimolar amount of CO. This approach should
clarify, whether the catalysts can selectively form Ny and CO; under
more realistic conditions, i.e., if NO fully reacts with CO (Reaction 1)
and the excess CO reacts either via the WGS pathway (Reaction 3) or is
oxidized by O, toward CO» (Reaction 4).

In particular, neither NHg, being a strong indicator for the WGS route
(cf. Fig. 8), nor NO,, originating form NO oxidation was detected,
indicating high Ny selectivity. In terms of the CO consumption rate
profiles, the general catalyst performance (except Cu/SiO3) can be
interpreted as CO oxidation reaction followed by the reduction of NO by
CO. Validation for this interpretation is given by the match of the NO
onset temperature with the visible kink in the CO traces. In addition, the
proportions of CO, NO and O3 in the mixture illustrated by the con-
sumption rates of CO and NO corroborate this argumentation. By
increasing the temperature, firstly ~ 60-10~7 mol s™* g~* of CO were
consumed by O3 (no change in the water level was detected during the
experiment), followed by a consumption of ~ 17-10~" mol s~ g ! of CO
(equimolar to NO) and, therefore, full CO conversion. However, the CO
oxidation reaction on Pd-doped 0.86 wt% LCM55 and pure LCM55
(light and dark blue traces respectively) are delayed by =~ 70 °C to
~ 120 °C in temperature compared to Fig. 9. This decrease in activity
under more oxidizing conditions implies a structural change of the
reactive interface upon oxidation. This is supported by experiments on
the more oxidation-stable Pd/SiO, (violet dashed trace) and high-Pd-
particle-content LCM55 (light red trace, Cug ¢2+0.01Pdo.38+0.01/LCM55
interface) catalysts, as they do not show any shift in the CO oxidation
temperature. By comparing the traces of pure LCM55 with Cu/SiO;
(green dashed trace), the influence of the interface is evident.

The NO consumption rate of pure LCM55 (dark blue trace) shows a
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separation of the partial reduction of NO (Reaction 2) from the reduction
toward Ny (Reaction 1). The first peak at ~ 280 °C directly corresponds
to full conversion of NO into N,O (i.e., Reaction 2, conversion of
~3-1077 mols™! g7! of NO into ~1.5:1077 mols™! g7! of N0).
Although this behavior is not visible in the low-Pd-particle-content
LCM55 NO consumption rate profile (light blue), the NyO formation
onset (~280 °C) is consistent with pure LCM55. In contrast, the onset
temperature of NO evolution of the high-Pd-particle-content LCM55 is
shifted by ~ 100 °C to lower temperatures (180 °C) and resembles that
of Pd/SiO, (200 °C). In addition, the N,O formation rate of the Cu-
containing LCM-based catalysts is much less compared to the Pd on
silica reference, implying a direct consequence of surface abundant Cu.
The Cug.2+0.01Pdo.38+0.01/LCM55 interface (light red trace) combines
these two aspects by subsequently triggering 100% Ns-selectivity below
300 °C. How this optimum point in activity and selectivity of Pd-
impregnated LCM55 catalysts evolve over time was further proven by
a long-term durability test for 72 h (see SI, App. P, Fig. S13). No loss in
activity was observed under the isothermal conditions at 295 °C for
72 h.

4. Conclusions

As a bifunctionally operating catalyst surface/interface acting on
each reaction of the de-NOy reaction network essentially contributes to
obtain high activity and selectivity, we have discussed the advantages
and drawbacks of exploiting Cu in realistic de-NOy reaction mixtures.

Both the advantages and drawbacks of Cu are strongly connected to its
surface state, which is consequently affected by the applied reaction
conditions.

In contrast to dry conditions, where metallic Cu is prone to decom-
pose N2O effectively below 350 °C (enhancing the N»-selectivity), the Cu
surface remains mainly oxidized under humid conditions, shifting the
N2O decomposition to a higher temperature regime above 500 °C,
thereby decreasing the Nj selectivity (c.f. Fig. 3). By alloying with more
noble elements like Pd, the surface state of Cu can be prevented from
oxidation even in the presence of water or oxygen, retaining the N,O
chemistry related to the presence of metalic Cu.

In essence, the catalytic behavior in the WGS reaction, CO oxidation
and NO reduction reaction under the studied humid conditions is
essentially independent of the Pd content. However, under highly
oxidizing conditions in the presence of O, only the Pd-enriched Cug g2
+0.01Pdo.38+0.01/LCM55 interface unfolds its beneficial stability and N,O
chemistry.

This indicates that the oxidation-prone character of Cu can be
compensated by alloying with metals with a relatively more noble
character. Most importantly, the adjusted CuyPdy composition only
shows its beneficial performance in contact to an appropriate oxygen
deficient perovskite, in combination yielding a strong competitor to
commercial oxide-supported catalysts. We have shown how the com-
bined concept of impregnation with a noble metal and exsolution of Cu
yields a reactive Cux(Pdy)/perovskite interface, which allows to over-
come the discussed limitations of Cu under realistic de-NOy conditions.
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The proof-of-principle provides a first step towards the economization of
noble metals by careful adjustment of the noble metal content at the
surface in future works.
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