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seemingly simple CO oxidation reaction. Precise kinetic measurements and § t 2 , ) 12 - 37
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leading to the occurrence of a frustrated-phase transition at the surface that can  © Df"daf:,,, S 8
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potentially define the catalyst activity under different reaction conditions. Our & 20f co, f y 5% 8 174 8
work specifically highlights the effect of partial cobalt substitution into the 0 Os Lt e’ __ﬁ—o/ O:250°¢
perovskite’s structure on improving the activity of the reference LFO. % 250 290 286, 282
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Modulation-excitation spectroscopy coupled with phase-sensitive detection emperature ]

(MES-PSD) and near-ambient pressure X-ray photoelectron spectroscopy

(NAP-XPS) were employed at different temperatures to elucidate the multifaceted role of cobalt in promoting the carbonate-mediated
pathway for CO oxidation. For LFO, kinetic and theoretical analyses confirm a pure Mars—van Krevelen (MvK) mechanism mediated
by bidentate carbonates, yielding low activity but high stability. In contrast, LEFCO exhibits higher activity despite slight deactivation
through a dual MvK/Langmuir—Hinshelwood (LH) pathway. Monodentate carbonates act as low-temperature and unstable interme-
diates, with LECO accelerating carbonate-to-CO, conversion via enhanced surface oxygen mobility. The temperature also dictates
mechanistic shifts: LH dominates below 170 °C, while MvK prevails above this threshold. Additionally, operando NAP-XPS reveals
that this transition coincides with cobalt reduction, iron oxidation, and a possible frustrated-phase transition that activates carbonate
intermediates. In our catalytic systems, cobalt serves as the primary active site, while lanthanum stabilizes the perovskite structure and
surface carbonates, and iron maintains charge balance. The interplay between the sites is essential to achieve a higher conversion.
These findings demonstrate how composition and temperature govern dynamic surface restructuring and reaction pathways in perov-
skite catalysts.
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1. INTRODUCTION CO and adsorbed atomic oxygen to be in proximity to each

. . . . other on the surface.!®
CO oxidation is a simple and extensively studied probe reac- v

tion over various metal catalysts, such as gold,l’2 silver, plat-

. 4 . . . 5
inum,” or even bimetallic phases, such as cobalt—palladium.
2 =2 1

Due to the rising cost of noble and rare-earth metals, transi- CO+0, CO, )
tion metal oxides, such as CuO,’ LaFeO3,7 Co304,8 and
other spinel catalysts,” have also been recently studied. CO Received: February 19, 2026 = -
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oxidation to CO2 is considered a straighttorward reaction Revised: May 22, 2026
(eq 1), in which no other gas-phase by-products are formed. Accepted: May 26, 2026
On metal catalysts, usually, a Langmuir—Hinshelwood mecha- Published: June 15,2026

nism is reported for this reaction, which requires adsorbed
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On the other hand, a Mars—van Krevelen mechanism can
be observed for reducible oxide catalysts, as described by
Liu et al. for Co-doped CeO,."" Here, two pathways are pos-
sible: either a direct pathway (pathway A) or an indirect one
(pathway B), as schematically displayed in Scheme 1. In path-
way A, oxygen vacancies are formed due to the reaction of
adsorbed CO and lattice oxygen, O, to adsorbed CO,.
This is also in good accordance with reported CO oxidation
mechanisms over SrCoO3,12 SrFeO3,13 and Fe304.1‘4r

The other reported possibility is a reaction pathway involving
carbonates'! as reaction intermediates, which are often over-
looked. Carbonates can react with another CO molecule on
the surface, forming two CO, molecules. The CO, molecules
desorb, leaving two oxygen vacancies, which can be filled by dis-
sociative adsorption of O,. Similarly, active carbonate species
have also been reported on Cu,O/CeO,,"> Ag-Pt nanoparti-
cles,® and in multiple instances on Pt/ALO,.'"~'? Here, the
carbonates are reported to decompose to CO,, leaving surface
oxygen behind. Because carbonates are also formed as by-
products from CO, on the surface in pathway A,'® thereby poi-
soning active sites, the presence of carbonates alone is not an
indication of a carbonate-facilitated pathway, making the dis-
tinction difficult. An example of this can be seen in one of our
previous studies, where the high intensity of the carbonate spe-
cies makes it hard to follow the kinetics of the reaction.”
Similarly, the carbonates were also reported on Rh(111) single
crystals after deactivation and poisoning the surface, especially
when hydroxyl groups were present on the surface.”’

Indeed, characterizing the reaction intermediates, even for a
so-called “simple” reaction such as CO oxidation, is an impor-
tant part of understanding catalytic mechanisms to optimize
catalysts and fine-tune them for a specific reaction. It is gener-
ally difficult to isolate and detect intermediates for further anal-
ysis, considering their typical very reactive and unstable nature.
While techniques exist to probe adsorbed species on the catalyst
surface during a reaction, such as diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS),*"** Raman spec-
troscopy, or X-ray photoelectron spectroscopy (XPS), it is chal-
lenging to differentiate between active and non-active
adsorbates (spectators) since both are present on the surface.
Spectators, in contrast to the reactive intermediates, do not play
a role in the formation of the desired reaction products. Due to
their accumulation on the surface, they can block access to the
active sites, thereby deactivating the catalyst by reducing the
number of available active sites. A powerful tool to differentiate
between active and spectator species is modulation excitation
spectroscopy (MES) coupled with DRIFTS using phase-
sensitive detection (PSD). This technique enables the elimina-
tion of spectators from the spectra and, therefore, allows the
study of only reactive components.”® Furthermore, information
derived from MES experiments contains kinetic information,
which can be used to elaborate on the reaction mechanism
and the role of different surface species.”®> Operando DRIFTS
could additionally be coupled with isotope experiments, such
as steady-state isotopic transient kinetic analysis (SSITIKA),**
to generate additional kinetic information of the active interme-
diates and the product distribution.>*

In this work, we applied MES-PSD coupled with DRIFTS to
examine two oxide samples, representing active and inactive cat-
alysts. Additionally, operando near-ambient pressure X-ray pho-
toelectron spectroscopy (NAP-XPS) was used to elucidate the
role of reactive carbonates in the more active catalyst. We
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Scheme 1. Schematic Representation of Two Possible
Mechanisms of CO Oxidation on a Catalyst Surface”
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“Pathway A represents a direct conversion of CO and O, to CO,, while
pathway B shows a mechanism where carbonates are formed as inter-
mediates. Mechanisms are inspired by Liu et al,'" with permission
from the Royal Society of Chemistry, Copyright, 2018.

focused on  the lanthanum—iron—cobalt  perovskite
LaFe,_,Co,0, samples previously applied by our group in the
CO oxidation.” Perovskites (ABO,) are a well-suited material
for spectroscopic analysis due to their well-defined structure.
The defined orthorhombic structure of LaFeO, contains a dode-
cahedrally coordinated A-site cation, lanthanum in this case, and
an octahedrally coordinated B-site cation, iron. While
completely substituting iron with cobalt would lead to a rhom-
bohedral structure, with our synthesis method, up to 25% of
cobalt can be substituted into the structure while maintaining
phase-pure.””*® Therefore, iron and cobalt are present in the
same coordination and oxidation states in the material, allowing
for a comparison of both cations without any other changes to
the material. The aforementioned structural comparison is, how-
ever, only valid for the as-prepared catalyst. It is well known that
most catalysts experience changes during their time on stream
and deactivate.”” " If such a change includes the change of
the surface phase, it is, however, possible that the catalyst is acti-
vated during this process. Due to this new phase being energet-
ically unstable, it was described as frustrated by Schogl.>®**
Lunkenbein and co-workers even described it as a frustrated-
phase transition.”® In this case, the surface sites and structure
change to a more active state under reaction conditions due to
the formation of oxygen vacancies, resulting in the catalyst trying
to re-establish its more stable form. As long as the catalyst
returns to its initial state and is not completely decomposed into
La,0; and FeO/CoO during this mechanism, it is thereby stuck
in a loop of this frustrated-phase transition. Determining if this
transition is due to the formation of oxygen vacancies and/or
redox changes and the interaction of the reaction intermediates
with the surface structure, is a key point in catalysis research.
Two LaFe,_ Co,0O; samples were studied, labeled LFO, i.,
x = 0% (0% cobalt) as a reference of low activity, and LFCO,
ie, x=25% (25% cobalt) as the more active sample. The repro-
duced catalysts were characterized via powder X-ray diffraction
(PXRD), ion-coupled plasma optical emission spectroscopy
(ICP-OES), N,-physisorption after Brunauer, Emmett, and
Teller (BET), Raman spectroscopy, NH, temperature-
programmed desorption (NH;-TPD), and scanning electron
microscopy (SEM). We focused our attention on steady-state
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gas-phase experiments to calculate apparent activation energies
and reaction orders using a power rate law equation. These
results were complemented by density functional theory (DFT
+ U) calculations of the reaction pathway of CO to CO, over
both LFO and LFCO. Both mechanisms were also calculated
with and without surface O,. We employed operando DRIFTS
in combination with modulation excitation and phase-sensitive
detection (DRIFT-MES-PSD) coupled with a mass spectrome-
ter (MS) to analyze the intermediates and kinetics of the reac-
tion over the catalysts. Operando near-ambient pressure X-ray
photoelectron spectroscopy (NAP-XPS) and X-ray absorption
near-edge spectroscopy (XANES) results were additionally used
to monitor changes in the LFCO catalyst’s surface and the oxida-
tion states of the different cations to find the active sites, as well
as the distribution of different carbonates and oxygen-containing
intermediates on the surface.

2. EXPERIMENTAL METHODS
2.1. Synthesis

The catalysts were prepared according to a method reported by
Dreyeret al.”?’ using an automated lab reactor OptiMax 1001
(Mettler Toledo) and washed by centrifugation with distilled water
until the conductivity was below 100 pS. Iron(IIl) nitrate nona-
hydrate (Sigma-Aldrich, >98% purity), lanthanum(III) nitrate hexa-
hydrate (abcr, 99.9% purity), cobalt(Il) nitrate hexa-hydrate
(Gruening, 99% purity), sodium hydroxide (Gruening, 99% purity),
and sodium carbonate (Gruening, 99.5% purity) were used to precipi-
tate the precursor.

The precipitates were then dried in air at 80 °C overnight and sub-
sequently calcined at 800 °C for 3 h at a heating rate of 2 K min™" in a
Nabertherm B150 mufile furnace in static air.

2.1.1. X-Ray Diffraction. The crystal structure and phase purity
were determined by PXRD within the 20 angle range of 2 ° to 40 °
on molybdenum Ko radiation. The samples were placed between
Scotch tape and measured in transmission mode on a STADI-P by
Stoe with a MYTHEN 1 K detector and a germanium (111)
monochromator.

2.1.2. Inductively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES). The La, Co, and Fe contents were deter-
mined by ICP-OES. Samples were measured on an Avio 200 ICP
Optical Emission Spectrometer with a PerkinElmer S23 autosampler.
The samples were dissolved by heating S mL of 68% concentrated
HNO; and subsequently filled up to 50 mL with distilled water.
Prior to the ICP-OES measurement, the sample was further diluted
with distilled water using a ratio of 1:10. The samples were automati-
cally measured three times to determine error values.

2.1.3. N,—Physisorption. To determine the surface area, N,—
physisorption according to the BET method was employed. 100 mg
of catalyst was loaded into a quartz tube and pretreated under vacaum
at 80 °C for 2 h to degas and completely dry the surface. After degas-
sing, the catalysts were weighed again and then loaded into a NOVA
300 (Quantachrome GMbH) for measurement. Surface areas and pore
size distributions were calculated by the software NovaWin of the
device according to the BET and BJH methods, respectively.

2.1.4. Electron Microscopy. Scanning electron microscopy
(SEM) was used to determine particle morphology and size employing
an SEM Ultra 55 Plus with the SmartSEM 5.04 software by ZEISS.

2.1.5. NH;-TPD. NH, temperature-programmed  desorption
(NH;-TPD) experiments for obtaining information on catalyst acidity
were performed in a BELCAT-II (BEL Japan, Inc.) at a linear heating
rate of 6 °C min~" between 40 and 600 °C, followed by an isothermal
dwell of 30 min. The samples (around 60 mg for each sample) were
isothermally heated at 120 °C for 1 h in Ar (80 Ncc min~', Ar >
99.999%, Air Liquide) before the experiments and purged with argon
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during cooling to 40 °C. The atmosphere was switched from Ar to
3% NH,/Ar (80 Ncc min~', NH, > 99.999%, Ar > 99.999%, Air
Liquide) at 40 °C and kept in the ammonia gas mixture for adsorption
for 1 h. Afterward, the sample was purged by Ar at 40 °C for 90 min to
remove gas-phase NH; and physisorbed NH;. Then, the samples were
heated in Ar (60 Ncc min~') to 600 °C and the NH, content
(mass = 17) in the exhaust was monitored by a mass spectrometer
(QMG 220, Pfeiffer Vacuum GmbH).

2.1.6. RAMAN Spectroscopy. RAMAN spectra were recorded
with a LabRAM HR Evolution by Horiba Scientific. Spectra were
recorded with a green laser (A=532 nm) with 1% laser intensity
(max. 100 mW). Each sample was put on a slide, and the laser was
focused with a 100X lens. The spectra were recorded for 10 min with
two accumulations to filter out potential radiation spikes.

2.2. Catalytic Testing

CO oxidation was carried out in a home-built setup described else-
where®” and in the SI.

The catalysts were first heated from 50 to 250 °C in 25 Scc min™"
pure O, (Westfalen, 99.999%) at a heating ramp of 5 K min~". After a
holding time of 120 min, the catalyst was cooled to 50 °C and purged
for 15 min with 100 Scc min~" N, (evaporated from liquid N, and fil-
tered by an SGT triple filter removing moisture, hydrocarbons, and
CO,). This process is referred to as TPO, ie, temperature-
programmed oxidation. Next, the lines were purged with the reactive
mixture of 2% CO (Air Liquid, 19.91 Vol% + 0.40 Vol% in N,) and
1% O, in N, (100 Scc min~") for 15 min. The catalyst was then heated
to 100, 120, 140, 170, 200, and 250 °C consecutively with a heating
rate of 2 K min~" and a dwell time of 120 min. After cooling to 50 °C
and flushing for 15 min with first N, and then pure O,, another
TPO was performed to regenerate the catalyst. Thereafter, the tran-
sient measurements were performed by switching the feed to the
reaction mixture, dwelling for 15 min, and heating to 250 °C with a
rate of I K min™" and dwelling at this temperature for 60 min before
cooling to 50 °C again. The TPO and transient measurements were
repeated twice more with the same steps as described above. As a last
step, the catalysts were heated to 200 °C at a heating rate of 5 K
min~" under reactive conditions. This temperature was held for
10 h to fully equilibrate the catalyst and ensure steady-state condi-
tions before cooling to 50 °C again and purging with N,,.

The transient measurements were performed before conducting the
steady-state measurements. To ensure kinetically controlled measure-
ments and comparing the catalysts at similar conversions, the temper-
atures were chosen from the cooling path to ensure a conversion
between 2 and 15%. The steady-state experiments were then per-
formed under reaction conditions with six temperature steps per cata-
lyst, each held for S h and heating rates of 2 K min~". For LFO, the
temperatures were set to 200, 210, 220, 230, 240, and 250 °C, while
LFCO was measured at 160, 165, 170, 175, 180, and 185 °C. These
steady-state results were used to calculate apparent activation energies.
Afterward, the catalysts were also tested in a range of reactant mixtures
by varying the oxygen content first from 0.8 to 1.2% in 0.1% steps
while keeping the CO content at 2%. The CO content was varied from
1.8 to 2.2% in 0.1% steps while O, was kept stable at 1%. This test was
conducted at ~10% conversion for both catalysts (at 180 °C for LFO
and 220 °C for LECO) and used to apply the power rate law equation
to calculate reaction orders of CO and O,.

For further stability measurements, transient measurements of LFO
were conducted, each after a TPO, as described above, but up to tem-
peratures of 250, 300, 350, and 400 °C, respectively. Furthermore, after
another TPO, LEO was heated to 350 °C for 10 h (5 K min™") under
reactive conditions. The same 10 h experiment was performed for
LECO but at 250 °C.

2.3. DRIFTS-MES

DRIFTS was performed using a ThermoFisher Nicolet iS20 FTIR spec-
trometer equipped with a liquid nitrogen-cooled mercury cadmium
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telluride detector (MCT) and a Praying Mantis high-temperature reac-
tion chamber unit (from Harrick Scientific Products Inc.). A Ministat 125
by HUBER was used to provide circulating cooling water (8 °C) to
protect the external part of the reaction chamber. All time-series data
were recorded using the Gram-Schmidt method, and the OMNIC
measurement program automatically recorded the basis vectors. The
time-resolved spectra were baseline-corrected and converted to
Kubelka—Munk units. No atmospheric compensation was considered
for the data processing to avoid introducing signal artifacts as the device
was also continuously purged by a H,O- and CO,-free N, stream.

To feed the gas into the DRIFTS cell, a home-built dosing unit was
used. The setup provides two different streams, which can be con-
trolled individually at the same time (stream A and stream B). A max-
imum gas flow of 80 Scc min™" per stream was applied. The DRIFTS
cell was loaded with 40 mg of catalyst (<250 pm) on top of quartz
wool. During the preparation, the catalyst surface is made as flat as pos-
sible. After the reaction, the gas flow was sent to an OMNISTAR GSD
320 mass spectrometer by Pfeifer Vacuum with the “flow through”
mode so that the gas was collected after passing through the catalyst
bed.

During the measurements, the samples were first pretreated with a
TPO at 350 °C with 20% O, (Westfalen, 99.999%) in He (Westfalen,
99.999%) for 60 min at a heating rate of 10 K min~". They were then
cooled to 200 °C and purged in He for 10 min. After collecting the
background, the first MES measurement was started. Stream A was
set to reaction conditions of 0.5% CO (Air Liquid, 19.91 Vol% =+
0.40 Vol% in N,) and 0.25% O,, and stream B was pure He. The spec-
tra were collected during 20 cycles, exposing the catalyst alternately to
streams A or B, representing the two half-periods of stimulation and
relaxation. In each half-period, 30 spectra were collected with a 5 s step
size per spectrum and S scans per spectrum. A TPO was then per-
formed to regenerate the catalyst. MES measurements were addition-
ally conducted at 100, 120, and 150 °C for both catalysts using the
same protocol.

After reaching the quasi-steady state at the 10™ cycle, the corre-
sponding spectra of the last 10 cycles were averaged to increase the
signal-to-noise ratio and the resulting 60 time-resolved spectra were
transformed into the phase domain according to the following equa-
tion (eq 2):23'34

A(GfP) = 2 [5A(e)sin kot +9})di @)

where k is the demodulation index, @,"*" is the demodulation phase
angle for kw demodulation, and 7 is the time length of a period, while
A(t) and A, (@,"5P) are the responses of the active species in the time
and phase domains, respectively.”

Phase-sensitive detection (PSD) was performed by finding the in-
phase angles, i.e,, those @ maximizing the right side of eq 3.*

A(¢£SD) =A cos ((b - (pPSD) 3)

To investigate the kinetics and the mechanism behind the process, the
PSD analysis was performed at different ko demodulation indices, i.e.,
k=1,3,5 7 and 927

2.4. NAP-XPS/XANES Experiments

NAP-XPS/XANES measurements were conducted at the Berlin Joint
Lab for Electrochemical Interfaces (BEIChem) with an elliptical undula-
tor UES6/2-PGMI of the BESSY II electron storage ring operated by
the Helmholtz-Zentrum Berlin fiir Materialien und Energie. The exper-
iments utilized a specialized SPECS GmbH Phoibos 150 electron ana-
lyzer, specifically designed to operate under near-ambient pressure
conditions. To separate the UHV system of the beamline and the reac-
tion atmosphere in the reaction cell, a thin silicon nitride (SiNx, S0 nm
thick) membrane was installed close to the sample, and electron
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collection was facilitated by a differentially pumped analyzer equipped
with electrostatic focusing lenses.

Samples of perovskite LFCO prepared as powder pellets with 60 mg
were positioned on a sapphire holder alongside a K-type thermocouple
for accurate temperature monitoring. The holder assembly was
installed inside the NAP-XPS/XANES chamber near the differential
pumping aperture. Sample heating was performed from the backside
using an infrared laser, and the gas-phase composition during catalytic
conversion was continuously monitored using a quadrupole mass spec-
trometer. A complete description of this instrumentation and setup can
be found elsewhere.***°

Prior to the measurements, all samples were thermally pretreated
under an O, atmosphere (0.5 mbar O,) at 250 °C (heating rate 5 K
min~") to remove adsorbed carbonaceous impurities. Following the
pretreatment, the samples were exposed to a reaction gas mixture con-
sisting of CO, O,, and Ar (total pressure: 0.25 mbar), with a 1:1
CO:0, ratio (flow rates: 1 Nec min~' CO, 1 Nec min~' O,, and
0.15 Necc min~' Ar). CO oxidation was studied by progressively
increasing the sample temperature from 100 °C to 250 °C. At each
temperature step, the system was allowed to stabilize for 20 min to
ensure steady-state conditions before initiating spectroscopic
measurements.

Core-level X-ray photoelectron spectroscopy (XPS) spectra were
acquired at kinetic energies of 150 eV and 450 eV. Operando soft-
X-ray L-edge XANES spectra were collected at near-ambient pressure
(0.25 mbar CO:0, = 1:1) in the same SPECS Phoibos 150 reaction
cell used for NAP-XPS, with simultaneous mass-spectrometric moni-
toring of catalytic conversion. These measurements were conducted
using both Auger electron yield (AEY) for surface-sensitive measure-
ments and total electron yield (TEY) for subsurface-sensitive measure-
ments. Normalization of the XANES spectra for Co and Fe L-edges
was carried out using the Athena software package.*'

XPS data analysis was performed using CasaXPS. Binding energies
were calibrated against the Fermi edge of a Pd reference. The Fe 2p,
Co 2p, O 1s, and C 1s regions were fitted using mixed
Gaussian—Lorentzian line shapes, following Shirley plus linear back-
ground subtraction. Details of the peak-fitting parameters and con-
straints are provided in Tables S1-S6.

Spectral intensities were normalized based on elemental photoioni-
zation cross sections, the photon flux at each excitation energy, and the
corresponding asymmetry factors. For the quantification of surface spe-
cies, normalized areas were calculated by dividing the integrated area of
each species by the total summed intensity of the relevant core levels.
Error bars were included by the uncertainties in the fitted parameters,
which were estimated via Monte Carlo simulations implemented in
CasaXPS.

2.5. DFT Calculations

For simulating the CO oxidation process, we adopted the density func-
tional theory calculations with the Hubbard U term, implemented in
CASTEP, the Cambridge Sequential Total Energy Package of
Material Studio.**** The bulk properties of LaFe,_ Co,O,, such as
cation ordering, oxidation states, and magnetic configurations, were
adopted from the work of Fiingerlings et al.** An S plane wave cutoff
of 530 eV and the effective Hubbard parameters of 4 eV Fe and
3.3 eV for Co were used. A 4 X 4 X 4 Monkhorst-Pack k-point was
employed for bulk calculations, while a 2 X 2 X 2 pseudocubic unit cell
mesh was used for surface calculations. To avoid interaction between
periodic images, a vacuum layer of around 15 A was inserted between
slabs along the z-direction. All systems were relaxed for the residual
forces lower than 0.01 eV/A.

3. RESULTS AND DISCUSSION
3.1. Catalyst Characterization

The catalysts used in this study were prepared using a precipita-
tion route reported elsewhere.” Briefly, the precursors were
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synthesized via co-precipitation of the lanthanum, iron, and
cobalt nitrates with a mixture of sodium hydroxide and carbon-
ate as the base. Following precipitation, the precursors were cal-
cined at 800 °C to form the desired perovskites. The collected
XRD patterns of the synthesized perovskites show no additional
reflections and are in good agreement with the LaFeO, refer-
ence, as can be seen in Figure Sla. The expected shift to lower
reflection angles due to the substitution of iron with cobalt is
also observed for the 25% cobalt sample. The ICP-OES, surface
area, and particle size results are summarized in Table 1.
ICP-OES reveals a slightly lower cobalt content for the
LFCO sample, with the (Co + Fe)/La ratio higher than one,
indicating a less stoichiometric La content compared with that
of the theoretical formula. This could be due to the tendency
of perovskite materials to form oxygen and cationic vacancies
on the A-site.*>*® The particles resembled sintered and slightly
deformed spheres. Cobalt incorporation led to slightly larger
particles (Figure S1b) and a lower BET surface area (see
Figure S2a—c for details). The surface acidity was analyzed using
the NH,-TPD experiment, which revealed that cobalt incorpo-
ration expectedly resulted in a more basic surface (Figure S2d).
The measured acidity concerns both Bronsted and Lewis sites
since. NH, cannot differentiate them and binds to both.
Raman spectra (Figure S3) revealed a literature-known pattern
for LEO,*”~*° with visible modes for the A-site cations and oxy-
gen tilt, bend, and stretch vibrations. Second-order oxygen
vibrations were also observed. Upon cobalt substitution, the
bands associated with the A-site, oxygen stretch, and 27 order
oxygen vibrations are shifted to lower Raman shifts, while those
for the oxygen tilt are shifted to higher Raman shifts, as
reported in the literature.*” Furthermore, the oxygen stretch
and bending modes showed an increased intensity, possibly
highlighting a higher oxygen vacancy concentration in LFCO.*

3.2. Catalytic Testing

Three transient runs were initially performed with one batch of
each catalyst (Figure S4). The LFO sample was less active and
reached 17% conversion at 250 °C, while the LFCO sample
showed 85% conversion. LFCO starts converting CO at 150 °C,
and LFO’s light-off curve starts at 200 °C. A hysteresis was
observed between the heating and cooling segments of the exper-
iment for LFCO after holding the temperature at 250 °C
for 1 h. During this holding time, CO conversion and CO,, yield
decrease almost linearly by ~5%. (Figure SS). This behavior can
be attributed to deactivation, which is most likely due to a com-
bination of cobalt reduction and the accumulation of carbonates
on the surface.”””** Since the C-balance is stable at 98% while
the catalytic activity decreases, the activity drop is not due to
an increase in carbonate formation, but rather in part to the for-
mation of carbonates blocking the active sites. The most active
state during the heating segment can be restored via
temperature-programmed oxidation (TPO), which removes sur-
face species and reoxidizes the surface, restoring the initial state
of the calcined catalysts (Figure S4).

As the deactivation of LFO was not observed at low conver-
sions, additional transient experiments were performed at tem-
peratures up to 300, 350, and 400 °C (Figure S6a). These
experiments revealed that even at 90% conversion (400 °C),
the LFO catalyst does not show a hysteresis between heating
and cooling and, therefore, is not deactivated. This was further
confirmed by two stability tests performed on both catalysts at a
conversion of 80% after TPO (Figure S6b). While the LFCO
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catalyst loses around 20% conversion in the first 2 h on stream
at 250 °C, the LFO catalyst is much less deactivated in the
recorded 10 h time period at 350 °C. While LFCO is still more
active at all temperatures above 150 °C than LFO even after
deactivation, these experiments show that the iron sites are
more resistant to deactivation than the cobalt sites, possibly
due to being less prone to reduction.

To further investigate the impact of cobalt substitution and
to study the working catalyst at a steady state, the catalysts were
preconditioned in the reactive gas feed for 10 h at 200 °C after a
transient run, where they had already experienced the reaction
temperatures of 250 °C for 1 h. Therefore, the loss of activity
during 10 h was small, and it could be concluded that a steady
state was reached (Figure S7). Two kinds of steady-state mea-
surements were conducted: (1) a temperature variation test to
calculate activation energies and (2) a concentration variation
test to calculate the reaction orders based on the power rate
law™ formulation (Figure S8). The corresponding Arrhenius
fits are reported in Figure la, together with the calculated acti-
vation energies. When comparing the two catalysts, the activa-
tion energy of LECO is slightly higher than that of LFO. This
could possibly be due to the promotion of the thermal decom-
position of the carbonates in the high temperature range used in
the case of LFO. Still, considering the calculated error, the acti-
vation energies are relatively similar, suggesting the same rate-
determining step for both catalysts.

The reaction orders for CO and O, were also calculated by
the power rate law (see Figure 1b). For the reaction order of
CO, the LFO catalyst shows twice as high a value as LFCO, sug-
gesting that the reaction is more affected by the CO concentra-
tion. The oxygen reaction order shows a more interesting trend.
While the LECO catalyst has the same reaction order for oxy-
gen as it does for CO, amounting to 0.3, LFO shows a reaction
order equal to zero. This suggests that in the absence of cobalt,
the reaction follows the Mars—van Krevelen (MvK) type mech-
anism, while the adsorbed oxygen species on LFCO also play a
role in a possible additional contribution from a Langmuir—
Hinshelwood (LH) type reaction. However, the contributions
of the MvK-type mechanism cannot be excluded by our results
for LECO, similar to a literature report on SrCoQO,."*

These results still cannot confirm whether pathway A or
pathway B (Scheme 1) type mechanism occurs on the catalysts.
However, they reveal that on LFO, we have the MvK-type
mechanism solely, while the introduction of cobalt allows for
the participation of oxygen adsorption in the rate-determining
step and a mixed mechanism of MvK and LH. The previously
observed lower deactivation of LFO could also be explained
by the regeneration of LFO with oxygen, while on LFCO, the
stoichiometric amount of oxygen in the feed reacts with CO
on the surface. Furthermore, oxygen vacancies can be seen to
favor carbonate formation according to pathway B of the
MvK type mechanism, while on pathway A, adsorbed oxygen
is also directly reacting with CO on the surface. The catalytic
results, therefore, suggest a mixed MvK-and LH- type mecha-
nisms corresponding to pathways A and B on LFCO, while
on LFO, a pure MvK type mechanism according to pathway
B is postulated.

3.3. DRIFTS-MES

3.3.1. Time-Resolved Operando DRIFTS Spectra. To
analyze the species formed upon exposing the catalyst to the
reaction mixture and during the reaction, both LFO and
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Table 1. Catalyst Characterization via BET, SEM, and ICP-OES*

catalysts aggr / m’/g dgpy / nm n[(Co+Fe)/La] / % n(Co/Co+Fe) / %
LFO 16 S6+14 102+2.6 0
LFCO 9 81 £ 18 109 + 1.3 23+0.3
“dgpy error based on particle size distribution (see Figures S1b and S2a—c for more details).
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Figure 1. Activation energies (E,) for CO calculated via Arrhenius (R* = 0.991 LFO and 1 LECO) from steady-state experiments after an additional
pretreatment of the catalysts (left) and reaction orders (m) of CO (R* = 0.997 LFO and 0.935 LECO) and O, (R* = 0.965 LFO and 0.987 LECO)

based on the CO, rate (right).

LECO catalysts were studied using DRIFTS-MES. The first set
of measurements was carried out in the reaction mixture (CO +
0,) to study the formation of surface species (e.g, carbonates)
by collecting the spectra over time under modulation condi-
tions, i.e, switching between the reaction mixture and inert
streams at 100, 120, 150, and 200 °C. During all experiments,
the outlet stream of the DRIFTS cell was monitored by a mass
spectrometer, proving the approach to quasi-steady-state condi-
tions (as shown exemplarily for the lowest and highest temper-
atures in Figure S9). The comparison aimed at distinguishing
the influence of cobalt inclusion in the system at different tem-
peratures and thus activity levels. The time-resolved DRIFTS
spectra during the modulation and after averaging into one sin-
gle period are reported in Figure S10.

For LFO (Figure S10a—d), we can see a greater extent in the
formation of carbonates in the region 1200-1800 cm™', as the
temperature increased. Additionally, bands are observed above
3000 cm™!, indicative of the O—H stretching mode of bicarbon-
ates and thus their formation, while the gas-phase CO, signal
near 2350 cm™! is minimal even at the highest temperature.
Note that no atmospheric compensation was considered in
the data processing, and so, the almost constant CO, amount
at 150 °C could be due to incomplete purging of the cell from
the atmospheric CO,. This is in line with the low activity of the
LFO sample observed in the kinetic studies. For the LFCO
(Figure S10e-h), the same types of species are observed with
two distinct differences. First, the relative ratio of OH bands
vs. the carbonates is decreased significantly, which is consistent
with the less acidic nature of LFCO, as confirmed by NH;-
TPD. Second, the formation of the CO, signal is promoted at
higher temperatures in correlation with the less intense carbon-
ate bands. Note that the highest amount of carbonates corre-
lates with the highest amount of CO,. Also, during the
second half period, when the sample is exposed only to He,
the carbonate bands are decreasing, which could be due to the
partial thermal decomposition of the carbonates reaching a sta-
ble concentration on the surface. This effect is more significant
at higher temperatures and when cobalt is present in the
sample.
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To explore the reaction mechanism, discarding the contribu-
tion of non-involved species (e.g., atmospheric CO, and H,0),
and participation of carbonates in the reaction paths under
steady-state conditions, the time-resolved spectra were trans-
formed into phase-resolved and demodulated at different indi-
ces for phase-sensitive detection (PSD). The phase-resolved
data at the fundamental modulation frequency (k = 1) were
also used to show the detailed band assignment as discussed
in the next sections.

3.3.2. Phase-Resolved DRIFTS Spectra. The phase-
resolved spectra at k = I, for the two samples and at different
temperatures, are shown in Figures S11 (carbonates, CO, and
CO) and S12 (OH), along with the obtained phase delays.
Before getting to the details of the phase analysis, we used the
data of the carbonate region for the two temperature extremes
(plotted in Figure 2) to identify the different types of carbon-
ates on the two catalysts. Different types of carbonates are clas-
sified based on the different coordinations to the surface
according to the surface acidity and the cationic sites
(Scheme 2), resulting in differing thermal stability. A more in-
depth analysis of the different carbonate types in IR spectros-
copy is given in the supporting information.

For the LFO sample at 100 °C (Figure 2a), bicarbonate,
bidentate, and monodentate carbonate species can be observed
(see the SI for more details on the characterization of the car-
bonate bands). All bands are summarized in Table 2, which dis-
plays all the modes identified for all species with their relative
frequencies (see the SI for detailed assignments).

By increasing the temperature for LFO, a few differences can
be observed (Figure 2b), although the position of the bands
remains the same. Interestingly, the bicarbonate species, defined
by the bands at 1391 and 1216 cm™, display a lower relative
intensity at a higher temperature than 100 °C in comparison
to the other carbonates. At the same time, in the OH region,
a stronger modulation of the bands below 3650 cm™" still indi-
cates the presence of bicarbonate species (Figure S12). This
may suggest that the bicarbonate species modulate in a similar
way in the whole measured temperature range, with their inten-
sity not significantly changing. This causes the low-frequency
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Figure 2. Phase-resolved spectra collected at 100 °C (a) and 200 °C (b) on LFO, and at 100 °C (c) and 200 °C (d) on LFCO samples at
demodulation index k = 1. The frequencies reported are the same as those reported in Table 2. The intensity of all subplots is the same as

shown in panel (a).

Scheme 2. Schematic Representation of Mono- and
Bidentate Carbonates, Where M Indicates Generic Metallic
Sites®! 5%
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bands of the bicarbonates to be overshadowed by the larger car-
bonate bands. On the other hand, the bidentate carbonate
bands (1619 and 1300 cm™") have higher intensity, suggesting
a higher modulation under MES conditions. These findings
indicate that the majority of the monodentate species can be
converted to bidentate species at higher temperatures or that
such high temperatures facilitate the formation of more biden-
tate carbonates. A major difference is an additional band at
1570 cm™", which is more distinguishable as the temperature
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increases (see Figures S10 as well). This band can be ascribed
to a second family of bidentate carbonates generated at higher
temperatures and can be related to ¥(C=0). While the band
related to vasym(O—C—O) has been ascribed to the shoulder at
around 1340 cm™', which can be barely visible in Figures 2
and S10 for the spectra collected at 200 °C. Since these bands
appear when the temperature increases, we assumed that this
new family of bidentate carbonates was generated by the con-
version of monodentate species.

For LFCO, Figure 2¢,d presents a series of spectral bands
that can be attributed to the same carbonate species identified
in Figure 2a,b. However, all carbonate bands are slightly shifted
compared to those of LFO, indicating that the electronic surface
properties are changed upon cobalt inclusion. In particular, the
acidity of the surface seems to be decreased in line with the
NH,-TPD results. This is highlighted by the presence of more
monodentate carbonate species (highlighted by the band at
1400 cm™'), which are more common on basic oxides.’5*>*
Overall, the modulation of the carbonate bands on LFCO is
accompanied by a significant increase in the CO, band, espe-
cially at higher temperatures (see Figure S11), indicating a

https://doi.org/10.1021/acscatal.6c01338
ACS Catal. 2026, 16, 12062—12079


https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c01338/suppl_file/cs6c01338_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c01338/suppl_file/cs6c01338_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c01338/suppl_file/cs6c01338_si_001.pdf
http://pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.6c01338

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

Table 2. Vibrations and Their Wavenumber (cm™"') for Different Carbonates Formed on the Surface of the LFO and LFCO

Catalysts>' 5%
surface species sample v(C=0) v(C-OH) v(C-OM) v,,(0-C-0) v,(0-C-0) 8(COH)
m-HCOj; (bicarbonate) LFO 1626 1216
LECO 1693 1216
b-CO, ™ (bidentate carbonates) LFO 1619-1570 1300-1250 1013
LECO 1630-1612 1300-1274 1000
m-CO,=(monodentate carbonates) LFO 1050 1450 1312
LFCO 1040 1485 1400

correlation between the carbonate formation/decomposition
and the CO, formation.

Note that infrared spectroscopy cannot help in distinguishing
which species are associated with La**, Fe3*, or Co3t 315256 B
increasing the temperature, the spectra slightly change
(Figure 2d). First, the intensities of all bicarbonate bands
(1693, 1391, and 1216 cm™", Table 2) get relatively lower at
higher temperatures (120, 150, and 200 °C) relative to the
bands at 100 °C, indicating lower stability of these species on
LFCO or a lower likelihood of their formation at high
temperatures.

The other remaining bands are related to the same species
reported in Figure 2a. However, the monodentate-species com-
ponents (1485, 1400, and 1040 cm ™, Table 2) at higher tem-
peratures are becoming convoluted (Figure S11). This can be
ascribed to different reasons, such as (i) an overlapping of
bidentate-species bands; (ii) a conversion of monodentate to
bidentate carbonates, (iii) decomposition to CO, and desorp-
tion during heating. Nonetheless, one event cannot exclude
the others, and all of them could have occurred. In light of
our findings, considering the spectra collected in both the time
and the phase domains, and the larger increase in the intensity
of the bidentate carbonate bands, we conclude that both the
conversion of monodentates to bidentates and the decomposi-
tion to CO, are more likely to occur on LECO.

It is noteworthy that the LECO catalyst, in particular at
200 °C, also presents some differences in the OH region
compared with LFO (see Figure S12 for details). In the
LFCO spectra, besides the band centered at 3620 cm™,
two additional features at 3700 and 3725 cm™' can be
observed. To the best of our knowledge, it was not possible
to definitely assign both the bands at 3700 and 3725 cm™
to specific acidic sites. However, considering their presence
on the LFCO sample, we can address their presence as
induced by the cobalt inclusion.

For both catalysts, the DRIFT'S-MES spectra suggest that the
second family of bidentate carbonates (1570 cm™") promi-
nently observed at 200 °C includes active species because of
its high modulation at higher conversions and temperatures.
While monodentate carbonates seem to be less stable at higher
temperatures, their higher modulation on LFCO than on LFO
also shows that they are possibly the species responsible for
the low-temperature activity up to 150 °C (Figure S11).
Meanwhile, bicarbonates are not readily converted to CO,
due to their low modulation, which is in good agreement with
studies on Pt/Al,O,, suggesting hydroxy-carbonates to be inac-
tive and linear and bridged carbonyl-type species to be both
active.”” Due to their modulation, these bicarbonate species
are not true spectator species, most likely because of the decom-
position of carbonates taking place at this temperature.
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3.3.3. Phase Delays at Different Demodulation
Indices (k). By changing the demodulation index (k) in eq 2,
MES-PSD can provide kinetic information and filter out phe-
nomena with different occurrence frequencies.***> As a result,
as k increases, the sensitivity to detect short-lived species, i.e.,
those modulating at faster frequencies, increases accordingly,
which improves the detection of transient species.>**%*¥ By
means of the in-phase angle analysis (eq 3) performed at differ-
ent k values and focused on different species, it is possible to
investigate the reaction pathway.>® However, some species are
featured by more than one band, as already displayed in
Figures 2 and S11. Thus, the indicative unique bands related
to the identified species were used to study their behaviors at
different k values. In particular, we only chose the bands with
the highest intensity that are perfectly isolated from the others
to avoid overlapping with other components and are present
in almost all the spectra. In this regard, we considered the band
related to the 5(COH) of bicarbonate species at 1216 cm™" the
bands at 1619 cm™" of the different carbonate species, and the
band at 2359 cm™! related to CO,. Also, considering the trend
in the temperature effect, we only focused on the two extremes,
namely, 100 and 200 °C. All the phase delays of the above-
mentioned species are compared in Figure 3.

From the demodulation analysis of LFO at 100 °C
(Figure 3a), it is clear that carbonates and bicarbonates are
formed almost simultaneously, displaying analogous behavior
at different k values. Indeed, their phase delays become more
negative at higher demodulation frequencies. Since the phase
angles correspond to a specific spectrum at a specific wave-
number with the largest intensity, it is possible to determine
a time value from a phase angle as reported in the literature.>’
More specifically, the more negative the phase angle, the larger
the time required by a specific species to reach the largest
intensity.

Regarding CO and CO,, their peaks are related to those of
the two molecules in the gas phase. In this regard, CO follows
an isolated trend, as evidenced by its more negative phase delay
compared to that of the carbonates with increasing k. This sug-
gests that CO accumulation in the gas phase is probably slower
than the formation of surface carbonates. Indeed, at k = 1, the
phase delay is actually less negative than that of carbonates,
while at k = 7, the phase delay is more negative, suggesting a
slower rate. A similar situation can be described for CO,.
However, it should be noted that both CO and CO, were
detected during the accumulation in the gas phase. By using a
flow-through mode in the DRIFTS cell, the effect of gas accu-
mulation is minimized, and therefore, the comparison between
the phase delays of gas-phase product, i.e., CO, and surface spe-
cies is possible. Nonetheless, especially for CO, at k = 3 and
k =S, there is a random trend in the phase delays at different
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Figure 3. Phase delays of different species after PSD analysis: LFO at 100 °C (a) and 200 °C (c); LFCO at 100 °C (b) and 200 °C (d). (Note: each

bar related to each group belongs to the same frequency.)

k values. Therefore, for k > 1, we cannot exclude that the inten-
sity of the bands might be below the detection threshold, con-
sidering the lower signal-to-noise ratio at higher k indices.

Regarding LFO at higher temperatures (120, 150, and 200 °C,
see Figures S11 and 3), the situation is almost unchanged.
Carbonates and bicarbonates are formed almost at the same
phase and before saturation of the gas phase with CO, and CO.

To summarize, CO oxidation on the LFO perovskite catalyst
seems to occur by carbonate formation at the catalyst surface
first, followed by decomposition to CO, and its desorption.
This corresponds to the hypothesis of the catalytic tests, sug-
gesting a pure carbonate-mediated MvK mechanism according
to pathway B (Scheme 1).

When cobalt ions are present in the perovskite structure,
there is a small yet important change in the infrared spectra.
Indeed, under steady-state conditions, carbonates and bicarbon-
ates are the first species to be formed and CO, is formed after
them, as observed for LFO. However, considering the trend of
all phase delays, the variation of the phase delays of a single spe-
cies with increasing k indices is different. More specifically, the
phase delays for the carbonate species and CO, on LFCO at
100 and 200 °C increase almost linearly with increasing k indi-
ces, whereas the phase delays observed for LFO at the same
temperature appear to level off for k > 3. This can be mainly
related to the higher activity of LFCO compared with LFO.
Regarding the PSD analysis of LECO at 200 °C, the variation
of the phase delays from k = 1 to k = 9 can be linked to the
persistent formation of some carbonates at these temperatures,
as highlighted by the time-domain spectra (Figure S10h). This
was not the case for LFO, where the lower catalytic activity
leads to a rapid saturation of the surface at both temperatures
since the very first instant, leading to a very similar phase delay
at almost all k indices. This behavior is demonstrated by the
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time-domain spectra reported in Figure S10 and by the small
variation in the phase delays in the PSD analysis in Figure 3a,c.

In summary, cobalt inclusion positively influences the forma-
tion of carbonates, which do not immediately saturate the sur-
face. In view of two competing processes, where the
carbonates are first formed on the surface and then decomposed
to form CO,, the cobalt ions seem to increase the decomposi-
tion rate of the carbonate species, leading to a lowering of the
surface poisoning derived from their saturation, which we
hypothesize to be responsible for the decline in the catalytic
activity. This would also suggest that this mechanism follows
the MvK mechanism according to pathway B. However, no
adsorbed CO,, or O can be observed via DRIFTS-MES, making
the analysis of the occurring LH-type mechanism on LECO not
possible with this method. However, the hypothesis of a mech-
anism following only pathway A can be disproven, and both cat-
alysts follow pathway B with their MvK mechanism. The higher
activity is thereby not due to a lower formation of carbonates on
LECO but rather a faster decomposition, as was shown by the
PSD analysis.

3.4. DFT + U Calculations

DFT + U calculations were additionally employed to gain
insight into the CO oxidation process by simulating the reaction
pathways for both LFO (black pathway) and LECO (pink path-
way), as shown in Figure 4. The corresponding cells are dis-
played in the supporting information (Figure S13). For these
calculations, the initial, pristine state of both catalysts was con-
sidered. The CO molecule interacts with the oxygen surface
atom, resulting in the formation of CO, and the creation of
an oxygen vacancy on the surface, occurring in four distinct
steps as illustrated in Figure 4a. In the initial step, CO and
the surface are positioned far from each other, with no
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interaction between them, serving as the baseline reference. In
step 2, CO relaxes to the vicinity of the surface with a distance
of approximately 3 A. In step 3, CO establishes a bond with the
surface, giving rise to the formation of carbonates with a two-
bond configuration with two oxygen atoms on the surface. In
the last step, CO, leaves the surface and one oxygen vacancy
forms on the surface. This step is uphill if no cobalt is present,
with an energy of around 0.13 eV. In the presence of cobalt, this
step is negligible, which can lead to higher activity of this com-
pound for this termination. In Figure 4b, the reaction takes
place in the presence of absorbed oxygen on the surface. Our
calculations show that a carbonate molecule forms on the sur-
face with two bonds onto the surface and adsorbed oxygen
atoms (step 3 in Figure 4b). In the last step (for both 0 and
25% cobalt), carbonate stays on the surface with the single bond
to the iron and cobalt atoms. However, both steps are uphill
with higher energy steps.

In conclusion, we observed that the interaction of CO and
surface oxygen atoms leads to the formation of carbonates with
two bonds to the surface oxygen atoms. In the presence of
adsorbed oxygen atoms, the reaction involves the formation of
carbonates with a single bond to the surface. Since we observed
both monodentate and bidentate carbonate species in
DRIFTS-MES, a mechanism with and without adsorbed oxygen
is possible. However, more monodentate species are observed
on LFCO, which could also be related to the mixed MvK-
and LH-type mechanism, confirmed by our kinetic measure-
ments, where adsorbed surface oxygen is present. Therefore,
adsorbed oxygen on LFCO is possibly present more abundantly
during the reaction, even after the pretreatment and deactiva-
tion of the catalyst. The energy levels also reveal that CO
adsorption is more favorable on LFO without adsorbed oxygen,
while on LFO, the energy levels are closer. On LFCO, the final
step of carbonate formation is energetically negligible without
adsorbed oxygen and slightly endothermic with adsorbed oxy-
gen present. This means, in both cases, according to Scheme 1,
the catalyst follows pathway B, a MvK mechanism facilitated by
carbonate intermediates, which was already postulated accord-
ing to our experimental results. It has to be mentioned that
the calculations were done on the pristine catalysts. As catalysis
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and DRIFTS results showed, there are changes via surface
deposition and possible reduction of the surface. However,
the calculated results show similar trends that we observed in
our experiments. We, therefore, propose that additionally,
adsorbed oxygen is still present according to our DFT calcula-
tions, which was not considered in Scheme 1.

3.5. Operando Spectroscopy NAP-XPS-XANES under
Steady-State Conditions

To further disentangle the complexity of the reaction mecha-
nism and the promotional role of cobalt in LFCO catalyst under
reaction conditions and help distinguish between the pristine
state assumed in DFT 4+ U and the real catalyst state,
NAP-XPS-XANES was employed. This technique provides cru-
cial insights into the electronic structure, enabling the under-
standing of dynamic chemical interactions occurring at both
surface and subsurface layers of the LFCO catalyst (5-10 A)
during CO oxidation after O, pretreatment at 250 °C
(Figures S and S14). In addition, this method enables real-
time monitoring of catalytic performance alongside the spectro-
scopic information under steady-state conditions. The recorded
conversions of CO and O,, as well as the CO, yield, are stable
during the NAP-XPS experiments (Figure S14a). Furthermore,
activity can be observed even at 120 °C with 02%
(Figure S14b). However, the maximum conversion at 250 °C
is only 4.5%. The temperature program was also performed
under the same conditions as the catalytic measurements.
Here, the CO conversion is not stable at higher temperatures,
as was already observed during the catalytic experiments
(Figures SS, S6b and Sl4c), and at 250 °C, LFECO reaches
80% conversion, as was also expected from catalysis experi-
ments. These differences are simply due to limitations in the
catalyst amount and flow rate of reactive gases. However, the
composition ratio of the reactive gases and the temperature
were similar to the catalytic measurements, hence keeping the
chemical potential as similar as possible.

3.5.1. Carbonates in XPS. Since no experimental molecu-
lar reference can faithfully reproduce the chemical, electrostatic,
and screening environment of carbonates chemisorbed on a La/
Fe/Co-perovskite surface, our peak assignments rely on the
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first-principles core-level shifts calculated and compared with
experimental XPS spectra by Whitten et al.*® for monodentate
and bidentate carbonate configurations on LaCoO,, comple-
mented by the experimental NAP-XPS literature on related
La-containing perovskites and cobalt oxides.*’~®' NAP-XPS
analysis of the C 1s and O 1s spectra (Figures S and S15)
revealed oxidized carbon species associated with carbonate for-
mation on LFCO during CO oxidation. Within the framework
of mechanistic pathway B, where CO oxidation proceeds via
carbonate intermediates, we interpret the spectral evolution in
terms of CO, chemisorption and subsequent carbonate forma-
tion at the perovskite surface. This interpretation is consistent
with reports by Tezel et al. and Whitten et al., who showed that
CO, chemisorption on perovskite oxides (eg, LaFeO,,
LaCoO;) leads to the stabilization of well-defined carbonate
configurations. Such carbonate formation has long been recog-
nized as a representative model for CO, capture on perovskites,
providing a relevant framework for understanding the behavior
of LFCO. During CO, chemisorption, the electrophilic carbon
atom coordinates with lattice oxygen or with adsorbed oxygen
species derived from molecular O,. The C 1s region exhibits a
signal corresponding to carbon bound to three oxygens in a car-
bonate environment™ with binding energies spanning
287.4—288.8 eV, depending on the coordination geometry.*’
The higher-energy component (~288.8 eV) is attributed to
bidentate carbonates, where electron density is displaced from
the central carbon toward the coordinating oxygens, increasing
its electropositive character, consistent with the trends reported
by Tezel et al.**“* In contrast, monodentate carbonates appear
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at lower binding energies (~288.2 eV), reflecting stronger
direct interaction of the oxygens with surface cations, which
reduces charge withdrawal from the central carbon.

The O 1s region further corroborates these assignments. For
bidentate carbonates, two distinct oxygen environments are
observed: (i) a component at ~530.9 eV, assigned to oxygens
directly coordinated to electropositive cations (Co, Fe, La),
which decreases local electron density from oxygen, and (ii) a
component at ~530.6 eV, associated with non-coordinated
C=0 groups. In contrast, monodentate carbonates exhibit a
single peak at ~530.2 eV, as both non-coordinated oxygens
interact symmetrically with the perovskite surface.

These assignments are consistent with the DFT core-level
shift calculations of Whitten et al.,>® which clearly differentiate
between monodentate and bidentate carbonate configurations.
Importantly, their study demonstrated that CO, chemisorption
stabilizes carbonate species through either (i) asymmetric bind-
ing (bidentate), where one oxygen remains non-coordinated, or
(ii) symmetric binding (monodentate), where both oxygens
interact with surface cations.

Taken together, the combined NAP-XPS evidence and com-
parison with theoretical models support a mechanism in which
carbonate formation and transformation, governed by coordina-
tion geometry and electronic redistribution, play a central role
in dictating surface reactivity during CO oxidation over
LECO. These findings are also consistent with the DRIFTS
and DFT + U findings.

A clear temperature-dependent evolution of these species is
observed between 100 and 140 °C (Figure 5). As the
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temperature increases, the C 1s signal at 288.2 eV decreases,
while the feature at 288.8 eV becomes more prominent, indicat-
ing a progressive surface transition from monodentate to biden-
tate carbonates, indicating a transformation in the electronic
environment of surface-bound carbon species.

Parallel evolution in the O 1s region displays the same two
distinct oxygen environments noted above. Specifically, the
component associated with monodentate carbonates at
530.2 eV decreases with temperature, while the components
associated with bidentate carbonates increase (530.9 eV and
530.6 V). This trend shows that increasing temperature causes
the catalyst surface to shift from monodentate to bidentate car-
bonate species, as supported by DRIFTS-MES data. These elec-
tronic changes modulate surface basicity and reactivity on
perovskite oxides, which provide a mechanistic rationale for
the temperature-dependent evolution of carbonate species.
Monodentate carbonates, enriched in electron density, act as
stronger basic sites® and display higher reactivity toward CO
or CO,,%*%* whereas bidentate carbonates, with asymmetrically
coordinated oxygens bound to cations, are more stable but
exhibit reduced nucleophilicity.*% Also, the observed differ-
ences between “surface” (S A) and “subsurface” (10 A) signals
for bidentate and monodentate carbonates can be interpreted
as depth-sensitive trends in the relative abundance and stability
of these adsorbates, rather than proof of true subsurface incor-
poration (Figure S). Given that the higher kinetic energy
spectra integrate contributions from both the surface and
near-surface regions, these “subsurface” trends likely reflect
depth-weighted differences in adsorbate populations rather than
incorporation of carbonates into the LFCO lattice. The term
“subsurface” in our discussion refers to the information depth
of NAP-XPS at the higher kinetic energy region, around 10 A,
rather than implying that carbonates are structurally embedded
within the lattice. Since the spectra at different photon energies
represent integrated signals over their respective sampling
depths, the “subsurface” spectra may still contain a significant
contribution from surface species, particularly carbonate adsor-
bates, weighted by their attenuation length.

In line with this picture, NAP-XPS reveals a distinct feature
at 286.1 eV (with a corresponding signal at 529.4 eV), assign-
able to weakly adsorbed C—O species (CO—Co>*/Fe’",
CO-Co**"/Fe**). At low temperatures, the higher nucleophi-
licity and basicity of monodentate carbonates promote dynamic
interactions with surfaice C—O intermediates around 5 A,
enabling their transient stabilization. The weak intensity of
C—O indicates that only a minor fraction of surface sites hosts
such species, while their progressive attenuation with increasing
temperature underscores their role as short-lived intermediates,
fully consistent with the proposed reaction pathway. A compa-
rable temperature-dependent decrease is observed for mono-
dentate carbonate species. Between 100 and 170 °C, both
monodentate carbonates and weakly adsorbed C—O species
are strongly suppressed, suggesting a mechanistic link in which
C—O intermediates evolve into monodentate carbonates before
ultimately releasing CO. In striking contrast, the O 1s signal at
529.7 eV, attributed to adsorbed oxygen species (O,,,), exhibits
the opposite temperature trend: while C—O intermediates
diminish, the concentration of O,y derived from molecular
O, increases. This evolution coincides with the catalytic light-
off curve and the onset of maximum conversion. The rise in
both surface and subsurface in O_4, between 100 and 250 °C
parallels the emergence of bidentate carbonates.
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A C—C signal at 284.8 eV also emerges in the temperature
range of 100-140 °C, consistent with carbon formation.
Although not detectable by MES-DRIFT or carbon balance at
this temperature, this feature is clearly resolved by NAP-XPS,
and it is not an artifact of beam-induced deposition. Although
the precise origin of this species cannot be fully resolved within
the scope of our work, its formation is consistent with carbon
generated via CO dissociation at oxygen vacancies, as previously
reported for Co;0,.°" Related precedents are found in
Fischer—Tropsch catalysis, where CO adsorption on metallic
cobalt surfaces facilitates C—C chain growth through partially
reduced cobalt centers and Co—O—C motifs.”’ By extension,
in our LFCO system, analogous pathways may emerge from
partially reduced cobalt sites or Co—O—C surface intermediates
stabilized under CO oxidation conditions. The simultaneous
appearance of carbonates at these temperatures suggests that
CO is still converted to carbonates at other surface sites.
While monodentate carbonates are quite active and unstable,
as described above, the absence of conversion at these temper-
atures suggests that they do not decompose, possibly due to car-
bon deposition blocking active sites and lowering the catalyst’s
activity.

While the catalyst seems inactive at these temperatures, the
above-proposed surface restructuring process aligns with the
concept of a frustrated surface phase transition,””" character-
ized by incomplete surface relaxation arising from competing
interactions between CO and O, adsorbates and lattice strain.
This frustration stabilizes multiple adsorption motifs and
increases electronic affinity, facilitating the transition from
monodentate to bidentate carbonate species with active carbon
participation and decreasing the basicity of the surface. The
frustrated surface phase transition, particularly pronounced
between 100 and 170 °C, facilitates the coexistence and
dynamic reorganization between carbonate species across the
surface and subsurface regions. This is supported by the nor-
malized spectral area maxima of bidentate and monodentate
carbonate adsorbates (green and pink plots, Figure Sa,c), with
bidentates appearing to saturate at lower temperatures in the
deeper-probed spectra (120 °C) compared to the surface-
sensitive spectra (140 °C) and generally showing higher
stability.

As the temperature increases to 170 °C, the deposited carbon
is burned off to CO,. At 200 °C, almost all surface and near-
surface carbon is removed. At the same time, the less stable
monodentate carbonates also disappear, leaving only bidentate
carbonates as intermediates.

The O 1s spectra further resolve the dynamics of two princi-
pal oxygen species: exposed surface oxygen at 528.9 eV (O,)
and lattice oxygen at 528.2 eV (O,).*® The evolution of the
0O,/Oy ratio provides a direct fingerprint of oxygen participation
in CO oxidation. With increasing temperature, the O,/O, ratio
rises and reaches a maximum around 200 °C, after which it sta-
bilizes. This trend indicates that oxygen from the perovskite lat-
tice is progressively activated and replenishes the surface
reservoir, thereby sustaining the catalytic cycle. The transient
increase of O, relative to O; suggests enhanced oxygen
exchange across the gas—solid interface, where lattice oxygen
is mobilized to the surface and converted into reactive O 4 spe-
cies. Such dynamics are consistent with a Mars—van Krevelen
mechanism, in which lattice oxygen participates directly in
CO oxidation while molecular O, restores the lattice through
reoxidation. The stabilization of the O,/O; ratio at higher
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temperatures reflects the establishment of a steady-state balance
between oxygen consumption and replenishment, coinciding
with the light-off curve and maximum catalytic conversion.

Together, these findings outline a temperature-driven mech-
anism for CO oxidation over LECO: at 100-140 °C, CO dis-
proportionation and LH pathways dominate, generating a
frustrated surface phase transition involving carbon and carbon-
ate species that inhibit further reactivity. As the temperature
rises to 170-250 °C, the frustrated phase collapses, surface
basicity decreases, and MvK enables conversion of monoden-
tate to bidentate carbonates followed by their decomposition,
enhancing catalytic activity and CO, evolution. The mechanis-
tic complexity underscores the dynamic nature of the LFCO
surface and the pivotal role of evolving carbonate species within
the frustrated phase in dictating the reaction pathway.

The spectra for LFO are described in the SI (Figure S23). As
was observed on the ME-DRIFTS, the same species could be
observed as on LFCO; however, less monodentate is formed
at low temperatures. Additionally, the monodentate species
are observed at all temperatures, even at 250 °C, highlighting
the slower decomposition rate of carbonates on LFO previously
described.

3.5.2. Oxidation States in XPS/XANES. The evolution
of cobalt and iron oxidation states during CO oxidation was
monitored by NAP-XPS (Figure 6a—d) in both the surface
and subsurface. A partial reduction of Co®* (779.5 eV, satellite
at 789.5 eV) to Co** (780 eV, satellite at 786.5 eV)”* was
observed. The normalized Co>*/Co®" area ratio spiked at
120 °C (see Figure S17, reporting Co L,-edge XANES), coin-
ciding with the emergence of the frustrated surface phase tran-
sition, where surface reorganization and carbonate
transformation from monodentate to bidentate occur. After
the initial spike (100—~170 °C), the Co**/Co”* ratio decreases
again and stabilizes between 200 and 250 °C at a slightly higher
value than the initial state at 100 °C. This indicates the gradual
relaxation of the frustrated-phase transition and the onset of cat-
alytic activity. At 250 °C, the surface cobalt is further reduced to
a similar ratio as was seen at 100 °C, while the subsurface fol-
lows the same steady behavior. This behavior indicates that
cobalt actively participates in CO oxidation at the surface, with
Co®" acting as an electron acceptor from CO to facilitate CO,
and carbonate formation.

Iron spectra (Figure S16), in contrast, exhibited a slight
increase in Fe3* (710.0 eV, satellite at 719.5 eV) relative to
Fe* (708.3 eV, satellite at 713.7 eV),”>”* with minor changes
in the Fe?*/Fe3" normalized area ratio between 100 °C and
140 °C. This suggests that Fe’* formation partially compen-
sates for Co®* reduction, helping to maintain charge neutrality
in the perovskite during the restructuring associated with the
frustrated-phase transition. After 140 °C, the iron oxidation
state remains relatively constant, supporting the notion that
the major redox reorganization is confined to the temperature
window where the frustrated-phase transition is dominant.

In contrast, Fe L,-edge XANES (Figure S18) spectra show
two main contributions, associated with Fe?* at 708.3 eV and
Fe3* at 710.2 eV.”* Unlike cobalt, the iron oxidation state distri-
bution is similar in both AEY and TEY signals, indicating a
homogeneous Fe*'-rich environment throughout the perov-
skite structure. The normalized Fe?*/Fe3* intensity L; edge
ratio exhibits a slight decrease in Fe** content between 100 °C
and 140 °C, stabilizing at higher temperatures. This behavior
reflects the greater redox stability of iron under reaction

conditions and is consistent with trends observed in
NAP-XPS measurements.

The distinct redox behaviors of cobalt and iron, as revealed
by complementary NAP-XPS and XANES analyses, are closely
linked to the evolution of the frustrated surface phase transition
during CO oxidation. Within the frustrated-phase regime (100—
170 °C), the enhanced reducibility of cobalt leads to significant
Co** accumulation, which stabilizes monodentate and biden-
tate carbonate species through Lewis acid—base interactions.
This restructuring is a hallmark of the frustrated state, character-
ized by incomplete surface relaxation, dynamic competition
among adsorbates, and evolving oxygen lattice changes. As the
temperature increases beyond 170 °C and the frustrated phase
progressively collapses, Co®" regeneration becomes favored,
accompanying the decomposition of accumulated carbonates
and triggering a sharp rise in CO, production. In contrast, iron
displays minimal changes in oxidation state during this transi-
tion, underscoring its role in stabilizing the perovskite frame-
work throughout the redox-driven surface reorganization.

The observed differences in redox flexibility between cobalt
and iron can be rationalized by their distinct carbonate affinities
and electronic structures. Iron exhibits a higher redox potential
and higher polarizability compared with cobalt,”>~”® which pro-
motes more facile electron transfer and weaker Co—O bonding,
enhancing its susceptibility to oxygen lattice changes, which is a
key feature sustaining the frustrated surface phase transition.
Consequently, cobalt carbonates are less stable and decompose
more readily at elevated temperatures, allowing Co>* species to
revert to the oxidized Co®* state on the surface. This behavior
aligns with the observed decline in Co** content beyond 200 °C
and the reactivation of catalytic sites.

In contrast, iron forms more stable carbonate species that
persist to higher temperatures, resulting in relatively minor
changes in its oxidation state across the reaction conditions.
This fundamental difference influences the overall oxygen
dynamics within the perovskite structure: Co®*, through its
lower redox’” flexibility in comparison with Fe** during the
frustrated-phase transition and higher lattice oxygen change
propensity, likely plays a more dominant role in facilitating oxy-
gen mobility compared to iron. The lower redox flexibility was
also observed on LFO, where iron emulates the behavior of
cobalt in LFCO but to a far lesser degree (see Figures S20
and S21 and the extended discussion in the SI). Such enhanced
oxygen transport, enabled by cobalt, provides a plausible expla-
nation for the superior catalytic activity observed in LFCO rel-
ative to cobalt-free systems such as LFO. The interplay between
B-site redox dynamics and frustrated phase evolution plays a
pivotal role in determining catalytic behavior. In this regard,
the interplay between the carbonate affinities of iron and cobalt
on the perovskite surface offers a pathway to fine-tune catalytic
performance. Cobalt actively drives the restructuring and redox
cycling necessary for high catalytic turnover, while iron contrib-
utes structural robustness.

Additionally, the role of A-site cation (lanthanum) was fur-
ther examined from the La 3d corellevel spectra (see
Figure S19 and the following discussion in the SI). As detailed
in the SI, lanthanum fulfills a dual role in the frustrated-phase
transition: chemically, by stabilizing carbonate intermediates
through strong Lewis acid—base interactions, and structurally,
by anchoring oxygen lattice changes and enabling the dynamic
redox flexibility of the perovskite system. The synergistic inter-
action between La®" sites and the redox-active B-site cations
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(Co’* and Fe**) proves critical for controlling the evolution of
the frustrated surface phase and optimizing catalytic perfor-
mance during CO oxidation. Without cobalt in the system,
ie, in LFO, the anchoring of carbonates on lanthanum is stron-
ger at low and high temperatures, and the carbonates are more
abundant, showcasing the importance of the redox-active part-
ner, especially regarding the more stable bidentate carbonates
(see Figures S22 and $23).

4. CONCLUSIONS

In this work, we investigated CO oxidation over the perovskites
LaFeO, (LFO) and LaFe,.sCo,,s0; (LFCO), reperesenting
inactive and active catalysts, respectively. Advanced operando
techniques were employed to disentangle the parallel convo-
luted surface phenomena that are responsible for the reaction
progressing on the surface with respect to the concept of the
frustrated-phase transition. Special attention was given to the
role of the carbonates as the reaction intermediates, as well as
the structural transformation on the surface of the catalysts at
different reaction conditions, to elucidate the overall reaction
mechanism. LFO displayed low activity but high stability under
the tested conditions during CO oxidation. A pure MvK mech-
anism was identified via kinetic studies and confirmed by theo-
retical calculations. However, the reaction showed a high
complexity due to a carbonate-mediated mechanism over mainly
bidentate carbonates according to our DRIFTS-MES-PSD anal-
ysis. Iron in LFO was identified as the weaker redox active site,
which only showed small changes in its oxidation state.
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LFCO, on the other hand, displayed higher conversions
and a slight deactivation during time on stream. Even with
ongoing deactivation, it stayed more active than LFO. The
reaction mechanism was also more complex, displaying an
interplay between MvK and LH. While similar carbonates
were also observed on the cobalt-substituted catalyst, low-
temperature monodentate species were found and identified
as possible active intermediates via DRIFTS-MES and
NAP-XPS. Regardless of the species, LECO facilitates a faster
conversion of the carbonates to CO,, presumably due to the
availability of surface oxygen and not only a pure MvK-type
mechanism. The interplay between the reactions was also
proven to be temperature-dependent: The LH mechanism
is more prominent at lower temperatures, while at high tem-
peratures, the MvK mechanism dominates. For the pristine
surface, DFT calculations also confirmed that the presence
of cobalt reduces the energy barrier for certain reaction steps,
suggesting that LFCO exhibits higher catalytic activity com-
pared to LFO. This trait is inherited by the frustrated-phase
transition. In particular, cobalt helps facilitate the release of
CO,, making the reaction more efficient. Additionally, the
results indicate that surface-adsorbed oxygen likely remains
active during the process, even after catalyst treatment and
partial deactivation.

This mechanism shift was also confirmed by NAP-XPS,
showing the relative stability of bidentate vs. monodentate ones
at temperatures above 170 °C on the LFCO surface and in the
sub-surface region. This restructuring was accompanied by a
reduction of Co®" and an oxidation of Fe**. The emerging
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frustrated surface phase transition could be instrumental in the
formation of active carbonates as reaction intermediates, which
facilitated the reaction at higher temperatures.

While it was shown that especially cobalt plays a role as the
active site, iron and lanthanum contribute to the reaction mech-
anism. La*" stabilizes the perovskite structure due to its ability
to compensate for oxygen defects and to stabilize carbonates
on the surface. Lanthanum also formed carbonates; however,
La-associated carbonates were decomposed differently when
cobalt was present, showcasing the synergy between lanthanum
and B-site cations. Iron also forms carbonate species while keep-
ing the charge balance of the system in line due to oxidation.
While this work focuses on the CO-to-CO, reaction, it still
highlights a methodology for disentangling the complexity of
the reaction mechanism, especially when multiple sites are
involved in oxide catalysts used in oxidation reactions.
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B ABBREVIATIONS

LFO LaFeO,

LFCO LaFe,,;Co,,504

MES modulation-excitation spectroscopy

PSD phase-sensitive detection

NAP-XPS near-ambient  pressure  X-ray  photoelectron
spectroscopy

MvK Mars—van Krevelen

LH Langmuir—Hinshelwood

DRIFTS  diffuse reflectance infrared Fourier transform
spectroscopy

PXRD powder X-ray diffraction

ICP-OES ion-coupled plasma optical emission spectroscopy

BET N,-physisorption after Brunauer, Emmett and
Teller

NH,-TPD NH, temperature-programmed desorption

SEM scanning electron microscopy

DFT+U  density functional theory

MS mass spectrometry

XANES  X-ray absorption near edge spectroscopy

Scc standard cubic centimeters

Ncc normal cubic centimeters

AEY Auger electron yield

TEY total electron yield

E, activation energies
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