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A B S T R A C T   

Adjusting the defect level during synthesis of A- and B-site deficient lanthanum iron manganite (LFM) perovskites 
shows that non-stoichiometry can beneficially influence the catalytic reactivity to N2 in the reduction of NO by 
CO on noble metal-free LFM-based perovskites. Optimal steering of La deficiency and the associated redox 
chemistry to reduce the near-surface regions during catalytic operation at low temperatures is the key factor. 
Surface enrichment by reducible B site cations and a proper design of structural defects resulting from the op
timum introduction of La defects exclusively cause in-situ reduction of surface-near regions by CO oxidation, as 
well as formation of oxygen vacancies for enhanced NO and N2O reactivity. Excess doping with defects causes 
structural instability and continuous supply of oxygen from the catalyst bulk to the surface at elevated tem
peratures. Introduction of B site vacancies leads to surface enrichment by non-reducible lanthanum cations, 
causing suppressed catalyst activity undercutting even stoichiometric LFM.   

1. Introduction 

The outlet exhaust stream of motor vehicles with hydrocarbon-based 
fuels consists of varied compositions of NOx, CO, as well as unburned 
hydrocarbons, and is extremely harmful to both environment and 
human life [1–4]. Reduction of NO by CO is an important reaction in 
three-way catalysis (TWC), as it predominantly contributes to the 
removal of nitrogen oxides [5–8]. TWCs typically contain Pt, Pd (for 
oxidation of CO and hydrocarbons), as well as Rh (for the reductive 
conversion of NOx) - due to economic reasons, alternative catalyst ma
terials with reduced noble metal content are highly requested [7,9]. 

Materials that have been shown to be capable of replacing noble 
metals in such reactions are perovskites. Oxides with perovskite struc
ture (with the general formula ABO3) have important applications in 
many research areas, especially heterogeneous catalysis, electro
catalysis, photocatalysis, and as energy storage materials. The unique 
ability of these structures to incorporate a variety of polyvalent metal 

ions is the most important aspect from a structural and chemical point of 
view [10]. Variation in the metal oxidation state and a considerable 
tolerance in the anionic sub-lattice vacancies under different atmo
spheres, upon aliovalent substitution or under non-stoichiometric syn
thesis conditions, impacts the electronic and catalytic properties of the 
perovskites [10–12]. As a consequence, the knowledge-based design and 
modification of these materials can be implemented by tuning the defect 
chemistry [13]. The latter is directly related to the stoichiometry of the 
materials and, as such, to the oxidation states of the transition metal 
cations [14]. Clarifying the relationship between the stoichiometry and 
chemistry steered by the synthesis conditions and the resulting defect 
chemistry of the perovskite materials is of high interest as the catalytic 
activity of these materials can be governed for different applications. 
Among (non-) stoichiometric perovskites with different compositions 
and applications, LaNi0⋅5Ti0⋅5O3 [15], La2-xCoTiO6-δ [10], LaxMnO3 
[16], LaMn0⋅9O3 [17], La0⋅7MnO3-δ [18] and La1-xFeyMn1-yO3 [12] 
attracted considerable interest. Compared to the parent stoichiometric 
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LaMnO3 perovskite, the nonstoichiometric counterparts exhibit specific 
beneficial structural and electronic properties, such as a change in 
Mn4+/Mn3+ ratio [19], active oxygen mobility [17] and ionic vacancy 
defect concentration [20,21]. 

For the NO reduction by CO, La-based perovskites were frequently 
used in previous research [2,7,22–28]. Ferrite and manganite-based 
perovskites serve as important model perovskites in this respect, as 
they allow to study the effect of the redox couples Mn4+/Mn3+ and 
Fe4+/Fe3+ on NO reactivity, and especially iron-containing perovskites 
show high thermal stability and catalyst lifetime [12,29]. Wu et al. 
recently provided a detailed overview of the importance of ferrite- and 
manganite-based perovskites in deNOx applications and, in due course, 
also reported an improved performance of La0⋅7Fe0⋅8Mn0⋅2O3-x materials 
under automotive three-way conditions, governed by the coupling of the 
Mn3+/Mn4+ ratio to A-site La deficiency [12]. Despite the highlighted 
importance of the defects, it also features the still missing in situ char
acterization and does not take into account the defect chemistry changes 
directly under operational conditions. An important aspect of our work 
is, therefore, to show that despite the possibility of synthesizing defec
tive LaxFe0.7Mn0⋅3O3-δ - based perovskites, they are prone to suffer from 
different bulk structural and surface-chemical changes (i.e., exsolution 
of iron and manganese as a function of the degree of non-stoichiometry) 
during catalytic operation of the reduction of NO by CO. The reduction 
of NO by CO is especially suited for this purpose: it is a redox reaction, 
and the reaction mechanism is reported to be mediated by oxygen va
cancies in metal oxides following the Mars-van Krevelen mechanism [8, 
30]. The created oxygen vacancies facilitate NO (and N2O) reduction 
following CO oxidation to CO2, and replenishment with O atoms 
resulting from NO dissociation closes the reaction cycle. As 
non-stoichiometric materials are known to more easily release lattice 
oxygen, thus, becoming more active than their stoichiometric counter
parts [17], we expect that the introduction of defects into selected 
manganite-based perovskite structures and their reactivity have a 
beneficial impact on the activity and selectivity in the NO + CO reaction. 
The latter is especially important, as intermediary-formed N2O is a 300 
times more powerful greenhouse gas than CO2, causing ozone depletion, 
acid rain formation and photochemical smog [31]. In our previous work, 
we have already shown that oxygen vacancies in LFM-based perovskites 
are active for the decomposition of N2O [2]. In a similar line of argu
mentation, Cho et al. reported that oxygen vacancies work as catalyti
cally active sites for N2O adsorption and decomposition [32]. 

The present work focuses on a comparative approach of assessing the 
NO + CO reactivity of different A- and B-site deficient perovskite ma
terials (LaxFe0.7Mn0⋅3O3, x = 0.85 and 0.70; La(Fe0⋅7Mn0.3)yO3, y =
0.85) derived from the parent LaMnO3 perovskite structure, which has 
already been shown to be a promising material for the catalytic reduc
tion of NO by CO [2,12,33]. Steering of the defect chemistry eventually 
allows us to improve the catalytic activity and N2 selectivity and identify 
beneficial and detrimental parameters for activity/selectivity steering. 
The main goal of this work is the experimental proof of actively and 
beneficially manipulating the oxidation state of the B site cations, the 
correlated concentration of defects at the A site and the associated ox
ygen content of perovskites for improving the activity of NO reduction 
by CO. An important aspect of this work is the economization of the 
noble metals usually present in perovskite materials for deNOx appli
cations. As we have evidenced for similar Cu- and Pd-containing pe
rovskites in the NO + CO reaction, manipulating the composition of the 
perovskites allows for steering of the (noble) metal-perovskite interface 
and, in due course, to economize the use of the noble metal [2,26,28]. In 
a similar line of argumentation, we now strive to assess the possibility to 
completely compensate the use of a noble metal by La deficiency 
steering in terms of NO activity and N2 selectivity. A guiding principle of 
our work in this respect is the authoritative use of in situ structural and 
chemical characterization tools, such as in situ X-ray diffraction and in 
situ X-ray photoelectron spectroscopy, to combine bulk and 
surface-limited information to obtain a complete picture of catalytic 

action and mechanistic details. 

2. Experimental 

2.1. Preparation of the materials 

A sol-gel synthesis approach using the metal nitrate precursor ma
terials (La(NO3)3⋅6H2O, Mn(NO3)2⋅4H2O and Fe(NO3)3⋅9H2O was fol
lowed for the preparation of the stoichiometric and non-stoichiometric 
lanthanum iron manganite (LFM) samples. Details of the synthesis 
routine are outlined in Ref. [2]. A final calcination step for 5 h at 700 ◦C 
yielded the starting materials, which were characterized by ex-situ XRD 
to verify successful synthesis. Table 1 gives an overview of the nominal 
compositions and the acronyms used. We will use the term “stoichio
metric” from now on for the reference LFM catalyst, although ICP 
analysis reveals a slight deviation from the ideal LaMnO3 stoichiometry 
to set LFM apart from the samples with deliberate and controlled 
non-stoichiometry. 

2.2. Chemical and structural characterization 

Elemental analyses for lanthanum (La), iron (Fe) and manganese 
(Mn) were performed with inductively coupled plasma optical emission 
spectroscopy (ICP-OES) by using a Horiba Scientific ICP Ultima 2 
(Horiba, Kyoto, Japan). Prior to analysis, powder samples were digested 
in an aqueous suspension of HNO3 and HF acid mixture at 200 ◦C for 5 h 
in a Teflon-lined autoclave. 

BET-based specific surface areas were measured by means of nitro
gen sorption, using a Quanta- Chrome Nova 2000e surface and pore size 
analyzer and liquid N2 as adsorbent. Before testing, the samples were 
degassed at 270 ◦C in vacuo for 1 h. 

Ex-situ X-ray diffraction data were collected using a STOE STADI X- 
ray powder diffractometer in transmission geometry and Mo Kα1 radi
ation (λ = 0.7093 Å) using a focusing Ge(111) primary beam mono
chromator, as well as a MYTHEN 1 K linear position-sensitive detector 
system. Structure analysis was performed based on the references from 
the Crystallography Open Database (COD) using the FULLPROF soft
ware tool. 

In situ synchrotron X-ray diffraction experiments have been con
ducted in NO + CO mixtures at the beamline 12.2.2, Advanced Light 
Source (ALS) at Berkeley National Laboratory. The diffraction patterns 
were measured in angle-dispersive transmission mode with a focused 25 
keV monochromatic beam (λ = 0.4984 Å/30 μm spot size). The powders 
were heated in a 0.7 mm outer diameter quartz capillary under quasi- 
flowing conditions (hydrogen, oxygen or dry and humid NO + CO =
1:1 reaction mixtures). The gases were injected through a 0.5 mm outer 
diameter tungsten tube. Heating was performed using a SiC furnace with 
an infrared light source up to 700 ◦C at a rate of 10 ◦C min− 1. The XRD 
patterns were recorded by a PerkinElmer flat panel detector (XRD 1621, 
dark image, and strain correction) [34,35]. Rietveld refinement was 
performed using the FULLPROF program [36]. The profile function 7 
(Thompson–Cox–Hastings pseudo-Voigt convoluted with axial diver
gence asymmetry function) was used in all refinements. The resolution 
function of the diffractometers was obtained from the structure refine
ment of a LaB6 standard. 

For the stoichiometric LFM catalyst, X-ray powder diffraction pat
terns at elevated temperatures were recorded using a Rigaku SmartLab- 
3kW instrument in parallel beam setting and reflection mode (Cu-Kα, λ 
= 1.5406 Å) using a HyPix3000 detector (Rigaku, Tokyo, Japan). The 
ground sample was placed on a quartz-sample holder for use in a Rigaku 
Reactor-X high-temperature reaction chamber used for heating. The 
XRD patterns were recorded in a range of 2θ 10◦–90◦ with a step width 
of 0.01◦. The temperature was increased by 10 ◦C min− 1 and held for 1 
min before each measurement. XRD patterns were recorded in 50 ◦C 
steps up to 700 ◦C, with a measurement in the end at 25 ◦C after re- 
cooling. 

A. Mohammadi et al.                                                                                                                                                                                                                          



Materials Today Chemistry 35 (2024) 101910

3

2.3. Volumetric adsorption techniques 

An all-quartz tubular reactor (volume 34.5 mL) was used for 
temperature-programmed reduction and oxidation measurements 
(flowing O2 treatment, H2-TPR, O2-TPO). In each experimental 
sequence, a defined amount of about 50 mg of the powder sample was 
fixed by quartz wool in the reactor in a chemically inert environment. 
Catalysts are pretreated in flowing dry O2 for 1 h at 700 ◦C and subse
quently cooled down in O2 atmosphere. In order to desorb surface- and 
physically-adsorbed oxygen, samples are evacuated up to a defined base 
pressure of 10− 6 mbar. During the temperature-programmed hydrogen 
reduction (H2-TPR) and also O2-TPO, a defined (ca. 490 mbar) amount 
of pre-dried H2 (or O2) (using liquid N2 cooling trap and its mixture with 
ethanol for O2) was expanded from a separately calibrated volume into 
the entire reactor volume. After equilibration of the final reactor pres
sure, the temperature program was started to measure the H2 (or O2) 
uptake up to 700 ◦C. The temperature program included a heating phase 
from RT to 700 ◦C at a rate of 10 ◦C min− 1, followed by an isothermal 
period at 700 ◦C for 10 min, and finally, a cooling process to room 
temperature (rate 10 ◦C min− 1). Moisture produced from the sample 
during H2-TPR was removed using a degassed zeolite as water trap 
installed outside of the heated reaction zone (i.e., sample and zeolite can 
be heated separately). A Linn High-Term tube furnace was used for 
heating the sample. The temperature is measured by a Ni/NiCr ther
mocouple placed near the sample. The pressure in the reactor system 
was measured using a differential Baratron® pressure transducer (MKS 
Instruments). Based on the H2 (or O2) pressure drop in the reactor sys
tem during the temperature program, the H2 uptake could be calculated 
at each temperature based on the initially introduced H2 molar amount 
and the ideal gas law. The effective volume of the reactor tube was 
determined using inert gas (He) calibration. The detailed procedure is 
described in Ref. [2]. 

2.4. Surface-chemical characterization using X-ray photoelectron 
spectroscopy 

To elucidate the sample’s surface electronic structure in situ, ex
periments in a customized commercial UHV system for NAP-XPS ap
plications (SPECS GmbH) were carried out. The UHV chamber is 
comprised of a μFOCUS 600 NAP monochromatic small spot (100 × 300 
μm2) Al Kα X-ray source, a hemispherical energy analyzer (PHOBIOS 
150 NAP) in a vertical configuration, and a μ-metal analyzing chamber, 
which shields the system from external magnetic fields. The differen
tially pumped energy analyzer allows backfilling of the analysis cham
ber to pressures up to 30 mbar with different gases and gas mixtures (e. 
g., NO + CO) via mass flow controllers (Bronkhorst). To investigate the 
powdered samples, a pressed pellet covering a stainless steel grid as a 
stabilizer is fixed on a sample holder by mounting the pellet via a front 
plate. An IR laser (IPG PHOTONICS, 100 W max. power) is attached to 
the bottom side of the analyzing chamber and allows us to heat the 
samples from the back side via an 8 mm hole in the sample holder. The 
temperature is controlled by a K-type thermocouple fixed on the stain
less steel grid inside the pellet. During all experiments, an atmosphere 
consisting of NO and CO in a ratio 1:1 was utilized. CO (from Messer) 
and NO (from Linde) were used in purities of 4.7 and 2.5, respectively. 
The exited photoelectrons were collected by a 300 μm nozzle directly 
from the sample’s frontside surface via an 8 mm opening in the front 

plate. Due to pressures in the mbar regime, the X-ray ionized gas region 
between the nozzle and the sample compensates charging, thus, a core- 
level shift can be neglected even on poorly conducting samples. The X- 
ray source power was set to 70 W and 13 kV, and all spectra were 
recorded under the exactly same conditions, especially regarding the 
pass energy settings (50 eV). Charging effects were accounted for by 
calibration of the binding energies to the C–C component of the C 1s 
peak (adventitious carbon) at 284.8 eV. Evaluation of the data was 
performed using the CasaXPS software. For calculation of the surface ion 
concentration, relative sensitivity factor (RSF) and electron mean free 
path corrections have been applied. The following relative sensitivity 
factors values (from the CasaXPS software) have been used: La 3d 47.6, 
Mn 2p 13.9, Fe 2p 16.4 and O 1s 2.93. A pass energy of 50 eV was used 
for all experiments. 

During peak fitting of each spectrum, the lowest number of physico- 
chemically meaningful peaks in the fitting process, reproducing the 
experimental data, was applied. A Shirley-type background was used for 
baseline correction. The fitting of the Fe 2p3/2 and Mn 2p3/2 peaks was 
performed in accordance with literature reports on similar perovskite 
materials [37–41]. Peaks were fitted by mixtures of Gaussian and Lor
entzian functions (30 % Lorentzian character) as peak shapes for each 
component, with relevant BE’s references taken from literature for each 
oxidation state. To converge the fitting procedure, the BE’s were fixed, 
but the full-width-at-half-maximum (FWHM’s) of the relevant peaks 
allowed to adjust in a narrow width regime (between 1.9 eV and 2.6 eV 
for the O 1s components and between 3.5 eV and 4.5 eV for the Fe 2p and 
Mn 2p components). 

2.5. Magnetic resonance measurements 

Room temperature continuous wave (cw) magnetic resonance mea
surements at X-band frequencies (9.86 GHz) were conducted with a 
Bruker B-ER420 spectrometer upgraded with a Bruker ECS 041XG mi
crowave (mw) bridge and a lock-in amplifier (Bruker ER023 M) using a 
Bruker SHQ resonator applying a modulation frequency of 100 kHz. All 
measurements were conducted with a modulation amplitude of 0.5 mT, 
a modulation frequency of 100 kHz and 20 dB mw attenuation. The 
samples were measured in quartz tubes of 2.9 mm outer diameter with a 
filling height of approx. 10 mm. The spectra were normalized to the 
sample mass in the quartz tube. 

2.6. Catalytic testing in the reduction of NO by CO under dry and moist 
reaction conditions 

200 mg of catalyst powder was fixed with quartz wool in a homebuilt 
8 mm (inner diameter) quartz fixed-bed flow reactor setup under at
mospheric pressure and a total flow rate of 200 mL min− 1 (reactant 
composition: CO: NO: He = 1:1:98 mL min− 1 under dry conditions; 
reactant composition: CO: NO: H2O:He = 1:1:2.5:95.5 mL min− 1 under 
wet conditions; GHSV = 9000 h− 1). In each catalytic test, the reactor 
was heated in a Linn High Therm tubular furnace at 2 ◦C min− 1 to 550 ◦C 
followed by an isothermal period at 550 ◦C for 30 min H2O in the reactor 
inlet was supplied by passing He stream through a water bubbler. The 
output gas was directly detected by both infrared spectroscopy of the gas 
phase (using an Agilent Cary 660 FT-IR spectrometer) and mass spec
trometry (using a Balzers QME 125 quadrupol mass spectrometer). N2 
formation rates were determined by difference from the measured rates 

Table 1 
Overview of nominal catalyst composition, BET-based specific surface area (SSA) and composition derived from ICP and ex-situ XPS analysis.  

Nominal Composition Acronyms SSA/m2gr− 1 Chemical composition based on ICP Chemical composition based on XPS 

LaFe0⋅7Mn0⋅3O3 LFM 12.4 La1⋅07Fe0⋅67Mn0⋅26O3-δ La1⋅55Fe0⋅22Mn0⋅13O3- δ 

La0⋅85Fe0⋅7Mn0⋅3O3 L0.85FM 25.0 La0⋅94Fe0⋅66Mn0⋅26O3-δ La1⋅20Fe0⋅33Mn0⋅16O3- δ 

La0⋅7Fe0⋅7Mn0⋅3O3 L0.7FM 32.0 La0⋅78Fe0⋅66Mn0⋅26O3- δ La0⋅90Fe0⋅43Mn0⋅18O3- δ 

LaFe0⋅6Mn0⋅25O3 L(FM)0.85 19.5 La1⋅09Fe0⋅55Mn0⋅21O3- δ La1⋅66Fe0⋅13Mn0⋅08O3- δ  
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of NO conversion and of N2O and NH3 formation (by infrared spec
troscopy). To display the catalytic activity as a function of temperature, 
we use the following equation to calculate the NO conversion: 

NOConversion = 100 ∗

(

1 −
[NO]out

[NO]in

)

[NO]out and [NO]in indicate the inlet and outlet concentration of NO, 
respectively. 

The impact of mass transport limitations in the chosen reactor setup 
has been thoroughly assessed and found to be negligible. For details of 
calculation we refer to our previous work [2]. 

Catalytic data were converted from IR and mass spectrometry raw 
intensity data to concentration by external calibration with the respec
tive gas mixtures To transform the temperature-dependent conversion 
data into turnover frequencies (TOFs), the number of active sites needs 
to be assessed. Dividing the respective perovskite’s density by the molar 
mass of one perovskite formula unit yields the number of units cm− 3. 
Using an orthorhombic unit cell, the average number of units area− 1 is 
estimated. Correction for the total surface area of the investigated 
catalyst mass as derived from the BET-derived mass-specific surface area 
yields the number of units on the respective catalyst amount surface. 
This number is directly utilized as the number of active sites on the 
perovskite surface. The educt gas flow is obtained on the basis of the 
reactant concentration. The total flow can be converted to reactant/ 
product molecules s− 1 passing through the catalyst bed by applying the 
ideal gas equation (using atmospheric pressure and the average gas 
temperature). Finally, the TOF is obtained by division of this particle 
flow by the total number of active sites and multiplication with the 
conversion (see equation (2)). Subsequently, the TOF is plotted vs. the 
temperature. 

Ns,p =

(
ρ.NA

M

)2
3

• Ss • m (1)  

TOF= c • 10− 6 • v •
p • NA

R • Ta
•

X
Ns,p

(2) 

Ns,p Total number of active sites of the perovskite 
ρ Density of the perovskite/kg m.− 3 

M Molar mass of the perovskite/kg mol.− 1 

NA Avogadro’s number; 6.022 1023 mol − 1 

Ss Specific surface area from BET/m2 kg.− 1 

m Sample mass/kg 
TOF Turnover frequency/s.− 1 

c Concentration of the gas in the educt stream/ppm 
v Total gas flow/m3 s.− 1 

p Standard pressure; 101,325 Pa 
R Ideal gas constant; 8.3144598 J mol− 1 K.− 1 

Ta Average gas temperature; 548 K 
X Educt conversion 

2.7. CO-TPR experiments in the flow reactor setup 

The experimental conditions for this tests are exactly similar to the 
catalytic activity test conditions (section 2.6), with the difference that 
instead of NO, additional He flow is used to a provide total flow rate of 
200 mL min− 1 (CO: He = 1:99 mL min− 1). 

3. Results and discussion 

3.1. Structural and chemical characterization of the effects of defects in 
the initial materials 

To determine the effect of nonstoichiometry on the specific surface 
area, BET characterization has been carried out (Table 1). In essence, the 
introduction of non-stoichiometry at the A or B site has a considerable 

effect on the specific surface. These results are in accordance with XRD 
(Fig. 1 and Table 2), where the reference LFM perovskite exhibits larger 
crystallites. 

X-ray diffraction analysis of the materials after initial calcination 
(Fig. 1 (left)) verifies a single orthorhombic perovskite phase for all 
samples without secondary Fe/Mn - or La-oxides. Referenced to LFM, 
the only visible change is a slight shift of the XRD peaks to larger 2θ with 
peak broadening, which is most prominent in L0.7FM (Fig. 1, right). The 
observed peak shift of the most intense reflection of orthorhombic LFM 
112 of 0.17◦ 2θ is in good agreement with the difference of the calcu
lated peak position between LFM and L0.7FM. 

To verify the nominal bulk composition, the metal content of the 
perovskites based on ICP analysis is also shown in Table 1. To easily 
compare the surface composition of the catalysts, high-resolution 
spectra of the La 3d, O 1s, Mn 2p and Fe 2p regions are depicted in 
Fig. S1, panels A–D, respectively, and quantitatively summarized in 
Table 1 as surface-chemical compositions. Comparison of the nominal 
composition of the samples with those derived from ICP and XPS data 
shows that the metal content in the bulk of the samples is close to the 
nominal ones, while a clear enrichment in La at the surface is observed 
for all samples. The results indicate that the intensity of the peaks related 
to the A or B site cations changes accordingly with the nominal synthesis 
composition. Changes in the Fe 2p spectra between the different 
perovskite samples are thereby more prominent compared to Mn 2p. 
Surface enrichment of perovskites with A-site cations is a well docu
mented phenomenon [42–47], and as will be outlined in the catalytic 
section, it can negatively affect the catalytic activity if it is in excess. As 
expected, surface enrichment by La is suppressed for the La-deficient 
catalysts. The characteristic satellite peak for Fe (III) components is 
clearly visible for pure LFM and L0.85FM, but gets gradually diminished 
for higher La deficiencies and the B-site deficient perovskite. The O 1s 
region indicates the expected three oxygen components, i.e., lattice 
oxygen, oxygenate-related oxygen and oxygen from adsorbed species 
like water or hydroxyl from low to high binding energy [2,48,49]. The 
relative intensity contribution of the three components is different for 
pure LFM and the respective A- and B-site deficient LFM materials. At 
least a clear trend in the reduced intensity of the components at higher 
binding energies with increasing La deficiency is evident. Although the 
concentration of oxygen vacancies and therefore, also the oxidation 
state of metal cations are very different within the bulk and at the sur
face of catalysts [50–52], according to the combined bulk and surface 
chemical analysis, the catalyst’s composition changes in agreement with 
the nominal composition. 

For further characterization of the defects in the different samples, 
cw magnetic resonance measurements were conducted (Fig. 2). All 
spectra display a very broad signal (ΔBpp ≈ 100 mT) which differs 
significantly in intensity and resonance position for the different sam
ples. No indication for individual, paramagnetic defects including iso
lated, paramagnetic oxygen vacancies is found. The results are rather 
compatible with a strongly coupled spin system, accordingly the signal is 
attributed to a ferromagnetic resonance. As the magnetization depends 
on the Curie temperature TC, initial magnetization measurements were 
conducted indicating TC > 130 ◦C (which is above the accessible tem
perature range of the instrument). Thus, while an absolute quantifica
tion requires additional measurements, qualitatively, the signal 
intensity increases with increasing charge deficiency on the La-site, i.e., 
La(FM)0.85 ≤ LFM < La0.85FM < La0⋅7FM. Although a clear assignment of 
the species is not possible based on magnetic measurements alone, we 
relate the signals to according changes in the Mn oxidation state, as 
discussed in detail below. Importantly, the results show that La defect 
formation is accompanied by clear changes in the magnetic properties. 

3.2. Effect of La deficiency on the catalytic activity and selectivity in the 
reduction of NO by CO 

Activity tests in the NO reduction by CO under dry conditions are 
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shown in Fig. 3, Panels A and B based on NO conversion and turnover 
frequency (TOF) of NO molecules, respectively. The distribution of re
action products is shown in Fig. 4. Compared to the stoichiometric LFM 
perovskite, La deficiency enhances the catalytic activity by shifting the 
light-off temperature to about 50 ◦C lower reaction temperatures. In 
contrast, deficiency at the B site of the perovskite causes some activity 
loss, even with respect to undoped LFM. As detailed by the XPS mea
surements discussed in section 3.1., the presence of B-site reducible 
cations at the catalyst surface plays a crucial catalytic role in the NO 
reduction reaction. Both A-site deficient perovskites exhibit the same 
reaction onset temperature, but L0.85FM is more active than L0.7FM over 
a wider range of temperatures. Therefore, it seems that the amount of 
defects has an optimum value for the peak activity and “over-doping” 
with vacancies leads to an activity decrease with increasing reaction 
temperature. Compared to the most active noble-metal containing Pd- 
impregnated LFM catalyst (termed “Pd0.02IM” in the following, corre
sponding to 0.02 wt.-% Pd impregnated on LFM) [2] (which already 
showed higher activity than the conventional Pd/Al2O3 catalyst for NO 
reduction by CO [2] and exhibited the lowest onset temperature and 
highest activity toward NO conversion over the entire temperature 
ranges), the onset temperatures for both La-deficient LFM perovskites 
are found at comparable temperatures (ca. 120 ◦C vs. 100 ◦C). The 
temperature-dependent catalytic profiles of the two A-site deficient 
catalytic profiles are more or less similar up to about 200 ◦C, whereas 
more differences arise between 200 ◦C and 320 ◦C. A similar trend is 
observed for the TOF as a function of reaction temperature. La0.85FM 
and La0.7FM feature the same reactivity trend at low reaction temper
atures, but above around 170 ◦C, La0.85FM features consistently better 
than La0⋅7FM. L(FM)0.85 shows the worst catalytic behavior. Note that at 
around 300 ◦C, the activity of undoped LFM surpasses that of L0.7FM – 
again confirming the negative effect of overdoping with La deficient 
sites. Note that the TOF values cannot be directly compared to the 
Pd-containing catalyst, as different catalytically active sites prevail. 

The product distribution profiles in Fig. 4 show that the formation of 
CO2 is observed at first as the temperature increases, and with a slight 
delay, N2O appears as a first product of the NO conversion with an in
termediate maximum production rate. N2 is the desired product of NO 
reactivity and always appears at higher temperatures. However, our 
results show that the presence of defects also has a great impact on 
product distribution. The formation of N2O is limited in La-deficient 
perovskites, especially compared to LaPd0.02IM (cf. Fig. 4E). Consid
ering the negative impact of N2O, its suppression as a reactive inter
mediate greatly benefits these La-deficient catalysts from a 
technological viewpoint. We conclude that despite the high activity of 

Fig. 1. XRD patterns of the pure and La-deficient LFM catalysts after initial calcination at T = 700 ◦C in air (left). The references used for structure and phase 
assignment are taken from the COD database and are related to the parent orthorhombic LaFeO3 reference structure. The representative highlighted shift of the XRD 
pattern of L0.7FM referenced to stoichiometric LFM for the combined 020 + 112+200 reflex as a consequence of non-stoichiometry is shown in the right panel. 

Table 2 
Crystallite size, cell parameters and cell volume of catalysts derived from Riet
veld refinement of the ex-situ XRD data.  

Sample Crystallite size (nm) Cell parameter(Å) Cell Volume(Å3) 

LFM 21.6 ± 1 a = 5.5037(6) 237.80(4) 
b = 5.5475(6) 
c = 7.7886(9) 

L0.85FM 20.6 ± 1 a = 5.5021(4) 237.87(6) 
b = 5.5508(4) 
c = 7.7887(7) 

L0.7FM 18.5 ± 1 a = 5.4954(9) 237.37(3) 
b = 5.5498(9) 
c = 7.7829(9) 

L(FM)0.85 15.2 ± 1 a = 5.4953(9) 237.62(8) 
b = 5.5483(9) 
c = 7.7936(9)  

Fig. 2. Room temperature cw magnetic resonance spectra of the different LFM 
samples. All spectra are normalized to the sample mass. The spectrum of L0.7FM 
was scaled down (factor of 5) for better visibility. 
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the Pd-containing catalysts, they also produce high amounts of N2O. In 
order to better compare and highlight how tuning the structure leads to 
the promotion of the noble metal-free catalysts to the same level or even 
exceeds the behavior of the corresponding noble metal-containing cat
alysts, the N2 selectivity as a parameter is a more meaningful indicator. 
Therefore, the N2 concentrations and N2 selectivity are shown in Fig. S2 
as a function of reaction temperature. The N2 concentration profile of all 
catalysts except LFM and L(FM)0.85 is comparable, but L0.85FM stands 
out in its performance with the highest N2 concentrations between ca. 
270 ◦C and 370 ◦C and consistently performs better than any other LFM 
catalyst. 

To interpret the catalytic data in more detail, we provide below the 
representative set of literature-reported elementary reaction steps 
including reactant adsorption, reaction of intermediates and product 
desorption (Eqs. (1)–(12)). There is a general agreement regarding the 
contribution of a Langmuir-Hinshelwood type of NO + CO reaction 
mechanism. Within this mechanism, different mechanistic pathways are 
conceivable for the formation of various intermediates and final prod
ucts, depending on the operating conditions. The elementary reaction 
steps highlighted in Eqs. (1)–(7) can occur both under dry and wet 
conditions and the water-gas shift reaction (Eqs. (8)–(12)) needs to be 
additionally considered in the presence of water. In each equation, S 
refers to step-specific catalytically active sites, but not all of them 
necessarily refer to the same site type and location. However, as it is 
shown in our catalytic test results under wet condition (Figs. S3 and S4), 
the formation of NH3 is another product of NO reduction in the presence 
of water and its possible formation paths are discussed in detail in our 
previous works [2,26,28]. 

Moreover, our in-situ bulk and surface characterization during cat
alytic cycling under both dry and wet conditions indicates that the 
catalysts undergo both structural and chemical changes to oxygen 
deficient structures (see sections in situ XRD and in situ XPS). Therefore, 
in addition to purely Langmuir-Hinshelwood-type surface reaction steps 
related to adsorbed species from the gas phase, other, Mars-van Krevelen 
type reaction steps related to participation of reactive lattice oxygen 
need to be considered as well (Eqs. (1b)–(3b)). In order to check this 
claim in a more direct way we have performed additional CO-TPR ex
periments in the flow reactor setup under similar operating conditions to 
the NO + CO reaction condition with the difference that NO is excluded 
from the reaction feed. This set of experiments is designed to clarify the 
mechanistic behavior of the reaction network. In Fig. 5, the CO2 for
mation profile during the CO-TPR reaction is shown in comparision with 
the formation of CO2 and N2O during the NO + CO reaction for L0.85FM 
and L0.70FM. Here, we should point out that during CO-TPR, the source 
of oxygen to produce CO2 is only lattice oxygen from the catalyst 

structure, but in the NO + CO reaction environment, an additional ox
ygen source stems from NO dissociation. These results clearly show that 
in the NO + CO reaction, in the temperatures range 50 ◦C–130 ◦C, and 
before formation of N2O (which indicates beginning NO dissociation), 
CO2 formation levels are almost comparable with the CO2 levels during 
the CO-TPR reaction. This suggests, that the creation of oxygen va
cancies near the surface regions is the first step for starting the NO + CO 
reaction. Interestingly, the effects of the presence of NO and occupying 
specific catalytic sites by its adsorption in the NO + CO reaction envi
ronment are only minor, as the level of CO2 formation in the NO + CO 
reaction is only slightly lower than during the CO-TPR reaction. This is 
also in agreement with our previous result [2], that on these catalysts CO 
adsorbs more strongly than NO on the surface. Therefore, the contri
bution of lattice oxygen during CO oxidation (Eqs. (1b)–(3b)) and sub
sequent adsorption and (partial) dissociation of NO (and H2O under wet 
condition) at reductively produced oxygen vacancies as an initial step 
for sequential reaction mechanism may significantly affect the overall 
catalyst performance. Scavenging of co-adsorbed oxygen by CO closes 
the reaction cycle, which would otherwise poison the surface for further 
adsorption and reaction. Therefore, according to this reaction mecha
nism we suggest here, the ease of CO oxidation by lattice oxygen leads to 
creation of oxygen vacancies and reduction of the steady state CO 
coverage on the catalyst. At the same time it enhances the dissociative 
adsorption of NO during catalytic operation. As will be shown in H2-TPR 
and in-situ XRD section, creation of La-deficiency kinetically tunes the 
reducibility of the LFM catalysts. However, as it is clear from Fig. 5, 
although CO2 production levels on L0.70FM are higher than for L0.85FM 
during CO-TPR - which means that L0.7FM has higher potential for 
reduction by CO - this trend is reversed during the NO + CO reaction. 
This observation, which will be also supported in the surface and bulk 
characterization experiments, clearly hints to the poisoning effects of 
lattice oxygen, whose continuously supply from the catalyst bulk as a 
result of overdoping with La-deficiency hinders NO adsorption and re
action (S denotes a surface adsorption site). 

NO(g) + S→ NO(ads) (1a)  

CO(g) + S→ CO(ads) (2a)  

NO(ads) + S → N(ads) + O(ads) (3)  

2N(ads) → N2(g) + 2S (4)  

CO(ads) +O(ads) → CO2(g) + 2S (5)  

NO(ads) +N(ads) → N2O(g) + S (6) 

Fig. 3. Left panel: NO conversion profiles during NO reduction by CO under dry conditions for all LFM catalysts in comparison to the best-performing impregnated 
noble-metal-containing Pd-LFM catalyst. Right Panel: Calculated TOF values based on NO conversion following the procedure outlined in section 2.6. Total gas flow 
rate: 200 mL min− 1 with a composition of (CO:NO:He = 1:1:98) of the inlet flow. Heating ramp: 2 ◦C min− 1 between 50 ◦C and 500 ◦C. Sample mass: 200 mg. 
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N2O(ads) + S → N2(g) + O(ads) (7)  

H2O(g) + S ↔ H2O(ads) (8)  

H2O(ads) + S ↔ H(ads) + OH(ads) (9)  

CO(ads) + OH(ads) → COOH(ads) + S (10)  

COOH(ads) → CO2(g) + H(ads) (11)  

2H(ads) ↔ H2(g) + 2S (12)  

CO(ads) +Olattice → CO2(g) + VO (1b)  

NO(ads) + VO → N(ads) + O(ads/lattice) (2b)  

H2O(g) +Olattice +VO→ 2OH(ads) (3b) 

According to the elementary reaction steps, mechanistic-wise, the 
formation of N2O can be limited in two ways: 1) increasing the ability of 
the catalyst to dissociate NO, which causes an enhancement in the 
population of N species and a decrease in the population of molecularly 
adsorbed NO on the catalyst surface and 2) an intrinsic activity of 
catalyst to post-decomposition of pre-produced N2O after re-adsorption 
on the catalyst surface [2]. Our results indicate that the second mech
anism most likely prevents the formation of N2O on La-deficient cata
lysts, displaying a higher selectivity toward N2 than the Pd-containing 
catalyst. This follows from the fact, that as for the L0.85FM catalyst, 
although the NO conversion is not yet completed (e.g., at around 
300 ◦C), the N2O production rate is almost zero. In other words: if NO 
exists in the gas phase, enough molecularly adsorbed NO is found on the 
catalyst surface, leading to the formation of N2O. Therefore, it is 

Fig. 4. Product distribution for all LFM samples in comparison to the impregnated noble-metal containing Pd-LFM catalyst during NO reduction by CO under dry 
conditions. Total gas flow rate: 200 mL min− 1 with a composition of (CO:NO:He = 1:1:98) of the inlet flow. Heating ramp: 2 ◦C min− 1 between 50 ◦C and 500 ◦C. 
Sample mass: 200 mg. 
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reasonable to assume that N2O is quickly consumed again immediately 
after production. In addition, according to additionally performed N2O 
+ CO reaction results (Fig. S5), the reaction onset temperature for N2O 
reduction to N2 on the LaPd0.02IM catalyst is almost similar to L0.85FM 
and L0.70FM catalysts. Compared to the NO conversion results (Fig. 3), 
where a clear difference in the reaction onset temperature between 
LaPd0.02IM and La-deficient catalysts is observed, it is clear that Pd is 
more active to reduce NO than N2O. Of course, the observed higher 
activity of LaPd0.02IM in the N2O + CO reaction at elevated tempera
tures compared to the La-deficient catalysts could be due to the creation 
of large amounts of oxygen vacancies that are active sites for N2O 
decomposition. It is conceivable, that in the case of NO + CO reaction, 
these sites are occupied by NO instead of N2O. Therefore, in the tem
perature range where NO conversion reaches 100 % on LaPd0.02IM 
catalyst, unreacted N2O is also seen at the reactor outlet. 

In order to interpret the qualitative course of the catalytic profile, we 
at first refer to the elementary reactions above and various reaction 
pathways, as discussed in detail in Ref. [2] and below. In brief, NO 
reduction by CO can in principle follow two main reaction branches, 
depending on NO and N2O reactivity.  

(1) 2NO+ 2CO→2CO2 + N2  

(2) 2NO+ CO→N2O+ CO2; N2O+ CO→N2 + CO2 

The qualitative profile obtained for our lanthanum ferro manganite 
samples is typical for NO + CO reduction profiles found in literature for 
other ferrite, manganite or cobaltite perovkites [53–58]. As it also 
observed here, a gradual shift from route (2) with high N2O production 
at low temperatures to route (1) at higher reaction temperatures is 
usually obtained. This naturally goes along with an intermediary N2O 
peak. The appearance of a plateau-like feature in the NO conversion 
(sometimes even pronounced as a “peak”) is a common phenomenon in 
the mechanistic transition from route (2) to route (1). As in our case this 
feature is observed both in the NO conversion and the N2/CO2 concen
tration, it appears to be connected to intermediate kinetic hindering of 
NO dissociation, which is overcome again at higher reaction tempera
tures. Corroborating literature reports, this feature is strongly dependent 
on catalyst composition [53–58]. This picture is consistent with addi
tionally performed catalytic measurements in the N2O + CO reaction 
(Fig. S5) and recent theoretical calculations on the NO + CO reaction 
over LaMnO3 perovskites, revealing a bimolecular reaction mechanism 
involving a N2O2 reaction intermediate (from the reaction of two NO 
molecules) en route to N2 and CO2 [33]. 

In order to investigate the cycle and long-term stability of promotive 
defect structure in the NO + CO reaction environment, the activity of La 
deficient catalysts in a second catalytic cycle and upon performance at 
100 h time-on-stream (for L0.85FM) was tested (Figs. S6 and S7). L0.85FM 
almost retains its activity during the second cycle. L0.70FM becomes 
more active at temperatures higher than 250 ◦C, but remains inferior to 
the L0.85FM catalyst. As will be shown in the XRD section (c.f. Fig. 8), the 
promotion of L0.7FM during the second catalytic cycle can be related to 
the partial breakdown of the perovskite structure, the formation of the 
MnFe2O4 spinel phase, the exsolution of B site cations and the associated 
formation of a metal-perovskite phase boundary during the reaction. To 
eventually verify the hypothesis of activation by structural breakdown, 
we subjected L0.70FM to a pre-treatment in hydrogen at 350 ◦C and 
tested L0.70FM during two catalytic cycles (Fig. S6). In the H2-reduced 
L0.70FM sample, an increased number of oxygen vacancies and the 
presence of a metallic iron-perovskite phase boundary, are indeed the 
reason for activation during the first catalytic cycle. Partial sintering of 
the phase boundary and re-filling of H2-induced oxygen vacancies dur
ing the first catalytic cycle could be a reason for activity loss of H2- 
reduced L0.70FM in the second catalytic cycle, as it is proven for Cu- 
perovskite phase boundaries in our previous work [26]. The catalytic 
data indicate that the exsolution is accelerated for L0.70FM compared to 
L0.85FM, as will be proven by H2-TPR and in situ XRD/XPS in the sub
sequent sections. As shown in Fig. S7, the best-performing L0.85FM 
catalyst retains its high NO conversion level during 100 h 
time-on-stream in the NO + CO reaction feed at 350 ◦C. 

As water is an integral part of any technologically relevant deNOx 
reaction mixture, we also tested the catalysts in the presence of 2.5 vol.- 
% water vapor (“wet conditions”) (Fig. S3). The presence of water 
clearly diminishes the differences between LFM and all defect-promoted 
catalysts to some extent, and all catalysts are catalytically inferior to the 
Pd-containing catalyst. Water vapor has the ability to refill the oxygen 
vacancies and, therefore, adsorption of water on vacancies - which 
hinders their activity toward NO adsorption – is likely the reason for the 
lower activity of the catalysts in the presence of water. However, 
another important reason could be the consumption of CO (as a reduc
tant) in the parallel occurring water gas shift reaction to form CO2 and 
H2. 100 % CO conversion, coupled with decreased NO reactivity 
(Fig. S4) and the parallel qualitatively detected H2 formation, directly 
show the ability of the catalysts to act as catalysts in the water-gas shift 
equilibrium. The occurrence of NH3 for all samples is also a strong hint 
towards water activation at oxygen vacancies. Focusing on the catalyt
ically prospective LFM catalysts, we note that in contrast to under dry 
conditions, L0.85FM performs not better than L0.7FM. We, therefore, 
conclude that the activation mechanism of L0.85FM discussed above – 

Fig. 5. Comparison of the formation of CO2 during CO-TPR reaction with the 
formation of CO2 and N2O during the NO + CO reaction on L0.85FM and 
L0.70FM. CO-TPR: Total gas flow rate: 200 mL min− 1 with a composition of (CO: 
He = 1:99) of the inlet flow. Heating ramp: 2 ◦C min− 1 between 50 ◦C and 
500 ◦C. Sample mass: 200 mg. NO + CO reaction: identical to Fig. 3. 
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related to in situ surface reduction during reaction - is essentially sup
pressed in the presence of water. 

3.3. Assessing the redox properties of the materials with temperature- 
programmed H2-reduction and O2 - re-oxidation 

As detailed in the elementary reactions section, one of the reaction 
mechanisms is related to the adsorption and dissociation of NO on 
reduced sites (i.e. oxygen vacancies), which leads to re-oxidation of 
those sites by replenishment with oxygen, we focus on determining the 
reducibility of the LFM catalysts to assess the reactivity of the catalysts 
in the NO reduction by CO. 

To correlate the defect chemistry with the reduction propensity, 
Fig. 6 (left) shows the integral H2 uptake of the catalysts as a function of 
temperature during the temperature-programmed reduction in 
hydrogen. A clear correlation of non-stoichiometry and reduction onset 
temperature, as well as quantitative final consumption of hydrogen, is 
evident. As observed for the deNOx activity (Fig. 3), both catalysts with 
exclusive La deficiency exhibit similar onset temperatures at ~170 ◦C, 
which is ~60 ◦C lower than the starting temperature of LFM (L0.7FM 
exclusively exhibits a small intermediate H2 uptake peak, which is most 
likely associated with adsorption/desorption of a minute amount of 
physically adsorbed hydrogen). At ca. 300 ◦C, they become even more 
active, and accelerated H2 uptake occurs. From 280 ◦C to 360 ◦C, 
L0.85FM is more active than L0.7FM and at 360 ◦C the uptake saturates, 
suggesting a diffusion-controlled reduction mechanism at temperatures 
higher than 360 ◦C. This saturation temperature is around 400 ◦C for 
L0.7FM. The kinetic activation toward H2 consumption of both La defi
cient perovskites compared to stoichiometric LFM could be due to the 
defective structure of these catalysts (most likely oxygen vacancies). Our 
results indicate an optimum amount of such oxygen vacancies for e.g. 
adsorption of NO or CO. Note that kinetic limitations still prevail for all 
catalysts at the highest uptake temperatures, as even in the isothermal 
sections hydrogen uptake is still observed. Hence, the oxygen vacancy 
concentration is representative for the chosen experimental conditions 
only and as such, naturally is a function of the chosen hydrogen treat
ment conditions. The most important result is that although L0.7FM has a 
higher final capacity for hydrogen reduction/uptake than L0.85FM (18.6 ‧ 
10− 4 mol g− 1 compared to 13.1‧10− 4 mol g− 1, respectively), the latter 
exhibits a higher activity at intermediate temperatures. It is important to 
separate these two features: it indicates that as L0.7FM has a higher 
number of defective structural sites, its propensity to reduction is higher, 
but its reduction progress is slower than for L0.85FM in temperature 

ranges without strong diffusion limitation. Following a structural 
argument, as L0.7FM exhibits smaller crystallite sizes and a higher sur
face area, it is expected to be more active than L0,85FM in H2-TPR. The 
same is known from the work of Gómez-Pérez et al. [11], who reported 
that clustering of La- and O-vacancy defects resulting from increasing x 
(for x > 0.05) in La-deficient La2-xCoTiO6-δ double perovskites causes a 
decrease in both ionic and electronic conductivity and we essentially 
prove that the same situation is prevalent for our samples. 

To investigate the ability of defect titration using oxygen to quench 
oxygen vacancies produced during hydrogen reduction, temperature 
programmed oxidation in oxygen (O2-TPO) was performed on L0.70FM 
and L0.85FM samples after H2-TPR (Fig. 6, right). As for the integral O 
uptake as a function of temperature, both catalysts show similar onset 
temperatures, and the results are somewhat consistent with in-situ XRD 
results (Fig. 7 and S8-S10), where both catalysts show a similar trend in 
terms of onset temperature for structural reconstruction during re- 
oxidation steps. For both catalysts, we note that the O uptake is less 
than H2 uptake, indicating that the quenching of all reduced sites/oxy
gen vacancies by O2-titration is not possible. Higher oxidation temper
atures and/or higher oxygen pressures are, therefore, necessary for full 
reversibility of the redox cycle. These data are important for interpreting 
reactivity profiles, where oxidation and reduction reactions occur 
simultaneously, and structural changes are likely to occur (section 3.4.). 

3.4. Influence of defect chemistry on the bulk structural stability and 
dynamic exsolution of A- and B-site metal ions: reduction in hydrogen vs. 
re-oxidation in oxygen/water and stability in NO + CO/+H2O reaction 
mixtures 

To investigate the influence of defect chemistry on the stability and 
dynamic exsolution of B-site cations and the structural reconstruction of 
La deficient perovskites, in-situ X-ray diffraction measurements were 
conducted in various reaction environments: 

• As the metal-perovskite interface potentially forming by decompo
sition of the perovskite has been shown to directly and beneficially 
influence the NO + CO reactivity [2,26,28], we at first tested the 
decomposition propensity in hydrogen in comparison to eventual 
direct decomposition in the NO + CO reaction mixture (Figs. 7 and 8)  

• In order to investigate the ability to re-form the initial perovskite 
structures from the mixture of metallic and oxidic phases after the 
H2-reduction process, the structural change of both La-deficient 

Fig. 6. Static temperature-programmed H2-reduction (left) on LFM (black), L0.85FM (red), L0.7FM (blue), and L(FM)0.85 (magenta) after pre-oxidation in flowing O2 
using an initial H2 pressure of 125 mbar. Temperature program: heating from room temperature to 700 ◦C (10 ◦C min− 1/full lines), followed by an isothermal period 
at the maximum temperature (at 700 ◦C for 10 min/full line) and a cooling phase (10 ◦C min− 1/broken line). The integral H2 uptake (black) is scaled on the left axis. 
Static temperature-programmed oxidation in oxygen on hydrogen pre-reduced samples is shown in the right Panel for L0.85FM and L0.7FM. The samples were heated 
initially at 125 mbar O2 under the same conditions as the H2-TPR. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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samples during re-oxidation in flowing oxygen has been monitored 
(Fig. S8).  

• As water vapor is present as the main component in exhaust gas 
mixtures, and has significant effects on both catalyst structure and 
catalytic properties, the oxidation capability of water on H2-pre- 
reduced perovskites, as well as its influence on the NO + CO reac
tivity, have been investigated (Figs. S9 and S10). 

Fig. 7 shows the structural changes occurring during hydrogen 
reduction on L0.70FM (left) and L0.85FM (right). Segregation and the 
appearance of metallic iron (Fe0) is the first step in structural changes for 
both catalysts, which is also associated with the chemical expansion of 

the perovskite structure. These results also indicate that Mn is more 
stable than Fe in these perovskite structures, in accordance with the 
literature [42,59]. As anticipated, L0.85FM is more stable than L0.70FM, 
and the formation of metallic Fe, therefore, starts at 375 ◦C on L0.70FM, 
at slightly lower temperatures compared to L0.85FM (390 ◦C). This in
dicates that a higher number of defects at the A site clearly renders the 
associated perovskite more structurally unstable. Final decomposition of 
the orthorhombic perovskite structure to MnO, Fe0 and La2O3 starts at 
640 ◦C for both catalysts and is completed after 20 min during the 
isothermal phase at 700 ◦C. During the cooling phase no structural 
changes happen and the final structure contains metallic Fe, MnO and 
La2O3. 

Fig. 7. In situ collected XRD patterns during reduction of L0.70FM (left column) and L0.85FM (right column) samples in flowing H2 atmosphere from room tem
perature to 700 ◦C, followed by an isothermal phase at 700 ◦C for 30 min and re-cooling down to room temperature. 
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To test the possibility of perovskite re-formation (Fig. S8), previously 
exsolved Fe for both materials was oxidized during heating in O2 and 
reacted with MnO at ~250 ◦C to form a MnFe2O4 spinel phase. At 
450 ◦C, this phase decomposes, reacting with La2O3 to form a LaFexMn1- 

xO3 perovskite structure. During the isothermal step at 700 ◦C, the 
amounts of Fe2O3 and perovskite phases increase with time. Upon 
cooling, no significant structural changes occur, and the final samples 
contain an LFM perovskite with different Mn:Fe ratios, Fe2O3 and La2O3 
oxides. We conclude that the structural changes during reduction are at 
least partially reversible under the chosen re-oxidation conditions. 

If water vapor is used as a re-oxidation agent after hydrogen pre- 
reduction, for L0.70FM some of La2O3 is hydrolyzed to form La(OH)3 at 

70 ◦C, which is re-oxidized into c-La2O3 at 340 ◦C. Fe is subsequently 
oxidized and reacts with MnO at 250 ◦C to form the MnFe2O4 spinel 
phase. At 480 ◦C, an orthorhombic La(FeMn)O3 perovskite starts to be 
formed from La2O3 and MnFe2O4. During the isothermal step at 700 ◦C, 
the transformation of La2O3 is nearly completed after 30 min, and after 
re-cooling, the final sample contains an LFM perovskite with a different 
Mn:Fe ratio from the starting material and the MnFe2O4 phase along 
with small amounts of La2O3. In the case of L0.85FM, the sequence is 
somewhat similar, but the final structural mixture also contains Fe2O3 in 
addition to the perovskite and MnFe2O4 phases. The intermediate for
mation of La(OH)3 has not been observed. Generally, these results show 
the ability of water vapor to re-oxidize reduced sites and refill oxygen 

Fig. 8. In situ collected XRD patterns during heating of L0.70FM (left column) and L0.85FM (right column) samples in the NO + CO atmosphere from room tem
perature to 700 ◦C followed by an isothermal phase at 700 ◦C for 30 min and re-cooling to room temperature. 
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vacancies as active sites for NO absorption and dissociation. The only 
differences between water and oxygen as an oxidizing agent are the 
greater ability of the MnFe2O4 phase to withstand decomposition and 
the possibility of forming the La(OH)3 phase in the presence of water. 

An important aspect of a prospective deNOx catalyst is the structural 
stability under operational conditions or at least the understanding and 
steering of the structural changes in a beneficial way to improve the 
catalytic properties. We, therefore, subjected the A-site deficient pe
rovskites to a realistic deNOx treatment with and without the presence 
of water. Fig. 8 shows the corresponding in situ collected X-ray dif
fractograms. L0.70FM partially decomposes into MnFe2O4 and an LFM 
perovskite with a different Mn:Fe ratio at 640 ◦C. During the isothermal 
step at 700 ◦C, the amount of MnFe2O4 is slightly increased, and during 
cooling, no prominent structural changes occur. The final sample con
tains LFM with different a Mn:Fe ratio from starting material and 
MnFe2O4. For L0.85FM, the only structural change in the NO + CO re
action is a chemical expansion/contraction in the lattice after the ex
periments, again supporting the higher structural stability of L0.85FM 
compared to L0.70FM under deNOx conditions. The changes in the 
presence of water are essentially similar to those under dry conditions 
for both catalysts and are shown in Fig. S10. We have summarized the 
bulk structural transformations observed on the different LFM catalysts 
in selected treatments during in situ X-ray diffraction in Fig. 9. 

Focusing on the fully oxidized LFM reference catalyst, Fig. S11 re
veals that stoichiometric LFM is stable during H2-TPR up to 700 ◦C and 
the only changes observed are a shift of XRD peaks to lower 2θ due to the 
creation of oxygen vacancies. Fig. S12 shows that reduction in the 
isothermal section causes a exsolution of small amounts of metallic Fe 
and formation of La2O3. 

3.5. Surface-chemical consequences of the presence of defects during the 
NO + CO reaction followed by in situ X-ray photoelectron spectroscopy 

As we have demonstrated the dependence of the structural instability 
on the A-site deficiency under reducing and deNOx conditions, the 
present section now focuses on the associated surface-chemical conse
quences of defect chemistry. We have restricted these experiments to the 
NO + CO reaction under dry conditions in the catalytically relevant 
temperature region up to 650 ◦C (Figs. 10 and 11). Fig. 10 shows the 
high-resolution spectra of C 1s and O 1s regions for the L0.70FM and 

L0.85FM catalysts during dry NO + CO reaction at seven isothermal 
temperature steps from 25 ◦C to 650 ◦C after normalizing their intensity 
to the La 3d5/2 area at the corresponding temperatures. Fig. 10 high
lights the fitted Mn 2p3/2 region for both catalysts under the same 
experimental conditions (the fitted O 1s and Fe 2p3/2 regions are shown 
in the SI in Fig. S13). For experimental details of fitting, we refer to 
section 2.4. Since at temperatures higher than 350 ◦C, almost no 
adsorbed species can be seen in the C 1s region, these spectra are only 
shown up to 350 ◦C in Fig. 10. Although the amount of surface-bound 
carbon is very low (especially for L0.70), the qualitative trend of a 
decreased total C 1s intensity at progressively higher reaction temper
ature is evident. These results clearly show that the intensity of carbo
naceous species, which could result from the adsorption of CO and/or 
adventitious carbon, only decreases at temperatures higher than 150 ◦C, 
which is in good agreement with the onset temperature of NO reduction 
on these catalysts. Most importantly, it indicates that the reduction of 
NO starts when the inhibitory effects of adsorbed carbonaceous species 
on the surface decreases following desorption or oxidation using oxygen 
derived from catalyst surface during temperature increase. It is worth 
pointing out that NO adsorption on the catalyst surface and the presence 
of neighboring vacant sites for its dissociation are necessary for the start 
of the reaction. As mentioned in the catalytic section, the inhibitory 
effect of CO on adsorption and reduction of NO on LFM based catalysts is 
discussed in detail in our previous work [2]. 

As for the O 1 spectra, we shown them in Fig. 10 unfitted to make the 
overall intensity decrease at higher NO + CO reaction temperatures 
more clear (in correlation with the C 1s spectra), Fig. S13 in turn 
highlights the fitted components. According to the O 1s XP spectra of the 
L0.85FM catalyst, in addition to the changes in the peak shape during the 
progressing reaction (Fig. 10), the most important result is that the total 
intensity of O 1s region significantly decreases at temperatures higher 
than 550 ◦C. This affects the surface-bound oxygen containing compo
nents [2,7,60] at first (in agreement with the changes in the C 1s spectra) 
and at and above 450 ◦C also the lattice oxygen component [61–63], 
indicating partial reduction of the catalyst surface. The formation of 
oxygen vacancies is strongly supported by the changes in the Mn 2p3/2 
peak (Fig. 11). Note, that in situ XRD at these temperatures did not 
indicate any bulk structural changes (Fig. 8), but the surface of L0.85FM 
already undergoes significant changes. These data are critical for 
interpreting the activity behavior of the catalysts. Of course, a minor 

Fig. 9. Schematic representation of the bulk structural transformations observed on the different LFM catalysts in selected treatments during in situ X-ray diffraction.  
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temperature-delayed effect due to the decreased experimental pressure 
regime in NAP-XP spectroscopy, compared to in situ XRD or flow reactor 
conditions, cannot be excluded. L0.70FM shows the same trend in in
tensity decrease with two important differences: the overall intensity 
decrease is not as prominent and the lattice oxygen component features 
no change at all. We relate this to a continuous oxygen supply from the 
catalyst bulk to the surface because of a high concentration of La defi
cient sites, corroborating the H2-TPR and CO-TPR results. This obser
vation is the key point for interpreting the lower deNOx activity of 
L0.70FM compared to L0.85FM: the oxygen-deficient surface structure is 
expected to be more active for NO reduction. 

The Fe 2p3/2 XP spectra (Fig. S13) have been tentatively fitted with 
three peaks at 715.0 eV, 712.0 eV and 709.4 eV denoted as a-c in 
agreement with literature. Peak (a) is related to Fe4+ [60,64] and 
possibly also with Fe3+ in tetrahedral coordination [65], while peaks b 
and c are associated with Fe3+ and Fe2+ [66,67], respectively. According 
to the results, it is clear that the main component of Fe species in both 
catalysts is Fe3+ in the whole temperature range, and Fe2+ only appears 
at temperatures higher than 350 ◦C, which is accompanied by a decrease 
in the Fe3+ intensity. In general, the Fe 2p3/2 region features the ex
pected changes. 

For the Mn 2p3/2 region (Fig. 11), which shows the most prominent 
changes upon the NO + CO reaction, four peaks have been used for 
fitting and are denoted as a-d from highest binding energy to lowest. The 
presence/absence of a distinct Mn2+ satellite typically found at 647.0 eV 
(peak a) is useful to detect Mn2+ components, which exhibit their main 
peak at 640.3 eV (peak d) [7,68]. Peaks b and c at binding energies of 
644.0 eV and 641.5 eV can be assigned to Mn4+ and Mn3+ components, 
respectively [68,69]. Most of the Mn species are present as Mn4+ in both 
perovskites and by progressing reaction, these components are 

converted to Mn3+. At higher temperatures (around 550 ◦C) Mn2+ is also 
visible in the spectra in consistence with the formation of the MnFe2O4 
spinel phase (Fig. 8), where Mn is mostly present in the valence state (II) 
[68–70]. 

The evolution of the O 1s peak is also shown in Fig. S13 in more 
detail compared to Fig. 10. We have tentatively fitted this peak with 
three components at 534.5 eV, 531.7 eV and 529.4 eV marked as a, b and 
c, respectively. The lowest binding energy peak is assigned to lattice O 
species [62,71,72]. The second peak b is assigned to oxygen-containing 
surface species, and in particular, the third peak a at highest binding 
energies is attributed to adsorbed water [2,7,60]. At room temperature 
and under NO + CO gas atmosphere, the contribution of 
surface-adsorbed oxygenate components is dominant for both perov
skites. The main aspect is that by increasing temperature, the component 
of the spectrum at higher binding energies (adsorbed O-species and 
water) decreases and at the same time, the contribution of lattice oxygen 
increases. 

Considering all in situ XP results in combination with the in situ XRD 
results (Fig. 8), it can be concluded that NO + CO reaction is a net 
reducing environment for both catalysts with the difference that the 
reduction in L0.85FM catalyst is limited to only near-surface regions. As it 
is safe from the effects of “surface poisoning” with bulk oxygen and it 
retains a stable structure, it is a promising candidate for deNOx appli
cations from a technical point of view. 

4. Conclusions 

By adjusting the defect level during the synthesis of a number of A- 
and B-site deficient perovskites, we highlight that non-stoichiometry can 
increase the catalytic activity and selectivity to N2 in the selective 

Fig. 10. C 1s and O 1s XP spectra recorded in situ under CO + NO atmosphere at temperatures between 25 ◦C and 650 ◦C for L0.85FM and L0.70FM. The intensity of all 
spectra is normalized to the La 3d5/2 area at the corresponding temperatures. 
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catalytic reduction of NO by CO on noble metal-free LFM-based perov
skites. A prerequisite is La deficiency. Optimal steering of the redox 
chemistry to reduce the near-surface regions in the NO + CO reaction 
atmospheres at low temperatures is hereby the key factor. Surface 
enrichment by reducible B site cations and a proper design of structural 
defects result from the optimum introduction of La defects leading to in- 
situ reduction of only surface-near regions by CO oxidation and subse
quently providing oxygen vacancies for adsorption (or re-adsorption) 
and the reaction of NO and intermediate N2O. Over-doping with La - 
associated defects leads to structural instability of the perovskites and 
also a continuous supply of oxygen from the bulk structure to the 
catalyst surface at elevated temperatures, that leads to surface poisoning 
by oxygen. Introduction of vacancies at the B site leads to surface 
enrichment by non-reducible La cations, which leads to a suppressed 
catalyst activity to values even lower than the stoichiometric LFM 
reference catalyst. One particular outcome of the work is the develop
ment of a completely noble-meal free perovskite catalyst with improved 

catalytic properties. Correlated to a Pd-containing perovskite material, 
the optimized LFM catalyst designed in the present work exhibits com
parable NO conversion rates with improved N2 selectivity at interme
diate temperatures between 250 ◦C and 350 ◦C and accelerated N2O 
decomposition kinetics. La deficiency, therefore, can compensate the 
absence of the noble metal and its beneficial catalytic properties. 
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