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Abstract: Perovskite oxides are versatile materials due to their wide variety of compositions of-
fering promising catalytic properties, especially in oxidation reactions. In the presented study,
LaFe1−xCoxO3 perovskites were synthesized by hydroxycarbonate precursor co-precipitation and
thermal decomposition thereof. Precursor and calcined materials were studied by scanning electron
microscopy (SEM), attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR),
thermogravimetric analysis (TG), and X-ray powder diffraction (XRD). The calcined catalysts were in
addition studied by transmission electron microscopy (TEM) and N2 physisorption. The obtained
perovskites were applied as catalysts in transient CO oxidation, and in operando studies of CO
oxidation in diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). A pronounced
increase in activity was already observed by incorporating 5% cobalt into the structure, which contin-
ued, though not linearly, at higher loadings. This could be most likely due to the enhanced redox
properties as inferred by H2-temperature programmed reduction (H2-TPR). Catalysts with higher
Co contents showing higher activities suffered less from surface deactivation related to carbonate
poisoning. Despite the similarity in the crystalline structures upon Co incorporation, we observed a
different promotion or suppression of various carbonate-related bands, which could indicate different
surface properties of the catalysts, subsequently resulting in the observed non-linear CO oxidation
activity trend at higher Co contents.

Keywords: perovskite; CO oxidation; DRIFTS; lanthanum; iron; cobalt; Co incorporation; reducibility
of oxides

1. Introduction

Perovskites ABO3 are exciting materials for oxidation catalysis as they provide con-
siderable flexibility regarding their compositions and the possibility to implement oxygen
vacancies with a selective modification of the cationic sublattice [1–3]. The potential use of
perovskites in catalysis is extensive as they can be employed, e.g., in oxygen reduction [4],
oxygen evolution [5], CO and hydrocarbon gas-phase oxidation [6], total oxidation of
Volatile Organic Compounds (VOC) [7], or selective oxidation of substrates like benzyl alco-
hol [8] or cinnamyl alcohol [9]. These materials are accessible through a variety of synthetic
approaches, such as ceramic methods [10,11], complexation with, e.g., citric acid followed
by thermal decomposition [12,13], freeze-drying [14], spray-flame synthesis [15,16], or co-
precipitation at increasing pH [17], decreasing pH [18], with manually adjusted constant
pH [19] or automatically controlled constant pH [20]. Often, precursor compounds are
formed at low temperatures. For crystallization of the material, thermal treatment of at
least 500 ◦C is necessary [1]. Perovskite oxides with lanthanum (La) as the A-site cation
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and cobalt (Co) and iron (Fe) as the B-site cations have been synthesized via thermal
decomposition of propionates [21], the Pechini method [22], or the sol-gel approach [23].
The synthesis of LaFexCo1−xO3 via co-precipitation assisted by microwaves has been re-
ported [24]. Another synthesis route to LaFeO3 follows a solid-state reaction between
Ancylite (La2(CO3)2(OH)2) and Fe2O3 [25].

Since Fe and Co are abundant elements, there is motivation to incorporate them as
B-site cations in perovskites to obtain active and thermally stable catalysts that do not
require noble metals. Furthermore, the perovskite structure is tolerant to the formation
of anionic and cationic vacancies, which can tune the catalytic properties of the materials.
It has been shown that an increasing Co content in LaFe1−xCoxO3 perovskites leads to
enhanced catalytic activity, e.g., in VOC oxidation [7,26], soot combustion [27], and exhaust
gas decomposition [23]. In NO and N2O containing atmosphere, a pronounced effect of
incorporating Co into the perovskite structure has been found, but there was no linear
scaling of the activity in N2O conversion with the Co content for a NO concentration of 0.5%
in the feed. In a feed containing a tenfold higher NO concentration, however, sucha trend
was observable with LaCo0.8Fe0.2O3 being the most active catalyst [23].

The oxygen activation and dissociation capabilities at perovskite surfaces are strongly
correlated to the composition and number of oxygen vacancies [28,29]. It has been shown
that such vacancies can promote the formation of monoatomic oxygen (O−), which would
act as the primary type of oxygen in the system [30]. One straightforward approach to
determine catalytic activity and oxygen activation capability is the CO oxidation reaction
as a prototypical reaction for heterogeneous processes [31]. The reaction only has a single
gaseous product, which interacts with metal oxides either strongly or weakly. For Co3O4,
no adsorption of CO2 on the surface was found [32], whereas an adsorption capacity
has been reported for Al2O3 [33]. Furthermore, this reaction pathway is involved in the
total oxidation mechanism of hydrocarbons and oxygenated molecules, which leads to
a decrease in selectivity towards valuable intermediates. The effect of Co incorporation
into oxides and LaFeO3 perovskite on CO oxidation catalysis has also attracted attention.
For example, including only 1% Co has been shown to increase the CO oxidation activity
of NiO significantly, but no steady conversion increase with Co incorporation has been ob-
served [34]. On Sr- and Co-doped LaFeO3, extrema at intermediate Co level were observed
for transition metal surface content, oxygen storage capacity, reducibility, and methanol
oxidation activity [35].

In this work, we report on the synthesis of a series of LaFe1−xCoxO3 perovskites
with 0 ≤ x ≤ 0.30 derived from amorphous precursors containing the corresponding
Fe:Co ratios. The catalysts were prepared by constant-pH co-precipitation according to a
procedure previously reported [20]. Furthermore, we systematically studied the activities
of the synthesized materials in CO oxidation. We tracked the product evolution during CO
oxidation by operando diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
to gain insights into changes of the surface properties induced by Co incorporation.

2. Results
2.1. Co-Precipitation and Precursor Characterization

Syntheses were conducted in a semi-automatized laboratory workstation for co-
precipitation, and the parameters were precisely controlled. Computer-controlled simul-
taneous dosing of the metal salt solution and the basic precipitating agent allowed to
maintain a constant pH during co-precipitation. Temperature, pH, and dosage of the metal
salt solution were monitored. The corresponding synthesis protocols of the series during
co-precipitation are displayed in Figures S1–S7 in the Supplementary Material. The pH
values at the beginning of the dosing showed a small offset, which decreased with time
as the buffer system was formed in the suspension. Figure 1a shows an exemplarily SEM
image of the washed and dried co-precipitate with x = 0.05. An overview of SEM images
of the complete sample series is shown in Figure S8. Aggregates of small and relatively
uniform spherical particles in the 50–60 nm range are visible, although the particles in the
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calcined samples appear to be sintered to some extent. The sample morphology can be
described as a sponge-like network (also note the similarity between the x = 0.20 and 0.30
despite having different Co contents). An increase of the Co content beyond a threshold
of x = 0.10 favors the formation of larger plate-like structures with sizes of 100–300 nm,
which is shown as an example for x = 0.15 with arrows pointing towards anisotropic regions
in Figure 1b.
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Figure 1. (a) SEM image of the x = 0.05 sample after co-precipitation, washing, and drying. (b) The SEM image of the
sample with x = 0.15 shows the formation of hexagonal platelet structures, highlighted by green arrows.

The X-ray powder patterns of the co-precipitated particles are shown in Figure 2a.
The particles are X-ray amorphous as similarly reported for a hydroxycarbonate precur-
sor employed in the synthesis of co-precipitated precursors used to obtain LaNiO3 [19].
With increasing Co content, already at a nominal value of x = 0.10, a hydrotalcite-like
structure is additionally formed as inferred from the low-intensity (003) reflection of the
CoFe-hydrotalcite at 2θ = 12◦ (ICSD reference for MgAl-LDH: 6296 [36]), which is more
pronounced for sample x = 0.30. This observation is well in line with larger plate-like
structures encountered during SEM analysis. However, based on the weak intensity of
the (003) reflection, the total amount of the impurity is considerably low. This finding
is supported by the negligible fraction of hexagonal platelet structures encountered in a
minority of the SEM images. The actual Co contents in the precipitates determined by
AAS are lower than the nominal values, as shown by the parity plot Figure 2b. As this
deviation scales with the Co content, a possible cause is an under-estimated degree of
hydration of the Co nitrate salt used in the synthesis resulting in a systematic error during
the reactant weighing.

In ATR-FTIR spectroscopy shown in Figure 2c, characteristic absorption bands of hy-
droxyl and carbonyl groups can be seen as comparable to those found for La(OH)CO3 in
literature [37]. The broad band at 3375 cm−1 corresponds to stretching and bending vibrations
of hydroxyl groups, whereas the band at 1640 cm−1 is representative for molecular interlayer
water molecules [38]. Carbonate ion modes are present at 1070 cm−1 (ν1), 850 cm−1 (ν2),
1470 and 1390 cm−1 (ν3) as well as 730 to 690 cm−1 (ν4) [37,38]. Below 700 cm−1, the vibra-
tions of hydroxide and oxide bonds can be seen [39]. In Figure S9a, the wavenumbers at the
position of the corresponding transmission minimum are displayed. A steady shift towards
higher wavenumbers with increasing Co content is visible at around 447 cm−1. However,
x = 0.15 is an outlier featuring the lowest wavenumber of the minimum. In literature, a simi-
lar trend is found for Co-Fe-hydroxycarbonates which is explained by a weaker force constant
of the Co(II)-O bond compared to the Fe(III)-O bond [39]. With increasing Co content, the in-
tensity at the transmission minimum in the M-OH and M-O region (<580 cm−1) remains
nearly constant, as can be seen in Figure S9b.

Thermogravimetric analysis of the precursors in a 21% O2/Ar atmosphere is shown
in Figure 2d. A steady mass loss can be seen for all samples attributed to the evolution of
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H2O followed by a two-step CO2 formation, as reported by Kühl et al. [20]. The last abrupt
mass loss was attributed to a sharp CO2 evolution in the temperature range of 580 ◦C to
620 ◦C depending on the Co content. The mass remains stable above 650 ◦C with an overall
mass loss of about 25%. No extra mass loss indicating the formation of a secondary phase
upon calcination is detected. Even for the highest Co content (x = 0.30), no characteristic
mass loss at 900 ◦C for the thermal reduction of a potential Co3O4 by-phase to CoO can be
seen [40].
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2.2. Catalyst Characterization

After thermal decomposition of the amorphous precursors during calcination at
800 ◦C, XRD powder patterns were recorded. The corresponding diffractograms,
shown in Figure 3a, are compared to orthorhombic LaFeO3 (ICSD: 93611 [41]) with in-
dications of the most intensive (hkl) assignments. The patterns can be fully described
by the one calculated for the perovskite structure, which further confirms the absence of
secondary crystalline phases. The reflections are shifted to higher angles with increasing
Co content, which is indicative of the incorporation of Co into the crystal structure. This is
related to replacing Fe accompanied by a decrease of the d-spacing associated with the
smaller effective ionic radius of low-spin Co3+ (0.545 Å) compared to Fe3+ (0.645 Å) in the
high-spin configuration [42], which in the latter case is the ground state electronic structure
of octahedrally coordinated trivalent Fe cations in LaFeO3 [43]. The formation of phase-
pure perovskites from non-phase-pure materials is known, which is relevant to consider in
view of the hydrotalcite-like by-phase encountered for higher Co contents in the precursor
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stage. For example, the formation of phase-pure LaFeO3 was reported as well from Fe2O3
and La2(CO3)2(OH)2 [25]. As the homogeneity of the amorphous precursor is unknown,
and a hydrotalcite-like by-phase was observed in some samples, perovskite formation from
a multi-phase precursor system must also be assumed for our synthesis approach.
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A plot of the lattice parameters derived from Rietveld refinement [44] with increasing
Co content is shown in Figure 3b. The encountered trend is in line with the qualitative
analysis of changes in the d-spacing upon isomorphic transition metal cation substitution.
As expected, lattice parameters decrease monotonously with increasing the degree of Co
substitution, which is in agreement with Vegard’s law [21,23]. Meanwhile, the refinement
results are reported in Table 1. The crystallite size was determined as the volume-weight
mean column height from integral breadth, the obtained sets of Rietveld fit parameters are
summarized in Table S1. The corresponding plots are shown in Figure S10. This quantita-
tive analysis further supports the phase purity of the samples.

Table 1. Characterization data of the samples after calcination, including Rietveld refinement, surface area, pore-volume,
and particle size. The crystallite size was determined as the volume-weight mean column height from integral breadth.

x = a [Å] b [Å] c [Å]
Cell

Volume
[Å3]

Crystallite
Size

(LVol-IB)
[nm]

SABET
[m2 g−1]

Pore
Volume

[cm3 g−1]

Particle
Size (TEM)

[nm]

Particle
Size (SEM)

[nm]

0.00 5.5494 (7) 5.5587 (2) 7.8464 (6) 242.0473 46.6 16 0.13 32.4 ± 14.5 51.2 ± 8.6
0.05 5.5477 (0) 5.5537 (6) 7.8396 (2) 241.5441 45.7 18 0.12 35.1 ± 11.9 49.4 ± 9.5
0.10 5.5429 (5) 5.5452 (7) 7.8332 (7) 240.7734 33.2 24 0.16 26.4 ± 7.8 41.9 ± 7.5
0.15 5.5385 (1) 5.5390 (2) 7.8286 (1) 240.1664 34.4 17 0.16 29.5 ± 10.2 58.7 ± 9.7
0.20 5.5300 (8) 5.5280 (7) 7.8163 (2) 238.9508 32.3 18 0.15 36.6 ± 10.0 42.2 ± 7.6
0.25 5.5234 (3) 5.5172 (5) 7.8054 (2) 237.8637 45.4 15 0.04 53.3 ± 15.9 78.2 ± 11.9
0.30 5.5188 (9) 5.5157 (3) 7.7989 (8) 237.4070 33.8 25 0.26 39.6 ± 10.8 48.2 ± 7.2

The mostly spherical particle morphology remains unchanged upon calcination,
as confirmed by SEM analysis. Figure 4a shows the isotropic character of the particles
corresponding to sample x = 0.05, which have a mean diameter of 50 nm. This value is in
good agreement with the crystallite size derived from XRD analysis. Differences are still to
be expected as the calculated values are attributed to the size of the coherently diffracting
domains, which are not necessarily equal to the crystallite size. SEM images of the entire
sample series in the as-prepared and calcined state are shown in Figure S8. After calcina-
tion, the samples still show a spongy morphology, but x = 0.25 had a slightly more sintered
structure, while x = 0.20 and x = 0.30 maintain their visual similarity. The corresponding
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particle size distributions in the calcined state are depicted in Figure S11. The particles
appear to be partially sintered after calcination, which is also visible in the TEM image
of sample x = 0.05 (Figure 4b). TEM images of the perovskite series are summarized
in Figure S12. Particle size distributions derived from a detailed TEM evaluation are de-
picted in Figure S13. The analysis shows that the mean particle size changes, although the
broadening of the statistical distribution is comparable within the sample series.
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Evidently, the individual roundish particles are not dispersed but appear fused due to
sintering. HR-TEM analysis (Figure S12) further confirms the high degree of crystallinity
of the obtained perovskites as expected from the sharp reflections in the corresponding
XRD patterns. The particles mostly exhibit isotropic faceted shapes.

The average particle sizes determined by SEM and TEM are shown in Figure 4c.
The diameters are similar for all samples, with systematically slightly larger values seen in
SEM. Evidently, the mean particle size is not affected by the isomorphic substitution of Fe
with Co into the crystal structure. TEM particle sizes are in the range of 30 nm to 53 nm,
whereas the SEM particle size is determined in a range from 48 to 70 nm. The difference
might be an effect of the lower resolution of the SEM image, making a differentiation be-
tween single and fused particles challenging. The BET surface areas are inversely following
the differences in particle sizes as observed in SEM and TEM, indicating low porosity of
the agglomerates. Nitrogen adsorption-desorption isotherms, which are characterized by
a type IVa hysteresis loop, are shown in Figure S14. The corresponding pore size distri-
butions, which were obtained applying the BJH method on the desorption branch of the
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isotherms, are depicted in Figure S15. A bimodal pore size distribution can be seen with
some minor pores inside the particles and the majority of the pores in the range of 20 nm,
indicating mainly interparticle voids. The sample with x = 0.10 shows the smallest particle
size and the second highest BET surface area of around 24 m2 g−1.

ATR-FTIR spectra of the perovskites are depicted in Figure 4d, showing the remain-
ing hydroxide (3430 and 1500 cm−1) and carbonate bands (1365 cm−1) [37,38]. As TG in
Figure 2d did not show any mass loss at higher temperatures than 800 ◦C, these bands can
be attributed to the re-adsorption of H2O and CO2 from the atmosphere. Samples x = 0.10,
x = 0.20 and x = 0.30 show additional bands at 1050 cm−1. In the metal oxide vibration
region, the bands became more pronounced below 600 cm−1 than before the thermal
treatment. The maximum for the LaFeO3 perovskites is observed at 539 cm−1 and con-
firms the presence of FeO6 octahedra and their characteristic Fe-O stretching vibration.
The maximum band position is shifted to higher wavenumbers with increasing Co content
in the calcined state, as displayed in Figure S9a. The shift indicates a distortion in the
orthorhombic perovskite structure upon introducing Co3+ ions, which affects the Fe-O
bond strength [45]. The bond strength argument is backed up by temperature-programmed
reduction (H2-TPR). The reduction of Fe3+ to Fe0 in LaFeO3 is described in the literature as
a two-step mechanism that takes place at temperatures above 800 ◦C [46]. However, reduc-
tion phenomena have also been reported at considerably lower temperatures, which have
been ascribed to an increased oxygen release from Fe-Co-perovskites [47,48].

H2-TPR curves are shown in Figure S16a, which show a two-step reduction behavior
in a lean hydrogen atmosphere (7% H2/N2). For LaFeO3, a first smaller reduction peak is
observed at 420 ◦C, followed by a pronounced maximum at 892 ◦C. For all Co containing
samples, the position of the first maximum is shifted to lower temperatures by at least
34 ◦C compared to LaFeO3. The shift proves the enhanced reducibility of the perovskite
structure in the presence of Co in the temperature range below 500 ◦C, but there is no linear
correlation between the Co content and the peak position, as highlighted in Figure S16b.
The reducibility in the low-temperature region shows the following order in x: 0.15 >
0.05 > 0.25 > 0.10 > 0.20 > 0.30 > 0.00. In contrast, the second maximum shifts to higher
temperatures with Co incorporation, while similar to the first maximum, the second does
not show a clear correlation with Co content.

A similar non-linear behavior in the high-temperature region upon cation substitution
has also been observed on La1−xSrxFeO3 perovskites, which was attributed to increased
consumption of surface oxygen at lower temperatures originating from enhanced oxygen
mobility upon Sr incorporation [48]. As a consequence, the oxygen availability at higher
temperatures decreases and results in the shift of the second maximum to higher tem-
peratures [48]. For samples with a higher oxygen activation barrier, the low-temperature
peak is less pronounced, while the availability of easier-to-reduce oxygen species at higher
temperatures is increased [48].

In terms of Co incorporation into LaFe1−xCoxO3 perovskites, the ratio of lattice oxy-
gen to adsorbed oxygen decreases, resulting in higher total oxidation activity in CH4
oxidation [3]. Furthermore, Zhao et al. attributed the two-step reduction of perovskites to
the stepwise reduction of adsorbed oxygen accompanied by Fe4+ to Fe3+ reduction and
Co3+ to Co2+ followed by total bulk reduction of reducible cations [3].

2.3. CO Oxidation Activity

Temperature-programmed CO oxidation reaction was performed in the temperature
range between room temperature and 500 ◦C. Conversions as a function of reaction temper-
ature are shown in Figure 5a. The reaction rates normalized by the BET surface area were
calculated up to a conversion of 65% and plotted in Figure 5b. A pronounced increase in
CO oxidation rate was observed in our experiments by Co incorporation as low as 5% into
the perovskite structure, lowering the T50 by 42 ◦C. An even stronger effect was observed
during CO oxidation upon the incorporation of small amounts of Co into NiO [34]. Thus,
a positive impact on the catalytic activity in the presence of Co is expected. Co3+ acts as
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an active site for CO adsorption, while Co2+ at oxygen vacancies preferentially adsorbs
molecular oxygen, as was shown for LaCoO3 perovskites [49].
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Interestingly, after this activity boost, neither the conversion nor the reaction rate
linearly follows the Co incorporation. Regarding conversion, x = 0.15 and x = 0.25 are the
most active samples, followed by x = 0.30. After rate-normalization, the curves for x = 0.15
and x = 0.25 converge as well as the curves for x = 0.20 and x = 0.30. A similar non-linear
scaling of the activity with the Co content was observed for exhaust gas decomposition
containing NO and N2O on LaFexCo1−xO3 [23] and CO oxidation on Co-doped NiO [34].
Furthermore, on Sr- and Co-doped LaFeO3, extrema at intermediate Co contents were
found for the methanol oxidation activity [35]. For the two samples emerging from the
purely amorphous precursor without minor contributions from the anisotropic CoFe-
LDH by-phase (x = 0.00 and x = 0.05), the activity increase with Co incorporation is
evident, as discussed before. Nonetheless, several factors such as surface termination,
surface composition, and oxygen vacancies should be taken into account to understand
the non-linear change in activity with a variation of the Co content. A more detailed
structural analysis is needed to address this effect. Interestingly, TPR indicates a strong
correlation between the position of the reduction peak below 500 ◦C and the catalytic
activity. The catalysts x = 0.15 and x = 0.25 are easier to reduce under reaction conditions
compared to x = 0.20 and x = 0.30 and more active in the catalytic oxidation of CO.

When comparing the temperatures of 95% conversion (T95) within the series as shown
in Figure 5c, the same behavior as before becomes evident. The incorporation of only small
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Co amounts increases the activity drastically, whereas x = 0.15 shows the lowest T95 followed
by x = 0.25 and x = 0.3. In the literature, a temperature of 95% conversion (T95) is not expected
before 500 ◦C for LaFeO3, which is higher than our result of 343 ◦C [50]. However, there are
also examples showing T90 values of 400 ◦C [51], of about 370 ◦C [52], or near 430 ◦C [53].
This gap, however, might be related to differences in the experimental conditions of the
catalytic testing in terms of CO concentrations and GHSVs. In comparison to LaFeO3
catalysts from spray-flame synthesis, the exposed BET surface area in the presented study is
decreased by a factor of 5 for reported high surface area catalysts and comparable to low
surface area catalysts [15]. The activity at 300 ◦C of about 73% for the sample derived from
a co-precipitated precursor is increased compared to the sample obtained by spray-flame
synthesis, which featured at least 30% conversion in a less oxidizing atmosphere (3% CO,
6% O2). Here, we compare our results to a study in which different amounts of ethanol as
fuel were used during gas-phase synthesis. After rate-normalization, LaFeO3 synthesized in
this study features 0.493 µmol s−1 m−2, whereas the spray-flame synthesized materials show
rates of 0.302 (pure EtOH, 15 m2 g−1), 0.117 (35% EtOH, 92 m2 g−1), and 0.075 µmol s−1 m2

(50% EtOH, 89 m2 g−1) at 300 ◦C [15].
For the rate comparison at 175 ◦C Figure 5c, a general trend towards higher activity

can be observed as a function of the Co content with the exceptions of x = 0.15 and x = 0.25,
which show extraordinarily high activities.

In Figure S17a, transient CO oxidation curves of two batches of x = 0.00 are shown.
A good reproducibility of the conversion profile can be seen even among different synthesis
batches. The observed offset for T50 and T95 was 7.2 ◦C and 12.3 ◦C, respectively, which is
considered as an error bar estimation also for the other syntheses and measurements.
In addition, we performed a reusability test of the same batch (x = 0.00), which is shown in
Figure S17b. Prior to each reproduction run, a temperature-programmed oxidation (TPO)
up to 300 ◦C in 20% O2 and N2 was performed. After the oxidative treatment, the activity
was slightly enhanced compared to the initial activity, which can be explained by surface
cleaning and oxygen adsorption. The two runs after a TPO perfectly overlap, which proves
the reproducibility of the results as well as the re-usage stability of the catalysts under these
reaction conditions.

Additionally, the stabilities with time on stream of the samples x = 0.00 and x = 0.25
were investigated under steady conditions at 200 ◦C. The results are displayed in Figure S17c.
The stability measurement of x = 0.00 indicates the pre-treated catalyst goes through a short
period of deactivation but reaches a steady state after 6 h of exposure to the reaction mixture.
In the deactivation period, a loss in conversion from 16.3% to 7.6% could be observed.
The x = 0.25, on the other hand, showed only a slight deactivation from 99% to 95.6%,
after which it reached the steady-state conversion. The decrease in conversion is thus less
pronounced for x = 0.25 compared to x = 0.00 at the same temperature, suggesting that the
addition of Co does not only help the activity but also has a positive effect on stability.

2.4. Operando DRIFTS during CO Oxidation

In order to investigate the surface properties of the catalysts, samples with nominal
Co contents of x = 0.00, x = 0.05, x = 0.20, x = 0.25, and x = 0.30 were studied in the
CO oxidation monitored by Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS). The selected samples include the least active catalyst (x = 0.00) and three samples
with similar activities despite different Co contents (x = 0.05, x = 0.20, x = 0.30), and one
sample with extraordinarily high activity (x = 0.25). Initially, the DRIFTS spectra during a
transient experiment were collected while the catalyst was exposed to the reaction mixture.
The spectra at selected temperatures are illustrated in Figure 6a for x = 0.25, as one of
the most active samples when looking at the normalized rate, and for other samples
in Figure S18a–d.
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The progressive formation of CO2 at higher temperatures can be observed in all
cases by the intensity of the gas-phase CO2 bands. However, it is not straightforward
to internally compare the spectra due to different absorption intensities and the bending
of the baseline at higher temperatures (also note the difference in the scale bars of the
graphs). The activity significantly changes by incorporating Co, as observed in the catalytic
experiments. It can be qualitatively compared by the intensity of the gas-phase CO vs.
CO2 among the samples, which is in line with the MS signal (not shown). Several bands
were observed below 1710 cm−1, which can be related to symmetric and asymmetric
vibration of different carbonates, including monodentate, bidentate, bridged, polydentate,
and bicarbonates [54,55]. Although detailed band assignment in these cases requires
extensive assumptions about the coordination of the atoms on the surface as well as
support from theoretical calculations and therefore is not reported here, there are still
interesting trends to discuss. In all cases, the formation of carbonates is progressed as
the temperature increases during the heating segment and stays the same during cooling.
As the atmosphere is significantly richer in oxygen than in CO, this indicates that the
formation of carbonates is limited by the number of adsorption sites as well as the amount
of CO present in the reaction mixture, wherefore the carbonates are not built up anymore
after a certain level. The former case is seen for the lower Co contents where we still see
the gas-phase CO contribution while the carbonate contribution is at its highest intensity.
On the other hand, the limiting factor of CO concentration is seen especially for the higher
Co contents where we see that the contribution of the gas-phase CO at higher temperatures
is totally diminished. This is consistent with the higher normalized rates that had been
observed for the sample x = 0.25. The bands show minor shifts that could indicate different
electronic properties at the surface. Indeed, the isomorphous substitution of Fe with Co
in the bulk structure will induce changes in the surface composition and subsequently
result in different electronic states of the adsorption sites on the surface. In addition,
the presence of Co in the sample seems to suppress or promote some bands stronger
than others. For instance, the band shifting among the sample between 1572–1582 cm−1,
which can be attributed to asymmetric vibration of mono and/or bridged carbonates,
is promoted up to x = 0.20 Co incorporation. The most active sample with x = 0.25 Co
shows the lowest tendency to become poisoned at the surface by the carbonates. It is
evident that Co incorporation changes the surface properties during the transient test
despite similar crystal structures.
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To further analyze the stability of the catalyst surface under steady-state conditions,
the samples were studied after an oxidative treatment for 40 min at 200 ◦C upon exposure
to the reaction mixture. The resulting spectra are shown in Figure 6b for x = 0.25 and for
other samples in Figure S19a–d. Evidently, there was a progressive formation and build-up
of carbonate-based species as soon as the catalysts were exposed to the reaction mixture.
Two simultaneous pathways can be considered to form carbonates on these catalysts.
One would be the result of reducing the 3+ cations at the surface by CO, especially known
for Co3+ when O2 is not present, which may result in the direct formation of carbonates
on the surface [56]. Simultaneously, if the catalyst has some CO oxidation activity, the pro-
duced CO2 molecules can be adsorbed on the surface and subsequently form carbonates,
especially if the surface has weak Lewis basic sites, as reported for example for Al2O3
and Mg2SiO2 [33,57]. Depending on the conditions of the experiment, one or the other
could be dominant, but neither could be ruled out. In the case of the herein studied per-
ovskite catalysts, it is reasonable to assume that the formation of carbonate is mainly due
to the surface reaction of CO with the two active O−, as reported for Co3O4 catalysts [58].
The positive correlation of the extent of the reaction with the Co content can be qualita-
tively inferred by the gas phase CO and CO2 intensities. Like the transient test, similar
bands are observed in the steady-state, some of which are promoted or suppressed over
time. To better compare this, the DRIFTS spectra at 40 min are depicted in Figure 7a. Here,
the band at 1728 cm−1, possibly related to C=O in bidentate coordination, is promoted by
the Co content. The same is observed for bands at 1641, 1572, 1288 cm−1, while the band at
1439 cm−1 seems to be suppressed. The spectra were also compared in the upper range
of the wavenumber, which showed a very weak yet similar interaction of CO2 with the
hydroxyl group at 3633 cm−1 (see Figure S20) [59]. The similarity of the band intensity
and position among the samples would suggest that the possible contribution of the OH
groups of the catalyst in the CO oxidation activity was most likely insignificant and not
responsible for the observed activity trend. Nevertheless, it is similar among the samples
showing the same activity, particularly among x = 0.20 and 0.30, which suggest a similar
surface structure for these samples despite different Co contents. The CO2 formation
normalized by He intensity, sample mass, and BET surface area monitored using MS (see
Figure 7b) indicated a significant promoting effect of Co. Interestingly, the deactivation
of the catalysts, as indicated by a gradual decline of the CO2 signal, was suppressed at
the higher Co contents. In other words, the more Co in the sample, the less significant
deactivation could be observed, in line with the observations during the transient DRIFTS
measurements and during the kinetic steady-state measurements of the catalysts x = 0.25
and x = 0.00 at 200 ◦C (Figure S17c). This could be backed up by analyzing the DRIFTS
spectra in the carbonate region, i.e., in the wavenumber range of 1150–1700 cm−1. To this
aim, the spectra were integrated within the specified range during the whole isothermal
segment and normalized based on the BET surface area. As depicted in Figure 7c, the car-
bonates were formed as soon as the catalysts were exposed to the reaction mixture but
their build-up was suppressed by the higher Co content in the sample. The trend between
the activity observed from the transient catalytic experiments and the carbonate build-up
during the transient and isothermal DRIFTS measurements were consistent (i.e., x = 0.25
> x = 0.30, x = 0.20 > x = 0.05 > 0.00). This is also in line with most of the normalized
CO2 formation MS signals, with the x = 0.05 being an outlier by showing a sharp CO2
signal at the beginning, which is then diminished later on by time on stream. The inverse
correlation between CO2 and carbonate formation could indicate the blocking of active
sites due to a larger amount of carbonate species preferentially formed by increasing the Fe
content. On the other hand, one could hypothesize that the Co incorporation enhances the
decomposition of the carbonates, which are formed as reaction intermediates rather than
surface poisoning species.
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Figure 7. (a) DRIFTS spectra of the selected 20% O2-treated catalysts after 40 min of exposure to
the reaction mixture of 0.2%CO + 2% O2 in He at 200 ◦C. The labels represent the Co content in the
catalysts. (b) MS CO2 traces during the isothermal holding period in the reaction mixture of 0.2% CO
+ 2% O2 balanced in He. (c) Integrals of the carbonate region normalized on exposed BET surface
area in the spectra during the experiment in the reaction mixture of 0.2% CO + 2% O2 balanced in He.

The CO probe gas interaction with the adsorption sites was additionally investigated
at 10 ◦C, and the results during 40 min of exposure are plotted in Figure S21. As the extent
of the reaction is limited at this temperature, the formation and build-up of carbonates
can be attributed more dominantly to the reduction of the 3+ cations. However, the con-
tribution of CO2 adsorption, whether as the product of the reaction or impurity of the
CO mixture, cannot be totally excluded. Indeed, there is a positive correlation between
the Co content and the build-up of the carbonates (inferred by the relative intensities of
gas-phase CO and the carbonates), which is consistent with the reduction of Co3+ by CO.
Additionally, our previous hypothesis in the discussion about the steady-state data can
be supported in the sense that Co3+ promotes the formation of the carbonates. However,
it also enhances their decomposition in an O2-rich environment. The Co-free sample shows
a similar behavior, although with much lower intensities. The 40 min spectra of the cata-
lyst are stacked in Figure 8 for better comparison. Several bands can be observed in the
range of 1620 to 1053 cm−1, while others show different relative intensities. For instance,
there is a positive correlation between the relative intensities of the bands at 1620, 1396,
and 1121 cm−1. In summary, Co content has a positive effect on the formation of the carbon-
ates in an O2-free environment, consistent with the higher population of reducible surface
Co3+ species. On the other hand, when the atmosphere is O2-rich, the adsorption of CO is
enhanced by the incorporation of Co, leading to the formation of carbonates as reaction
intermediates, but their decomposition is also promoted by Co. In the end, this leads to
a more active catalyst in CO oxidation, which is yet more resistant to surface poisoning.
The small changes in the type of carbonates in all DRIFTS experiments could reflect minor
differences in the surface properties, which could have an impact on the reaction pathway
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and the overall catalytic activity. The similarity of the surface properties among those
samples with a comparable morphology, especially x = 0.20 and 0.30, is also consistent with
the similar observed activity trend.
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3. Materials and Methods
3.1. Raw Materials

For the synthesis of the investigated catalysts, commercially available reagents were
used without additional purification: lanthanum(III) nitrate hexahydrate (99.9% La, abcr
GmbH, Karlsruhe, Germany), iron(III) nitrate nonahydrate (≥96%, Carl Roth GmbH,
Karlsruhe, Germany), cobalt(II) nitrate hexahydrate (≥98%, Carl Roth GmbH, Karlsruhe,
Germany), sodium hydroxide (98.5%, Carl Roth GmbH, Karlsruhe, Germany), and sodium
carbonate (≥99.5%, VWR International GmbH, Darmstadt, Germany).

3.2. Synthesis and Sample Preparation

The synthesis via co-precipitation included the preparation of metal salt stock solu-
tions with a total ionic concentration Mx+ of 0.8 mol L−1 with the general composition
La3+/Fe3+/Co2+ = 1:1–x:x. The value of x was varied in the range between 0 and 0.3.
The precipitation agent was a solution consisting of 1.2 M NaOH and 0.18 M Na2CO3.

The syntheses were performed in an automated OptiMax 1001 (Mettler Toledo GmbH,
Greifensee, Switzerland) synthesis workstation. The setup consists of a single-walled
glass reactor fixed inside a solid-state thermostat for accurate temperature control. During
precipitation and aging steps, N2 flow was employed, and the prefill volume of the reactor
was purged with N2 for 30 min. The co-precipitation experiments have been performed
isothermally at 10 ◦C and a constant pH of 9.5. A universal control box equipped with a
precision balance allowed gravimetric dosing of the metal salt solutions of 75 g in 36 min.
Control over the pH was achieved by simultaneous computer-controlled dosing of the
metal salt solution and the precipitation agent via two ProMinent gamma/L metering
pumps. The pH was monitored and adjusted using an InLab Semi-Micro-L electrode before
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each experiment. A pitched blade impeller rotating at a constant speed of 300 rpm was used
to avoid concentration and temperature gradients. After the precipitation was finished,
an aging step at 10 ◦C for 60 min was performed. After aging, the precipitate was isolated by
centrifugation (6000 rpm, 2 min) and washed with deionized water until the conductivity
of the supernatant was below 0.1 mS cm−1 in two consecutive runs. Afterwards, the
samples were dried in static air at 80 ◦C for 12 h. The precursors were calcined at 800 ◦C
for 3h (β = 2 ◦C min−1) in stagnant air in a muffle furnace (B150, Nabertherm, Lilienthal,
Germany). The calcined samples were characterized as powders and pressed with a
hydraulic press by Perkin-Elmer (5 t, 2 min, Überlingen, Germany), pestled, and sieved
with stainless steel sieves from ATECHNIK (ISO 3310−1, Leinburg, Germany). A sieve
fraction of 250–355 µm was used for the kinetic analysis with a BELCAT-B (MicrotracBEL
Corp., Haradanaka Toyonaka, Japan) catalyst analyzer.

3.3. Catalyst Characterization

Fe and Co contents in the precursors were determined by atomic absorption spec-
troscopy (M-Series, Thermo Electron Corporation, Waltham, MA, USA).

Thermogravimetric measurements (TG) were performed in a NETZSCH STA 449F3
thermal analyzer (NETZSCH-Gerätebau GmbH, Selb, Germany). For TG measurements,
50 mg of precursor material was heated in a corundum crucible in 21% O2 in Ar from 30 ◦C
to 1000 ◦C with a linear heating rate of 5 ◦C min−1.

N2 adsorption-desorption experiments were performed with a NOVA3000e setup
(Quantachrome Instruments, Boynton Beach, Florida, USA) at −196 ◦C after degassing the
samples at 80 ◦C for 2 h in a vacuum. BET (Brunauer Emmet Teller) surface areas were
calculated from p/p0 data between 0.05 and 0.3. Total pore volumes were determined at
p/p0 = 0.99.

Powder XRD patterns in the 2θ range from 5◦ to 90◦ were recorded on a Bruker D8
Advance (Bruker, Billerica, MA, USA) diffractometer in Bragg–Brentano geometry using a
position-sensitive LYNXEYE detector (Ni-filtered CuKα radiation, Bruker, Billerica, MA,
USA) applying a counting time of 0.3 s and step size of 0.018. Samples were mounted
using dispersion in ethanol on a glass disc inserted in a round PMMA holder. The latter
was subject to gentle rotation during scanning after removing the ethanol by drying.
For structure analysis and calculation of lattice parameters, Rietveld refinement [44] was
applied using the TOPAS software (Bruker, Billerica, MA, USA).

Scanning electron microscopy (SEM) studies were performed on a Apreo S LoVac
Thermo Scientific (ThermoFisher, Waltham, MA, USA) microscope with a Thermo Scientific
UltraDry EDS X-ray detector (ThermoFisher, Waltham, MA, USA).

High-resolution scanning transmission electron microscopy (STEM) studies were
carried out on a Jeol JEM 2200 fs microscope (Akishima, Japan) equipped with a probe-
side Cs-corrector operated at 200 kV acceleration voltage. Micrographs were taken in a
high-angle annular darkfield (HAADF). EDX elemental mappings were acquired with a
X-Max 100 detector (Oxford Instruments, Abingdon, United Kingdom. For particle size
estimation, 50 particle diameters were counted using the software ImageJ.

IR spectra were obtained in a Bruker Platinum ATR Diamond spectrometer (Bruker,
Billerica, MA, USA) in a spectral range between 400 cm−1 to 4000 cm−1. The step size was
set to 0.1 cm−1.

3.4. Catalytic CO Oxidation at Ambient Pressure

For catalytic testing in a BELCAT-B catalyst analyzer (MicrotracBEL Corp., Japan),
100 mg (sieve fraction 250–355 µm) of each calcined catalyst sample diluted with 500 mg
of silicon carbide (>355 µm) was placed inside a U-shaped quartz tube reactor (inner
diameter = 8 mm). Each sample was cleaned by heating at 3 ◦C min−1 in He (99.9999%,
Air Liquide) from room temperature to 100 ◦C, kept constant for 1 hr. After that, the sample
was cooled down in He to 50 ◦C. Before starting the temperature-programmed catalytic
experiments, the catalyst/SiC mixture was purged for 15 min with 2% CO and 20% O2 in
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He to equilibrate the gas composition. After that, the temperature was increased to 500 ◦C
at a heating rate of 3 ◦C min−1. The total gas flow was 80 mLn min−1. The reactor outlet
stream was analyzed with a MicroGC 490 (Agilent Technologies, Santa Clara, CA, USA)
equipped with a 5-Å molecular sieve and a Pora Plot Q column to detect CO, O2, and CO2.

3.5. Operando DRIFTS during CO Oxidation

DRIFTS was performed using an FTIR spectrometer from ThermoFisher Scientific
(Waltham, MA, USA), i.e., Nicolet™ iS20, equipped with a DRIFTS cell (Praying Mantis™,
Harrick Scientific Products Inc., Pleasantville, New York, USA) and a Mercury Cadmium
Telluride detector (MCT) cooled with liquid nitrogen. The DRIFTS cell outlet gas stream was
analyzed continuously during the experiment by an on-line mass spectrometer (Omnistar
GSD 320, Pfeiffer Vacuum, Wetzlar, Germany). Using a four-port selector valve, the inlet
gas was switched between two different streams, one for He-purging and/or pretreatments
(He or 20% v/v O2 in He) and the other containing the probe gas (0.2% v/v CO in He
or the reaction mixture of 0.2% v/v CO, 2% v/v O2 balanced in He). A flow-through
configuration was applied in all segments with a total flowrate of 80 mLn min−1. At first,
the loaded samples (~30–40 mg fine powder) were pretreated by He at 150 ◦C for 1 h (at a
heating rate of 10 ◦C/min), after which the cell was cooled down to 20 ◦C at the same rate.
After stabilizing the temperature, the background spectrum was collected in He. Then,
the samples were exposed to the reaction mixture while ramping the temperature to 300 ◦C
at a rate of 10 ◦C/min and collecting the spectra every 1 min (corresponding to 10 ◦C
intervals). The samples were dwelled for 10 min at 300 ◦C and subsequently cooled down
to 20 ◦C at the same rate while collecting spectra every 1 min. In the second part of the
experiment, the samples were pretreated in 20% O2 for 1 h at 350 ◦C to clean the surface
from the formed carbonate species and then cooled down to 200 ◦C. After stabilizing
the temperature, the gas was changed to He, and the system was purged for 10 min to
collect the new background. Subsequently, the catalysts were exposed to the reaction
mixture for 40 min while collecting the spectra every 10 s. The first spectrum was collected
before switching the gas, so it represents the time 0. In the final part of the experiment,
the catalysts were pretreated in 20% O2 again at similar conditions stated above and then
cooled down to 10 ◦C. After temperature stabilization and collecting a new He background,
the samples were exposed to 0.2% CO probe gas for 40 min, and the spectra were collected
every 10 s.

4. Conclusions

Synthesis of LaFe1−xCoxO3 perovskites was performed by co-precipitation of mostly
amorphous precursors and thermal decomposition towards phase-pure perovskites. The pre-
cursor materials contain a minor contribution from a hydrotalcite-like secondary phase
for x ≥ 0.10. In ATR-FTIR spectroscopy, indications for a weaker force constant of the
Co(II)-O bond compared to that of the Fe(III)-O bond in the hydroxycarbonate precursors
are observed. After thermal decomposition, the perovskites feature sintered particles with a
size of ~50 nm. The BET surface area inversely follows the size of the particles, which is an
indication for mainly interparticle porosity. ATR-FTIR spectroscopy of the calcined materials
revealed an influence of the Co incorporation on the MO6 octahedra, indicating a distortion
in the orthorhombic perovskite, which affects the Fe-O bond strength.

Strong pronounced promotion of only 5% Co incorporation is observed in transient
CO oxidation, which could be related to enhancing the reducibility as inferred by the
H2-TPR and ATR-FTIR results. Further Co incorporation generally enhanced the activity
compared to the pure iron sample, although no linear trend could be observed with the Co
content. The promoted reducibility of Co3+ compared to Fe3+ might have led to enhanced
redox properties, that are not linearly following the Co content in the samples. Never-
theless, a correlation between the low-temperature TPR peak and CO oxidation activity
was observed. From the CO oxidation monitored by surface-sensitive operando DRIFTS
measurements, we found that the formation of carbonates in presence of the reaction
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mixture was suppressed at a higher Co content, while the CO2 formation was boosted.
In other words, the carbonates on the catalyst with lower Co contents were more stable
and possibly not acting as reaction intermediates but rather as surface poisoning species.
However, minor surface modification upon Co incorporation, especially at higher loadings,
could not be ruled out. Indeed, despite comparable crystalline structures, Co incorporation
could result in minor distortion, as revealed by ATR-FTIR, which resulted in changes
of the surface properties, which might have had an impact on the CO oxidation activity.
In this regard, the samples with similar morphology and surface properties showed similar
activity in spite of different Co contents. In our upcoming research work, we will perform
further mechanistic studies on the CO oxidation on these perovskites and also test the
catalysts in different oxidation reactions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11050550/s1, Figure S1. Synthesis protocol of sample x = 0.00, Figure S2. Synthesis
protocol of sample x = 0.05, Figure S3. Synthesis protocol of sample x = 0.10, Figure S4. Synthesis
protocol of sample x = 0.15, Figure S5. Synthesis protocol of sample x = 0.20, Figure S6. Synthesis
protocol of sample x = 0.25, Figure S7. Synthesis protocol of sample x = 0.30, Figure S8. SEM images of
the precursors (left column) and the calcined materials (right column), Figure S9. (a) Positions of the
transmission minimum in the M-O and M-OH region (<580 cm−1) in the IR spectra. (b) Transmission
minimum in IR spectra in the M-O and M-OH region (<580 cm−1) corresponding to the minimum
positions shown in (a), Table 1. Criteria of fit for the Rietveld Refinements of the X-ray diffraction
patterns of the calcined samples. Figure S10. (a) Rietveld plots of x = 0.00. (b) Rietveld plots of
x = 0.05. (c) Rietveld plots of x = 0.10. (d) Rietveld plots of x = 0.15. (e) Rietveld plots of x = 0.20.
(f) Rietveld plots of x = 0.25. (g) Rietveld plots of x = 0.30. Grey: experimental pattern; red: calculated
pattern; blue: difference plot; black: Bragg peak position, Figure S11. SEM particle size counts of all
samples after calcination from 100 particles per sample, Figure S12. TEM images in the magnifications
60 k (left column), 300 k (middle column), and 10 M (right column), Figure S13. TEM particle size
counts of all samples after calcination from 100 particles per sample, Figure S14. BET isotherms of
all samples, Figure S15. Pore size distribution of all samples, Figure S16. (a) H2-TPR profiles of the
sample series. (b) Positions of the maxima below 500 ◦C (labelled low temperature) and above 500
◦C (labelled high temperature) derived from the TPR curves in (a). Figure S17. (a) Conversion curves
of x = 0.00 derived from two different synthesis batches in the reaction mixture of 2% CO + 20%
O2 balanced in He. (b) Reusability and reproducibility curves on CO oxidation of sample x = 0.00
after storage in air and reproducibility tests of sample x = 0.25 in the reaction mixture of 2% CO
+ 20% O2 balanced in He or N2. (c) Stability test of x = 0.00 and x = 0.25 at 200 ◦C and of x = 0.25
at 100 ◦C in the reaction mixture of 2% CO + 20% O2 balanced in N2. Figure S18. DRIFTS spectra
of the selected catalysts exposed to the reaction mixture of 0.2% CO + 2% O2 balanced in He, after
a He-treatment at 150 ◦C during a transient experiment; (a) x = 0.00, (b) x = 0.05, (c) x = 0.20 and
(d) x = 0.30 Co incorporation. In the legends, H and C designate the heating and cooling segments,
respectively. Figure S19. DRIFTS spectra of the selected catalysts exposed to the reaction mixture
of 0.2% CO + 2% O2 balanced in He, after an oxidative treatment during 40 min of steady-state
condition at 200 ◦C; (a) x = 0.00, (b) x = 0.05, (c) x = 0.20 and (d) x = 0.30 Co incorporation, Figure S20.
OH-region DRIFTS spectra of the selected catalysts exposed to the reaction mixture of 0.2% CO + 2%
O2 balanced in He, after an oxidative treatment during 40 min of steady-state condition at 200 ◦C,
Figure S21. DRIFTS spectra of the selected catalysts exposed to the probe gas of 0.2% CO in He, after
an oxidative treatment during 40 min of steady-state condition at 10 ◦C; (a) x = 0.00, (b) x = 0.05,
(c) x = 0.20, (d) x = 0.25 and (e) x = 0.30 Co incorporation.
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