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ABSTRACT: As a model for the energy-efficient aftertreatment of
exhaust gas components, we studied microwave-assisted (MW)
CO oxidation over a (La,Sr)CoO3‑δ (LSC) perovskite oxide
catalyst under dry and humidified conditions. We found that the
use of a MW-based process can offer multiple advantages over
traditional thermocatalysis in this scenario, as the nature of the
MW-solid interaction offers quick, adaptive, and energy-efficient
heating as well as improved yield and lower light-off temperatures.
As found by combined CO and water MW-desorption experi-
ments, the presence of technically relevant amounts of water leads to a competition for surface active sites and thus slows the
reaction rate without indications for a fundamental change in the mechanism. Remarkably, the performance loss related to the
presence of water was less pronounced in the MW-assisted process. Additionally, while we recorded a temperature-dependent
degradation of the reaction rate in extended MW-catalysis experiments both in dry and humidified conditions, it quickly recovered
after a short reactivation MW-treatment. Our study confirms that surface reaction can be driven by the use of MW-radiation in a
similar magnitude that can be achieved by thermal activation at significantly higher temperatures. The nature of the effect of the
MW-treatment on the structural and electronic surface properties of the LSC material was investigated by X-ray absorption (XAS)
and X-ray photoelectron spectroscopy (XPS). We found evidence of a significant structural, chemical, and electronic reorganization
of the oxide surface, possibly consistent with the occurrence of overheated surfaces or “hotspots” during MW-exposure, which may
explain the increased catalytic and heating properties of the LSC after the MW-pretreatment. The good catalytic performance, quick
response to MW-heating, and long-term stability of the catalyst all indicate the promising potential of a MW-based process for the
energy-efficient exhaust aftertreatment using noble-metal-free oxide catalysts.
KEYWORDS: microwave-assisted catalysis, microwave heating of solids, CO oxidation, exhaust aftertreatment, XPS, XAS

1. INTRODUCTION
Recently, the synthesis, production, and application of fuels
from biobased carbon feedstocks, CO2, and H2 as feedstock in
advanced combustion processes has gained increased atten-
tion.1,2 Since a change in fuel composition is associated with
this aspect, the composition of the exhaust gas and its
temperature will be subject to changes.3 Thus, the develop-
ment of novel catalysts and processes for an adaptive exhaust
gas aftertreatment for the removal of carbon monoxide (CO),
hydrocarbon, and oxygenated hydrocarbon compounds and
nitric oxides is necessary to be explored. The development in
this field is also driven by the need to replace the currently
predominating noble-metal catalysts because of availability,
toxicity, and cost. Promising candidates were reported from
multiple sources, notably based on metal oxides in the fluorite
or perovskite crystal structures.4−6 Perovskite oxides have long
been considered to be suitable substitutes for noble metal
catalysts in a wide range of oxidation processes, and especially
Sr-substituted lanthanum cobaltite (LSC) showed particularly
good characteristics, like semi- and metallic-conducting

properties, which were found to be descriptors in thermo-
and electrocatalytic processes.4,7−11 For LSC, performance
descriptors toward the oxygen evolution reaction (OER)
activity largely revolve around the electronic structure close to
the Fermi level,12,13 demonstrating that any catalytic cycle
including redox reactions at the surface will be influenced by
the surface electronic structure. Furthermore, the perovskite
oxides show a remarkable tolerance for simultaneously high
substitution of both crystallographic cation sites, and this way
it was shown that the catalytic properties could be adjusted by
a targeted synthesis.9,10,14 Dry CO oxidation to CO2 using LSC
catalysts has been conducted recently both in conventional
thermocatalysis11 and in microwave-assisted processes,15
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exhibiting performance characteristics expressed as T50% values
of 125−150 °C, which are competitive to state-of-the-art Pd/
CeZrO2 catalysts that show similar values.

16−18

Direct microwave (MW) heating of solid catalyst materials
can be considered a promising and potentially environmentally
friendly alternative to traditional thermocatalysis, as it allows
for quick, targeted, and energy-efficient heating of the reactive
surface.19−22 Previously, we reported the establishment of a
monomode MW-assisted catalysis setup and its utilization for
the study of the CO-oxidation reaction over a La0.8Sr0.2CoO3
(LSC-82) perovskite catalyst.23 The catalyst material itself is
directly heated, given sufficient MW-susceptibility, while the
surrounding atmosphere remains widely unaffected. This has
implications for the adsorption/desorption kinetics and
selectivity, and this situation is different from conductively
heated systems.19,24 Additionally, locally overheated areas, so-
called hotspots, or activation phenomena on the surface are
reported,25 which can positively affect the catalytic perform-
ance. MW-assisted heterogeneous catalysis setups have been
used for a broad range of reactions with good results in
catalytic performance.15,20,26−30 Several reports show that
certain oxides undergo a change in physical and chemical
properties upon MW-excitation above a certain threshold,
which lead to increased surface reactivity and improved
conversion of MW-energy to heat, which may explain the
favorable performance of certain MW-assisted pro-
cesses.15,23,31,32 However, these promising properties of MW-
assisted heterogeneous catalysis have mostly been conducted
under dry conditions in laboratory settings. For more
technically relevant conditions, we have to consider the
influence of water vapor since water is always present in the
exhaust gas of hydrocarbon-based combustion processes. This
is particularly true in the case of MW-assisted catalysis as the
effects may be even more complex due to possible direct
heating of water in the feed-gas or activation of adsorbed
water, all of which can affect the reaction kinetics and product
profile.33 Furthermore, long-term degradation of the catalyst
material under humidified reaction conditions at elevated
temperatures has to be investigated as well, especially
considering the application of a nontraditional heat source in
the form of microwaves, which directly stimulate polarization
losses within the material.34

The presence of water vapor has been shown to directly
affect catalytic oxidation reactions, both in terms of conversion
efficiency and selectivity in non-MW-settings.35−40 Depending

on the catalyst material, water was found to either increase
catalytic performance for noble metals41 or decrease in the case
of oxide catalysts.42 Furthermore, even within the class of oxide
materials, these effects can be remarkably complex, as for
example, Wang et al. found dramatically decreased CO
oxidation rates over a Mn/Co-oxide catalyst in the presence
of water, yet at the same time strongly increased oxidation
rates for formaldehyde.40 Mechanistically speaking, the
decrease in catalytic CO conversion over oxide catalysts can
be related to the competition for surface adsorption sites, as
water can bind to metal ions or oxygen vacancies, partially
blocking O2 or CO from reaching the surface, which was
shown for similar oxidation reactions on perovskite oxides.43

In this study, we report our results from MW-assisted and
conventionally heated catalytic oxidation of CO over a
La0.8Sr0.2CoO3 (LSC-82) perovskite catalyst in the presence
of water in the feed gas. The influence of water vapor on the
catalytic performance and MW-heating behavior is presented
and compared against corresponding experimental data from
dry atmosphere. Special emphasis is given to the spectroscopic
investigation of the structural effects brought about by the
MW-irradiation of the LSC surface. For this, we conducted X-
ray absorption spectroscopy (XAS) and X-ray photoelectron
spectroscopy (XPS) experiments and found evidence for a
significant rearrangement in the surface region, which may
explain the high activity of LSC in MW-catalysis. Additionally,
the contribution of material and microstructural factors is
discussed and structural and compositional long-term stability
of the catalyst is evaluated. These results constitute a first step
toward technically relevant conditions in analyzing the MW-
assisted conversion of exhaust gas components from novel fuel
sources.

2. EXPERIMENTAL SECTION
2.1. Microwave Catalysis. The MW-assisted heterogeneous

catalysis experiments were carried out in a monomode MW-flow
reactor setup described in detail in a previous publication.23 The
monomode configuration utilizes a standing wave profile with a
discrete frequency (2450 MHz; λ = 12.24 cm) and ensures a relatively
homogeneous field distribution in the area of the solid catalyst in the
center of the cavity. 200 mg of the oxide material (granulated to a
particle size between 200 and 355 μm) is situated on a layer of quartz
wool inside a cylindrical quartz tube with an inner diameter of 4 mm.
The solid is heated directly by MW-radiation, while the gas stream

enters the quartz-reactor through a stainless−steel pipe, which is
heated to 165 °C to avoid water condensation in the line. As the

Figure 1. Schematic representation of the MW-catalysis and TPD experimental setup.
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length of this heated line is relatively short and covers only the
distance from the water injection to the MW-reactor, the temperature
increase at the catalyst due to the presence of the heated line was
found to be in the range of 1−3 °C. The exhaust of the flow-reactor is
connected to an FTIR gas analyzer (GA 2030, MKS Instruments
Deutschland GmbH, München, Germany) for the in-operando
quantification of IR-active molecular species, i.e., CO and CO2. The
temperature of the MW-assisted catalysis is recorded inside the
catalyst bed by means of a fiberoptic MW-compatible contact thermal
sensor (FOT) (TS-3, Weidmann Technologies Deutschland GmbH,
Dresden, Germany). This method of thermal sensing is superior to
optical pyrometry, as we laid out in detail previously.23 Before each
conversion experiment, we conducted a pretreatment in 100 sccm N2
(5.0 purity) at 190 °C for 10 min. During the CO conversion tests, we
used a gas mixture of 84 sccm N2 (5.0 purity), 10 sccm O2 (5.0
purity), and 6 sccm CO (9% in N2, 5.0), leading to a CO
concentration of approximately 5000 ppm in an oxygen excess of 10%
(N2 bal.). The gas transport for the catalytic setups was facilitated
through the use of mass flow controllers (G-Series MKS Instruments
Deutschland GmbH, München Germany).
The concentration readings for CO and CO2 were recorded after

5−10 min at the designated temperature, as stationary thermal and
flow conditions are reached comparatively quickly in the case of MW-
assisted catalysis. The gas stream was humidified using a dosing pump
(model CP-DSM, Vici Valco International AG, Switzerland) to
directly inject ultrapure water into the heated gas line. The liquid
water is thus evaporated and transported by the carrier gas into the
reactor. The resulting water concentration is measured by the FTIR
gas analyzer and adjusted by controlling the microdosing pump
rotation. The MW-setup is schematically depicted in Figure 1.

2.2. Thermocatalysis. The thermocatalytic CO conversion
experiments were conducted in a temperature-controlled vertical
oven (RS232, HTM Reetz GmbH), connected to the same FT-IR gas
analyzer (GA 2030, MKS-Technologies Deutschland GmbH,
München, Germany). To ensure comparability to the MW-experi-
ments, we used again 200 mg of the LSC-82 catalyst granulated to
200−355 μm and placed it on a layer of quartz wool inside a quartz
tube with an inner diameter of 4 mm. The temperature was recorded
by using a thermocouple inside the powder bed. Before each
conversion experiment, we conducted a pretreatment in 100 sccm N2
at 220 °C for 1 h (these conditions were selected because of the
significantly longer time necessary for temperature equilibration in the
conventionally heated furnace when compared to MW-heating).
During the CO conversion tests, we used a gas mixture of 84 sccm N2
(5.0 purity), 10 sccm O2 (5.0 purity), and 6 sccm CO (9% in N2, 5.0),
leading to a CO concentration of approximately 5000 ppm in an
oxygen excess of 10% (N2 bal.). The gas transport for the catalytic
setups was facilitated through the use of mass flow controllers (MKS
Instruments Deutschland GmbH, München Germany), and we
humidified the feed gas in the same way as was described for the
MW-experiments above.

2.3. Catalytic Performance. The CO conversion was calculated
based on eq 1

C C

C
CO conversion % 100%inlet,CO outlet,CO

inlet,CO
= ×

(1)

where Cinlet,CO and Coutlet,CO are the CO concentrations corresponding
to the inlet and outlet of the reactor, respectively.
The Arrhenius analysis was carried out by calculating first order

rate constants for every catalytic experiment as a function of
temperature and water concentration according to eq 2, which is
valid for a plug flow reactor44

k
Q

m X
ln

1
1

0

CO
= ×

i
k
jjjjj

y
{
zzzzz (2)

where k denotes the first order rate constant, Q0 is the gas flow rate, m
is the catalyst mass, and XCO is the fraction of CO converted to CO2.

2.4. Temperature-Programmed Desorption. We conducted
temperature-programmed desorption (TPD) experiments in the MW-
setup described above using the LSC-82 catalyst. Three different
desorption settings were probed: H2O alone, CO alone, and a mixture
of CO and H2O. The conditions described below are slightly different
when compared to the catalysis conditions as we had to increase the
mass of the oxide and decrease the flow rate during desorption in
order to obtain concentration peaks of significant magnitude.
We used 500 mg of granulated LSC-82 oxide, which was placed

inside a quartz tube onto a quartz wool bed. This tube was placed
inside the microwave cavity in the same position as in the catalysis
experiments, and the temperature was determined by optical
pyrometry. Further, all three TPD-experiments were conducted in
the following steps, which are depicted in Figure 2.

2.5. Pretreatment. The sample was heated to 300 °C in dry
oxygen (100 mL/min) for 1 h. Subsequently, the oxide was allowed to
cool to room temperature in flowing nitrogen (100 mL/min).

2.6. Adsorption and Saturation. While the sample resided at
room temperature (microwave off) in flowing nitrogen (100 mL/
min), 3.5 vol % of water was fed into the gas stream by the usage of a
water dosing pump into the heated gas-line in the case of the H2O-
TPD experiment and conversely by feeding dry 0.5 vol % of CO in N2
for the CO-TPD. For the combined H2O−CO-TPD experiment, the
adsorption experiment was conducted by first applying the H2O-TPD
settings, directly followed by CO-TPD conditions. The adsorption
phase continued until saturation was confirmed by monitoring the
concentrations in the IR gas analyzer.

2.7. Purging. After saturation, the feed gas was set to 100 mL/min
dry nitrogen until both CO and H2O were no longer detectable.

2.8. Desorption. By controlled MW-heating (20 K/min) in 30
mL/min nitrogen, the desorption behavior was recorded with the IR
gas analyzer and analyzed as concentration vs time profiles for all
three experiments.

2.9. XRD. Powder X-ray diffraction (XRD) was performed by using
a STOE STADIP MP X-ray powder diffractometer (STOE and Cie
GmbH, Darmstadt, Germany). The X-ray generator was equipped
with a copper source operating at 40 kV and 40 mA, irradiating the
sample with monochromatic CuKα (λ = 1.5406 Å). XRD patterns
were recorded in transmission geometry at room temperature for 240
min over a 2θ range of 10−90° with a step size of 0.015° employing
an image plate position sensitive detector.

2.10. BET. The Brunauer−Emmett−Teller method (BET) was
used to calculate the specific surface areas. The samples were degassed
under vacuum (<10−3 mbar) at 300 °C for 6 h. Specific surface areas
were determined by nitrogen adsorption at −196 °C using an
automated gas adsorption analyzer (Autosorb iQ model 7-
Quantachrome Instrument, Anton Paar). BET surface areas were
calculated using p/p0 points between 0.05 and 0.3 (small adjustments
were made to obtain the best linear fit). Pore size distributions were
obtained using the N2 at 77 K on silica (cylindrical pore, NLDFT
adsorption branch model) calculation model in order to take into
account the effects induced by cavitation and aggregation of plate-like

Figure 2. Schematic representation of the TPD experimental process
conditions.
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particles. Data processing was performed using ASiQWin software
(Version: 5.25).

2.11. XPS. Investigations of LSC-82 catalyst samples before and
after humidified CO oxidation (both MW- and thermocatalysis
experiments) using X-ray photoelectron (XPS) spectroscopy were
conducted using an AXIS Supra instrument (Kratos Analytical Ltd.)
with a hemispherical analyzer. During the measurements, the base
pressure was <5.0 × 10−6 Pa while a monochromatic Al Kα radiation
was used, and a simultaneous charge neutralization (low-energy,
electron-only source) was applied to compensate for charging effects.
The size of the probed sample area was 700 × 300 μm2. Due to the
magnetic nature of samples, the magnetic lens of the instrument was
turned off, and the lower intensity of detected photoelectron was
counteracted by applying a high emission current of 25 mA for
both survey and high-resolution (valence band (VB), Sr 3d, Co 2p
and C 1s) scans. During the measurement of the survey scans, a pass
energy of 160 eV and a step size of 0.25 eV was used (5 sweeps, dwell
time = 100 ms), while a pass energy of 20 eV and a step size of 0.05
eV were applied for the high-resolution scans (20 sweeps, dwell time
= 200 ms). The BE scale of all samples for each individual element
was calibrated with respect to the adventitious aliphatic C 1s core
level at BE = 284.8 eV. The analysis of the spectra was performed in
the CasaXPS software package (Casa Software Ltd.) by subtracting a
Shirley background45 applying the sensitivity factors supplied by the
instrument manufacturer for the quantification of the survey scans,
and using a mixed Gaussian−Lorentzian (70%−30%) peak shape for
the deconvolution of the Sr 3d spectra.

2.12. XAS. Soft X-ray absorption spectra on the as-prepared and
MW-irradiated LSC were recorded on the UE56−1SGM beamline at
the BESSY II electron storage ring in total electron yield mode at
normal incidence. Background subtracted spectra were normalized to
unity at the post edges at 555 eV (O−K-edge) and 800 eV (Co-L32-
edges), respectively.

2.13. SEM. Scanning electron microscopy (SEM) was performed
on an FE-SEM LEO/Zeiss Supra 35 VP equipped with an Oxford
Instruments INCA x-act detector. The samples were mounted on an
aluminum stub with adhesive carbon tape.

3. RESULTS AND DISCUSSION
3.1. MW-Induced Activation. All MW-assisted catalysis

experiments were conducted after a short MW-based pretreat-
ment that serves as an activation treatment of the catalyst
material. As we reported previously, both the heating behavior
and the catalytic performance of LSC increased strongly upon
reaching a threshold level under MW-excitation. At this point,
a drastic increase in temperature at constant MW-power was
observed.23 This observed phenomenon is very similar to
reported findings in other published studies15,31 and some-
times referred to as “thermal runaway”.46,47 An example of a
time series of this behavior is shown in Figure 3.
As seen from Figure 3, the material undergoes a significant

change with respect to its thermal response to the MW-
electromagnetic field. Before the threshold level at around 85
°C, the temperature rises slowly after manually increasing the
MW-power. A decrease in power will naturally cause a decline
in temperature (minutes 5−8 in Figure 3). Shortly before the
threshold level is reached, an increasing slope in the
temperature curve is visible. Upon reaching the threshold
level, the temperature rises very quickly at constant MW-
power. To stabilize the temperature at the target value of
around 190 °C, the power had to be reduced drastically from
20 to 10 W. The stable temperature of 190 °C at 10 W after
reaching the activation threshold compares to around 50 °C at
15 W before the activation. This improved heating behavior
encompasses both a faster thermal response toward changes in
the MW-power as well as improved power efficiency, as

evident by the higher temperatures per Watt. The activated
state was retained for extended periods of time under dry
conditions. In subsequent MW-assisted dry CO oxidation
experiments with the MW-pretreated LSC-82, we found
increased reaction rates and consequently lower activation
energy compared to the pristine catalyst, as determined by an
Arrhenius analysis (activation energy of 35.9 kJ/mol for as
received LSC-82 and 23.1 kJ/mol for the MW-pretreated
sample).23 All of the MW-assisted catalysis experiments in this
study were conducted with MW-pretreated (activated)
samples.

3.2. MW-Assisted and Thermocatalytic CO Oxidation,
Dry and Humidified. The performance evaluation for the
MW-assisted CO-oxidation reaction over an LSC-82 catalyst in
dry and humidified atmospheres in comparison to thermoca-
talytic data is shown in Figure 4. The perovskite catalyst
showed significantly higher performance in the MW-assisted
process, with T50% and T90% values of 71 and 113 °C,
respectively compared to T50% of 125 °C and T90% of 145 °C
for the TC-experiment (see Figure 4b). Additionally, after
activation, it was observed that at room temperature, notably
without any MW-heating, a significant amount of CO
conversion of 13.8% could be achieved, whereas no CO
conversion was observed at room temperature for the
thermocatalytic experiments. As can be seen from the
Arrhenius plots (see Figure 4c,d), the MW-assisted catalysis
resulted in significantly lower activation energies determined
by linear fitting of the logarithmic rate constants compared to
the thermocatalytic experiments. Furthermore, the activation
energy for the MW-experiments increased gradually with
increasing water content in the feed gas, while the rate constant
decreased with increasing water content at any given
temperature. The same clear trend was not observed for the
thermocatalytic experiments (see Figure 4d), which first show
an increase in activation energy at the introduction of water to
the feed gas, followed by a decrease for the higher water
concentrations. As the thermocatalytic Arrhenius analysis has
fewer data points and a more pronounced scattering around
the linear trend, the quantification of the activation energies in
Figure 4d should be interpreted with caution.
These findings could potentially be explained to result from

a MW-induced reversible partial reduction of the oxide and
thus from an increase in oxygen vacancy concentrations, as
oxygen vacancies are a known descriptor in the CO oxidation

Figure 3. Time series of the MW-activation pretreatment of an LSC-
82 sample in 100 sccm N2. The temperature (red) has been recorded
with a precalibrated pyrometer and is shown in conjunction with the
manually set MW-output power.
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over perovskite oxides.48 As MW-induced partial reduction of
oxides has been reported before in the CeO2-system,

31,32 we
believe a similar phenomenon to be responsible for the
observed performance gain facilitated by the MW-based
activation pretreatment in the N2 atmosphere we reported in
an earlier publication,23 possibly via the route of strong local
overheating (i.e., due to the formation of “hotspots”). A
reduction of the oxide will result in more electrons in the
catalyst, and electronic charge carriers contribute to the MW
heating behavior, effectively increasing the material’s MW-
absorption and conversion to heat. Thus, the additional
electrons generated during the reduction could explain the
increased heating behavior of the LSC after reaching a
threshold temperature (“thermal runaway”) presented before.
A more detailed discussion is presented in the XPS and XAS
surface analysis part of this study.
As soon as water is introduced to the gas supply, the

catalytic performance decreases notably, both in MW- and TC-
catalysis, which can be explained by a competition for active
surface sites, as was reported in similar reaction environ-
ments.35,49 While for the MW-catalysis a concentration of 0.2%
already led to a deterioration of 27 and 21 °C (T50% and T90%),
we found that a further increase in water concentration up to
3.0% (MW) and 3.7% (TC) did only moderately affect the
additional catalytic performance loss. This unexpected
behavior could be the result of a promoting effect of surface
hydroxyl groups formed in large enough quantities at this water
concentration. The hydroxyl groups can affect the catalytic
performance, which has been reported previously for CO-
oxidation on single-atom-catalysts,50 thus possibly roughly

balancing out the negative effect of the reduction of the
number of free surface sites.
Beyond 3.0% water concentration, the MW-catalytic

performance suffered an increased loss, which may be related
to macroscopic condensation of liquid water, as we observed
the water signal to become increasingly unstable thereafter.
Because of technical limitations of our water dosing setup and
condensation phenomena at the unheated parts of the MW-
reactor, we could not reach stable water concentrations higher
than 3.9% or lower than 0.2%.
As can be seen from Figure 4, the effect of water on the

catalytic performance curves is mostly symmetrical, i.e., low-
temperature and high-temperature regions are affected nearly
identically and the performance curves seem to be shifted to
higher temperatures without a significant change in curve
shape. Additionally, during all the catalytic measurements
presented, no side products (alcohols, aldehydes, or carboxylic
acids) were detected in our FTIR gas analysis, indicating no
fundamental change in the reaction mechanism for the
humidified experiments. Only the MW-3.9% measurement
exhibits a change in the performance curve shape, which could
indicate the beginning of water condensation related effects.
This is also noteworthy, as increased water adsorption and
retention on the surface was expected for temperatures below
100 °C and may be explained by the direct MW-interaction
with water.
Figure 5 shows the steady-state MW-assisted dry CO

oxidation at constant temperature near full conversion for
several hours. The catalyst’s activity was found to remain
relatively stable under dry catalytic conditions with full CO
conversion at 136 °C for a duration of 4 h with only minimal

Figure 4. (a) Performance curves for LSC-82 perovskite in MW-assisted- and thermocatalytic CO oxidation with varying water content. (b)
Corresponding characteristic T50%- and T90%-values. (c) Arrhenius analysis and derived activation energies for the MW-assisted CO oxidation and
(d) corresponding data for the thermocatalytic experiments.
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performance degradation (0.5% per hour, see Figure 5).
Interestingly, the activity could be fully recovered after a 5 min
MW-treatment at 190 °C, which is the same value as in the
MW-pretreatment step, which is shown in Figure 5. The
treatment encompassed a very short increase in MW-power to
reach a sample-temperature of 190 °C and subsequent return
to the reaction temperature, after which full CO conversion
was reached again. The following steady performance decline
showed a comparable slope of about 0.5%/h conversion loss to
the first decline curve, indicating no changes to the surface
reaction conditions. Thus, the observed degradation can be
considered reversible and the elevated activity of the MW-
pretreated LSC-82 in MW-assisted CO oxidation can be
quickly recovered by a corresponding increase in MW-power
for a short duration.
From these findings, it can be concluded that MW-assisted

catalytic oxidation proceeds at milder conditions and more
efficiently after an activating MW-pretreatment when com-
pared to corresponding thermocatalytic data. Water acts as a
competitor for those surface-active sites, as shown by MW-
TPD experiments later in this study. The improved perform-
ance in the MW-experiments (compared to thermocatalysis)
could be explained by a higher reservoir of available adsorption
sites after the MW-pretreatment and/or other structural and
electronic effects on the catalysts surface. This question is
discussed in detail in the following surface spectroscopy
chapter.

3.3. Spectroscopic Surface Analysis.We conducted XPS
experiments on the as-received pristine LSC-82 (AR), the
same material after a MW-pretreatment as outlined in the
previous section (MW), and an LSC-82 sample that had been
subjected to MW-assisted CO oxidation conditions in
humidified conditions for several days (MWH). The sample
designation and respective MW-treatment is summarized in
Table 1. The surface elemental compositions and oxidation
states of the catalysts were analyzed. Figure 6a displays the XPS
survey spectra for the three samples, indicating the presence of
La (3d), Sr(3d), O (1s), and Co (2p). A quantification of
surface and bulk Sr from fitted XPS data is presented in Table
S1, while Figure 6b and Table S2 summarize the surface
atomic concentrations and ratios of the metal contents relative

to oxygen, derived from the survey scans analysis. From the
quantitative analysis, a deviation from the ideal perovskite
stoichiometric ratio is visible, indicating, for example, a relative
enrichment of Sr-ions as compared to La and an apparent
oxygen excess, as well as an A-to B-site cation ratio closer to
2:1 than the nominal 1:1. Additionally, observations reveal an
increase in the atomic percent (at.%) of all metal species (La,
Sr, and Co) following exposure to MW irradiation, coinciding
with a decrease in oxygen at.% when compared to the AR-
sample. Absolute percentage values need to be taken with
caution, though, as the different core levels probe different
depths due to variation in the kinetic energy of detected
electrons and the near surface region most likely being
inhomogenous, the trend of oxygen loss between samples
however is clear. This would also explain the generally large
oxygen excess as compared with the ideal perovskite
composition (see Figure 6 and Table S2). In fact, thermally
or electrochemically driven reduction of LSC have been found
to induce reversible Sr enrichment and possible precipitation
of secondary phases such as (La,Sr)2CoO4 + δ,

51,52 which would
be more in line with the atomic abundances found here.
Detailed spectra of the VB and Co 2p region for the three

samples are shown superimposed in Figure 7a,b, respectively.
Here, we use difference plots (dashed lines) rather than
pseudo-quantitative fitting procedures to exemplify the
evolution of the electronic structure with sample treatment,
because being a strongly hybridized negative charge transfer
material, especially quantifying formal oxidation states of Co,
has little physical meaning.53 Both spectral regions show a
similar evolution with sample treatment. First, the VB region,
which mostly consists of occupied O 2p and Co 3d states,12,54

shows intensity variations at the top of the VB (BE 0−2 eV)
between all three samples. This indicates changes in electron
density close to the Fermi level, i.e., reduction and oxidation of
the material.53 Since the intercept of the VB maximum stays
the same, no shifting of the Fermi level occurs between
samples. Focusing on the difference between the two MW
samples (before and after H2O exposure−purple dashed line),
it can be seen that a singular, peak-shaped component is
changing, which can be attributed to the 3d6 ground state
configuration, which is sharp,55 as opposed to the charge
transfer multiplet of the 3d7L configuration, which would be
spread over the whole range between 0 and 8 eV.56 Simplified,
this means that the change in electron density is localized to
the Co. Concomitantly, the Co 2p3/2 and Co 2p1/2 signals at
780 and 795 eV, respectively, show intensity variation on the
low BE flanks, which are not observed in reference hole doping
experiments55 and thus also indicate localized Co 3d state. The
abundance of these states can thus be concluded to be a
descriptor of catalytic performance. Assigning a formal
oxidation state or Co redox couple is ambiguous, as the 3d6

configuration points to Co3+, whereas a low BE component in
the Co 2p core levels is often attributed to Co2+ (3d7),57 the
latter comparison being disingenuous because those refer to

Figure 5. Steady-state MW-assisted dry CO oxidation at constant
temperature near full conversion (136 °C) for 240 min and
reactivation by a 5 min MW-treatment by reheating in the MW-
setup to 190 °C, followed by subsequent return to catalysis conditions
at 136 °C. The performance oscillations in this graph result from
temperature fluctuations of + - 5 °C as a result of the external cooler
in the setup.

Table 1. Designation and Treatment of the LSC-82 Samples
Analyzed Spectroscopically

sample microwave treatment atmosphere

AR none n.a
MW 10 min MW-heating to 190 °C dry N2
MWH Multiple MW-CO oxidation

experiments up to 200 °C
dry and humidified
CO/O2/CO2/N2
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binary oxides of completely different electronic structure than a
(semi)metallic perovskite such as LSC. Regardless of this and
the exact process initiated by the MW irradiation, the
catalytically active state just below the Fermi level, as deduced
from comparing the MW and MWH samples and which is not
(or only weakly) present in the AR sample is formed due to
this process, giving a solid explanation of improved catalytic
activity through MW activation.

Turning to the effect of the MW irradiation on the AR
sample, we can make out the MW irradiation of the AR sample
increases abundance of this electronic state significantly (red
and blue dashed lines in Figure 7a [VB] and (b) [Co 2p]),
which leads to the conclusion that MW irradiation acts as a
forming process for this catalytically active state. Considering
further additional changes between AR and MW, we can find
further contributions to the difference spectra (red and blue

Figure 6. (a) XPS survey scan for the three different LSC samples AR: as-received, MW: MW-treated, MWH: after MW-catalysis. (b)
Quantification of the elemental composition from these spectra.

Figure 7. (a) XP spectra and difference plots of the as received-(AR), MW-treated-(MW), and the MW-humidified catalysis sample (MWH) of the
VB. (b) XPS spectra of the same samples in the Co 2p region.

Figure 8. Soft-XAS data from LSC-82 as received (AR, black) and after MW-treatment (MW, red) in the O−K- (a), Co-L32- (b), and La-M54-
region (c).
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dashed lines) at ∼7 eV in the VB and ∼779 eV in the Co 3p3/2
regions. Since especially the VB is convoluted in this region,55

we used X-ray absorption spectroscopy to gain further insights
into the process.
Figure 8a shows the normalized oxygen K-edge spectra for

both the as-received (black) and MW-irradiated samples (red).
The O 2p-Co 3d region (marked A, 525−530 eV) shows
differences which are more complex than what has been found
for simple oxidation or reduction of the CoO6 manifold,

58,59

indicating departure from octahedral symmetry or changes in
spin state.60 The oxygen K-edge thus corroborates the findings
from XPS that rather chemical surface rearrangements than
reduction or oxidation of the perovskite phase takes place. The
Co-L32-edges (Figure 8b) in turn show an appreciable
difference between samples with spectral weight shifting from
the white line (marked D, 775 eV) to the pre-edge shoulder
(773 eV). This is usually not observed in late 3d transition
metal perovskites upon reduction or oxidation,59 but has been
reported in temperature induced spin state transition from
t2g6eg0 (low spin, LS) to t2g4eg2 (high spin, HS) in LaCoO3,

61

which is contradicted by the absence of changes in the O 2p-
Co4sp resonance in the O−K-edge (marked C, 538−548 eV).
The XAS thus shows a complex interplay between changes in
spin-state and local symmetry upon irradiation with MW, and
it needs to be considered whether changes in near surface
chemistry and structure are taking place. Here, it should be
noted that TEY XAS has a larger probing depth (around ten
nm) than XPS (a few nanometers), so comparisons can only
be qualitative. The photoemission spectroscopy shows a large
A-site excess (∼1.9 A-to B-site ratio), suggesting the presence
of either A-site segregation and precipitation of, e.g., SrO or
Sr(OH) that is commonly observed upon thermal treatment of
transition metal perovskites,62 or formation of a Ruddlesden−
Popper (RP) phase of A2BO4 stoichiometry, much closer to
the surface stoichiometry observed in the XPS than ABO3. The
abundance of this RP surface phase has been shown to be
reversibly dependent on temperature52 and electrochemical
oxidation and reduction,51 impacting electrocatalytic perform-
ance. It has to be noted, however, that the previously cited
studies observe the structural reorganization only after
relatively harsh thermal treatment in the range of 500−
800 °C, partly for extended periods of time, or strong
electrochemical polarization, whereas our MW-exposed
materials have not exceeded a temperature of 200 °C, at
ambient pressure and without applying any electrochemical
potential. The XPS analysis shows that both La/Sr and A/B
ratios change upon MW irradiation, which is also corroborated
by the O−K-XAS in the O 2p-La 5d/Sr 4d region (marked B,
532 to 538 eV)61 and the intensity of the La-M54 with respect

to the Co-L32-edges (Figure 8c), indicating (because of the
deeper probing depth of the XAS) that these rearrangements
are not confined to the immediate surface. Additionally, the
XPS analysis of the Sr 3d region (see Figure S1) exhibits
significant changes between the AR, MW, and MWH samples,
which adds weight to the structural rearrangement results
discussed before.
It is concluded, therefore, that any presence and change in

concentration of reduced Co species is related to this altered
phase relation, in line with the general understanding that a
formal Co2+ does not exist in a cobaltite perovskite.63,64 Since
complex phase relations exist in the near surface region, we
refrain from a quantification of oxygen vacancies, as this is only
possible indirectly in well-defined systems.65

3.4. Mechanistic Interpretation of the MW-Pretreat-
ment. The results from XAS analysis (in conjunction with
XPS) show changes in the Co spin state and surface chemistry
after MW irradiation of the sample. Those changes are in line
with those observed in similar perovskite samples after a pure
thermal treatment at relatively high temperatures (450−650
°C).51 Additionally, the thermal creation of oxygen vacancies
in bulk LSC in numbers sufficient to explain the increase in
catalytic performance we observed requires temperatures
higher than 800 °C by a conventional heating in an
atmosphere corresponding to our MW-pretreatment.66 These
findings strikingly compare to the temperatures <200 °C
measured during the entire duration of MW-exposure
(pretreatment and catalysis) by both contact and optical
sensing methods. The previously mentioned hotspot-theory,
i.e., a MW-induced strong local overheating of small or even
subparticle parts of the solid material,19,25 could theoretically
explain both the observed structural changes and the improved
catalytic performance. However, we did not find clear evidence
for hotspots during the MW-experiments, as we recorded both
stable volumetric temperature readings and long-term catalytic
performance for up to several hours. As perovskites derived
from LaCoO3 are known to be reasonably good thermal
conductors and the penetration depth of MW-radiation in this
case is in the millimeter-to centimeter-range, thus covering the
entire sample volume, the existence of significantly large areas
of hot-spots with temperatures several 100 °C higher than the
recorded volume temperature over extended periods of time
appears unlikely. Thus, this study potentially gives an
indication for the existence of nonthermal contributions in
driving surface reactions by MW-irradiation of solid catalysts.

3.5. MW-TPD Experiments. We conducted several TPD
experiments under MW-excitation to investigate water
adsorption−desorption behavior and its potential effect on
the CO adsorption−desorption in a representative MW

Figure 9. (a) Water desorption profile from MW-TPD, (b) CO desorption profile from MW-TPD, and (c) CO desorption profile from
presaturated H2O + CO-MW-TPD using the LSC catalyst material.
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environment. First, the pristine LSC catalyst was measured in
H2O-TPD (see Figure 9a). From this experiment, we could
show a substantial water desorption peak, starting at around
60 °C and reaching a maximum at around 130 °C. The same
catalyst material was subsequently used for a pure CO-TPD
under MW-heating conditions. The CO desorption peak was
found to be sharp, with an onset temperature of around 80 °C
and a maximum at around 100 °C (see Figure 9b). Both CO
and H2O thus showed desorption in a very similar temperature
range attained by MW-heating, but the H2O desorption was
slower, as indicated by the width of the corresponding peak.
Interestingly, the CO desorption peak was significantly lower

when we conducted a microwave CO-TPD experiment with an
LSC sample which had been presaturated in humidified
atmosphere (see Figure 9c). While onset and maximum
temperatures of the CO-peak remained close to the original
dry CO-TPD, the total amount of CO desorbed was found to
be much lower. This result indicates that water indeed
competes for CO surface adsorption sites and thus the
decrease in catalytic activity for humidified CO-oxidation
experiments.

3.6. Structural/Compositional Analysis. Analogous to
the surface spectroscopy analyses, we conducted physisorption
experiments on the as-received LSC-82 material (AR), the
LSC after a MW-pretreatment as discussed in the previous
section (MW), and an LSC sample that had been subjected to
MW-assisted CO oxidation conditions in humidified con-
ditions for several days (MWH). The results are summarized
in Table 2. We found that the total surface area as determined

by the BET method increased slightly from the as-received
state (AR) of 14.4 to 18.5 m2 g−1 after the MW-based
pretreatment in N2 (MW). The LSC sample after MW-
catalysis experiments (MWH) again shows a decrease from the
MW-pretreated state to a value of 14.3 m2 g−1 for the total
surface area, which is nearly identical with the original state.

No micropores had been detected in the three LSC samples.
The detectable pore volume decreases from 0.093 cm3 g−1 for
the AR LSC to 0.070 cm3 g−1 for the MW sample and
furthermore to 0.052 cm3 g−1 for the MWH sample. This
morphological change is consistent with the indications for a
surface reorganization, as found by our XPS and XAS analyses.
A possible formation and growth of Sr-rich or Ruddlesden−
Popper type secondary phases on the surface of the perovskite
grains during MW treatment and subsequent morphological
aging under prolonged catalysis conditions can explain these
findings.
To evaluate the long-term stability, both structural/

compositional and in terms of catalytic performance, we
examined the LSC-82 catalyst after an extended duration of
testing (MWH), which involved all experiments shown above
with MW-excitation. The material was thus exposed to dry and
humid atmospheres with varying H2O content and including
CO for multiple hours per experiment, during a period of 2
weeks of testing. Additionally, the catalyst was rapidly heated
multiple times as part of the (re) activation treatment. In spite
of this environment and in contrast to the previous results
(XPS, XAS, and BET), the catalyst did not show any signs of
structural change or irreversible degradation in terms of
performance, as can be seen in Figure 10, which reveals a near
identical CO conversion performance in dry reference
conditions before and after the extended humidified catalysis
experiments. Additionally, the XRD patterns for both samples
have been found to be single-phase, exhibiting exclusively
reflections from the rhombohedral R3̅c perovskite phase.
Neither a binary oxide or hydroxide nor an indication of
microstructural changes could be detected. This indicates that
indeed the slight performance degradation as a function of
time of 0.5%/h at a constant temperature in MW-assisted CO
oxidation is fully reversible and not associated with a
compositional or structural change in the catalyst bulk.
Changes to the surface, however, are not detectable by XRD
and it may be possible that a slow structural degradation of the
LSC-material may lead to secondary phase formation and
performance degradation after much longer time exposed to
reaction conditions.
Additionally, we investigated the morphological state of the

material by SEM. As can be seen in Figure S2, no apparent
change is observable between the as-received (AR) and MW-
treated sample (MW). The sample after humidified MW-

Table 2. Surface Area Analysis by Physisorption Following
the BET Method

sample surface area/m2 g−1 pore volume/cm3 g−1

AR 14.4 0.093
MW 18.5 0.070
MWH 14.3 0.052

Figure 10. (a) MW-assisted dry CO conversion of the as-received LSC (AR) compared to an LSC catalyst after extensive testing in MW-heated
humidified CO conversion conditions (MWH). (b) XRD patterns for both samples and reference peak positions for the perovskite phase.
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catalysis (MWH) looks very similar to the other samples with a
slightly more granular surface.

4. CONCLUSIONS
We have studied both the MW-assisted and thermocatalytic
heterogeneous oxidation of CO over an LSC-82 perovskite
catalyst in dry and humidified conditions in a lab-scale test
setup. In all experiments, the lanthanum cobaltite showed a
good catalytic performance, especially in the MW-assisted
experiments, where we found light-off temperatures around
50 °C lower than in the corresponding conventionally heated
catalysis. This performance improvement was attained by a
short MW-based pretreatment in a nitrogen atmosphere, which
led to a significant surface reorganization, as was shown by
spectroscopic experiments. While the nature of the structural
changes can be only discussed with limited certainty, from our
results, it is evident that the MW-based pretreatment leads to
an electronic restructuring at the oxides surface, forming the
catalytically active electronic state, which would explain both
the increased reactivity toward CO and the improved MW-
heating properties.
Upon introduction of water into the catalysis, the perform-

ance dropped significantly, even for relatively modest amounts
of water in both MW-assisted and conventional catalysis. The
decrease showed a limited dependency on increasing water
concentration over the tested concentration range. The MW-
assisted catalysis was affected more strongly than the
conventional catalysis, but coming from a much higher base
activity level, the performance of the MW-assisted catalysis
remained significantly better when compared to the
thermocatalysis in the humidified experiments. Results from
MW-assisted humidified CO-TPD give further support for the
hypothesis of a competition for surface sites between CO and
H2O.
The LSC-catalyst showed a slow and fully reversible

performance degradation under MW-assisted CO oxidation
conditions (dry and humidified), which could be recovered by
a relatively short increase in the MW-power. This degradation
coincides with a small decrease in the surface area, compared
to the MW-treated state, consistent with an aging of the
catalyst surface. However, we found no indication of either
bulk-structural, -compositional, or irreversible performance
degradation of the LSC catalyst, in both MW-assisted and
conventionally heated catalysis.
We thus conclude that the MW-assisted oxidation of CO

over an LSC perovskite catalyst shows promising performance
characteristics and may constitute an alternative to traditional
thermocatalysis involving noble metals. The rapid, responsive,
and efficient nature of the MW-heating, combined with these
findings, makes MW-assisted catalysis using tailored metal
oxides an abundant field of research for adaptive chemical
conversion using alternative forms of energy input and the
development of related processes on a technical scale.
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