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Abstract

- Jaime Gallego?? - Oscar Gamba* - Juan F. Espinal’

Perovskite-like oxides present huge chemical variability and a wide range of applications as catalysts for oxidation reactions.
The interaction of several small gas molecules with the surface of LaCoO; and LaMnOj; perovskite-like oxides was studied
by Near Ambient Pressure X-ray photoelectron spectroscopy (NAP-XPS) and CO Temperature Programmed Desorption
(CO-TPD). Surface chemical changes such as the O, /O,i.. and cation B oxidation state ratios were analyzed as a function
of temperature (400 K, 450 K, 500 K, 550 K, and 650 K) under different gas atmospheres like Ar, CO, H,, and O,. It was
found that there was a partial surface reduction when H, and CO were used in the reaction, and therefore, the cation B oxi-
dation state (Mn**/Mn>** and Co®*/Co**) ratio decreased. Under the CO stream, carbonate species were formed, presenting
a Cls signal between 284.5 eV and 287 eV. The CO, evolution during the reaction at temperatures greater than 500 K was
associated with CO activation over or near to surface oxygen species. A Mars-van Krevelen mechanism was proposed for
the process, finding significant differences between LaCoO; and LaMnO; perovskite-like solid catalysts behavior.

Keywords CO oxidation - Vacancy effect - B cation effect - NAP-XPS

1 Introduction

Carbon monoxide oxidation and selective oxidation
(SELOX) has been widely used as a model reaction for cata-
lytic systems and is frequently used for oxide catalysts that
present oxygen mobility and active metals [1]. One of the
most common interests is understanding how oxygen mobil-
ity affects surface-molecule interaction. Computational and
experimental works have given some indication of these
effects. Nevertheless, it is challenging to understand how
the chemical environment of these systems changes without
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an XPS analysis that determines the average oxidation state
of surface atoms [1, 2].

Several studies have been reported under UHV (ultra-high
vacuum) conditions. Here, the main limitation for interpret-
ing the obtained results is that the solids are under a quite
low pressure in the analysis chamber (~ 1 x 107! mbar). This
limitation involves a challenge in comparing UHV-XPS and
experimental results with information obtained at atmos-
pheric pressure because the experimental conditions are
significantly different, which leads to non-equivalent ther-
modynamic systems [3-5].

NAP-XPS (Near Ambient Pressure X-ray Photoelectron
Spectroscopy) was developed to obtain a surface analysis that
is more realistic in comparison to experiments carried out
at atmospheric pressure [4—7]. The metal surface role in the
adsorption process is one of the trending topics in catalysis
[8—12]. Studying the chemical environment and understand-
ing possible surface-molecule interactions in heterogeneous
catalysis are of great interest. Therefore, the technological
development of the NAP-XPS technique has been classified as
one of the great tools for understanding surface chemistry and
the possible chemical changes on a surface when it is inter-
acting with different molecules and at different temperatures
[1, 13], which involves in-situ or in-operando methodologies.
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Many scientific reports analyze catalyst surfaces based
on well-structured catalytic systems using mostly noble
metals as Pt (110) [14], Pd (111) [15], or bimetallic
systems like CoPt [16], and PtTi [17], as well as Cu based
systems Cu (111) [18]. Also, many studies are based on
Au nanoparticles supported on different high surface area
oxides [19-21]. However, the world trend is to look for
new and cheap alternatives that allow the development of
catalytic systems based on transition metals. In this sense,
few publications study systems that have less defined or
polycrystalline structures which make the system more
complicated [22-25]. In this regard, cobalt as a metal oxide
is probably the most studied system in terms of in-situ
reactions into NAP cells. Some works based on preferential
oxidation (PROX) have been presented to study the role
of cobalt species and the role of palladium doping and its
possible mechanisms [26-28].

In addition, recent studies, using transition metal oxides
(simple or mixed) such as perovskite-like solids that can
be used as a catalytic system, or in solid oxide fuel cell
(SOFC) applications, electrochemistry systems, or oxida-
tion catalyst due to oxygen mobility and surface defects.
However, the study of temperature and gas—like effects over
the surface on the CO oxidation reaction is not well stud-
ied. In this work, the different surface changes that undergo
perovskite-like oxides, specifically LaCoO; and LaMnO;,
exposed to different kinds of gas molecules (reducing,
oxidizing, and inert gas: H,, CO, O,, and Ar) were inves-
tigated, as well as the modified mechanism of Mars-van
Krevelen (Mv-K).

2 Methodology
2.1 Catalyst Preparation

LaBO; (B: Mn or Co) perovskite-like oxides were
synthesized by self-combustion methodology [29]. The
ignition promoter, glycine (H,NCH,CO,H, PanReac), was
added to an aqueous metal nitrate solution at the required
stoichiometric amount to get a NO; /NH, ratio of 1.
La(NO;);#6H,0, Mn(NO;);e4H,0, and Co(NO;)eH,0
(PanReac) were used as metal precursors. The solution was
slowly evaporated under magnetic stirring at about 373 K
until a gel-like appearance was obtained. The gel was heated
up to around 523 K, a temperature at which the ignition
reaction occurs, producing a powdered precursor containing
carbon residues. Therefore, all solids were calcined in static
air for 8 h, at 873 K and using a heating rate of 10 Kemin™!,
to promote the solid organization and to form a perovskite-
like structure. LC and LM are used to represent LaCoO; and
LaMnOj; samples, respectively.
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2.2 CO Temperature Programmed Desorption
(CO-TPD)

CO-TPD experiments were performed with a Chemisorption
AutoChem 2920 Micromeritics®, using a thermal
conductivity detector (TCD). Around 100 mg of the oxide
sample (grain size between 74 pm and 149 pm) was inserted
into a U quartz reactor and pretreated at 873 K for 15 min
under a 10% O,/He (in volumetric fraction) gas flow. Then,
the sample was stabilized at 323 K and pulses of 5% CO
(in volumetric fraction) in He balance were sent, using a
0.6 cm® fixed volume loop, until reaching the sample reached
saturation as indicated by a constant TCD signal. After
that, the gas was switched to pure argon (30 mLmin~') and
the temperature increased to 873 K with a heating rate of
10 Kemin~'. The equipment was coupled to a quadrupole
mass spectrometer (Pfeiffer QMS OmniStar 300c
equipment). The intensity of M/Z signals: 18, 28, 32, and 44,
corresponding to: H,0*, CO*, O,*, and CO,*, respectively,
were monitored continuously while raising the temperature
up to 873 K.

Temperature-programmed reduction (H,-TPR) and tem-
perature-programmed desorption (O,-TPD) experiments
were performed with the previous equipment. Around
100 mg of the oxide sample (with a grain size between
74 pm and 149 pm) was inserted into a U quartz reactor
and pretreated at CT for 15 min under a gas flow of 10%
O,/Ar (in volumetric fraction). H,-TPR experiments were
performed with a 5% H,/Ar (30 mLemin~") and the tem-
perature reached 873 K at a heating rate of 10 Kemin~".
O,-TPD experiments were performed under pure argon flow
at 30 mLemin~! and the temperature reached 873 K at heat-

ing rate of 10 Kemin™".

2.3 X-ray Photoelectron Spectroscopy -
near Ambient Pressure (XPS-NAP)

XPS analysis was performed on a Specs equipment with
PHOIBOS 1501D-DLD analyzer, with a monochroma-
tized Al-Ka (1486.7 eV, 13 kV, 100 W) source and passing
energy of 1 30 eV. The binding energy (BE) was corrected
using C1s of adventitious carbon, with a binding energy of
284.8 eV, as a reference. XPS spectra were decomposed by
a curve fitting after the Shirley-type background subtraction
using CasaXPS software [30].

The in-situ cell was operated at 1 mbar that is fixed using
a gas flow around of 0.5 mLemin~! and the temperature was
increased from 400 to 650 K, while the signals of Mn2p,
Co2p, Olsy Cls were followed. The pressure increased as
a function of temperature up to a maximum value of 2 mbar.

Ar, O,, CO, H,, CO/O, were used as inert, oxidant, and
reductive atmospheres (UHP, 99.999% purity) respectively.
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These gases are used to analyze the different surface changes
at in-situ conditions simulating CO oxidation reaction envi-
ronments. A sample powder was used for all experiments,
and the gases were dosed in the previously mentioned order.

The gaseous products were followed with a mass spec-
trometer (Pfeiffer QMS) to analyze possible reaction
products.

3 Results
3.1 Adsorption—-desorption Analysis by CO and O, TPD

The temperature-programmed analysis for LaMnO; and
LaCoOj is shown in Fig. 1, including CO oxidation (with
and without hydrogen), H,-TPR, and O,-TPD. Cobalt-based
catalyst in Fig. 1 shown the reducibility can help enhance
the reactivity of the oxidation reaction as seen in the plot
given the reduction of 50 K at T, in oxidation temperature
when comparing the reaction with and without hydrogen,
due to probably to water production [31]. However, for the
manganese-based catalyst, this type of effect does not seem
to affect the catalytic performance for oxidation reactions,
finding the same profile in both reactions. It is possible to
appreciate how the oxygen desorption profiles are directly
related to CO oxidation profiles in both cases, giving a
clear idea of the effect that labile oxygens have on the
surface reactivity, as has been reported by other authors
[22, 32, 33].

The catalytic cycle effect as a test of REDOX properties
for the used material is shown in Fig. 2. Four CO
adsorption—desorption cycles were compared with O,-TPD,
and one desorption where all the surface labile oxygen was
desorbed (reduced surface). It can be observed that the solid
reactivity indirectly measured by O,-TPD is well correlated
with the adsorption—desorption process, this is because it has
a similar desorption profile, and the changes in each cycle
are not significant. Additionally, the CO adsorbed at 323 K
is desorbed in all cases as CO,, which means that there is a
reaction taking place with the surface oxygen from the solid,
as has been previously reported [34]. It should be noted that
the processes at this level are evidenced in the replication
of the desorption profiles as a function of the number of
cycles, and there is a slight variation which is probably due
to partial poisoning of active sites by carbonate species
formation or strongly adsorbed species [35, 36].

However, the catalytic activity is almost the same in the
four analyzed cycles. On the other hand, Table 1 shows the
quantification of CO adsorbed using CO pulses, providing
an idea of the adsorption-reaction capacity of the solid. It
is observed that the solid loses adsorption capacity when
increasing the number of cycles; this result is expected
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Fig. 1 CO oxidation reaction profiles (with and without H,), O, TPD,
and H,-TPR for LaMnO; and LaCo0O;

because the solid surface undergoes a transformation or
partial poisoning until stabilized. In addition, carbonate
formation could poison some active sites. In similar
experiments, Sierra et al. [37] used methane pulses in a
methane reforming reaction model. However, they did
not quantify the methane mole adsorbed per cycle since
it hints at solid poisoning. Desorption profiles showed the
evolution of not only carbon dioxide but also water and
oxygen. Figure 3 shows the different species that desorb
from the solid pretreated with a mixture of 10% O, (in
volumetric fraction) in argon at 323 K. Therefore, CO,,
CO, and O, desorption would be expected. However, it
is observed that the water signal has a more significant
contribution than the other desorption signals. This is
probably taking place because the employed gases seem
to have traces of water that are adsorbed on the solid during
the pretreatment process, and the water mass spectrometer
response is higher than for the other molecules. At working
temperature, any other type of reaction is ruled out.
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Additionally, it is well known that La-based compounds are
highly basic and react strongly with water and carbon dioxide
to form hydroxides, carbonates, and oxi-carbonates [38, 39].

The CO-TPD-Red in Fig. 2. shows the desorption profile
after CO saturation over an oxygen-free surface. The experi-
ment does not show desorption of any species (CO/CO,) and
this result is related to the absence of labile oxygen. Addi-
tionally, the CO adsorbed can be either strongly molecular
or form highly stable species like carbonate or carbide. It
can also be assumed that strong CO adsorption means that
this molecule adsorption is easier over a clean surface free
of labile oxygen than over an oxidized surface. The active
sites created by the oxygen desorption can be used for the
adsorption of CO, and oxygen. On the other hand, if the
CO absorbed does not find a labile oxygen, or that has been
adsorbed in the catalytic process, it is strongly chemisorbed.
Therefore, it would form a very stable species, requiring
high temperatures to be desorbed.
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Fig.2 Temperature programmed desorption of oxygen and CO
(O,-TPD, CO-TPD) for LaMnO; and LaCoOj;. The cycles consist of
several steps: Step I: heat up to 873 K in 10% O,/He. Step 2: Cool
down at room temperature and cleaning with helium. Step 3: CO
saturation at room temperature using 5% CO/He. Step 4. Tempera-
ture programmed of desorption up to 873 K. This entire process is
repeated four times using the same sample. Step 1 was done in He
for CO-TPD-Red to desorb all the labile oxygen, red (X5) indicates a
signal magnification. Arrows show the changes in profile
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Table 1 Amount of CO adsorbed in micro-mol per gram of catalyst,
quantifying the injected pulses (5% CO/He). The deviation of the
results does not exceed 5%

LaMnO; LaCoO;

(umoleg™") (umoleg™)
Cycle 1 243.4 213.4
Cycle 2 158.53 175.4
Cycle 3 128.10 143.6
Cycle 4 127.7 136.6
Pulse red* 288.4 287.5

*: Experiment carried out with the clean oxygen labile surface

3.2 NAP-XPS Analysis

The NAP-XPS experiments were carried out following the
next specific order using the same sample for all experi-
ments in the presence of Ar, O,, H,, CO, and CO+ O, (5
mbar of dynamic pressure in the in-situ cell). For each gas,
two hours were expended to ensure that the chamber is filled
and purged. The pressure in the chamber is 0.5 mbar and
it is purged with the next analysis gas until the signal from
the previous gas cannot be seen in the mass spectrometer. In
addition, quick runs are carried out during the warm-ups to
see if there is any change in this process. The temperature
was increased from 400 to 650 K and every 50 Kelvin the
metal and oxygen XPS spectra were taken to analyze the
surface changes.

Changes in oxygen ratio (O ,uice/Osy) and cation B oxi-
dation state ratio (Co>*/Co**, Mn**/Mn>*) as a function of
temperature for several gas atmospheres are shown in Fig. 4.
These results clearly show that the temperature and the gas
nature change these atomic ratios on the surface materials.
The gases can be separated into three types depending on
their chemical nature: H, and CO as reducing agents; O, as
oxidizing; and argon as inert.

The reducing agent gases would displace surface oxy-
gen, inducing a partial reduction reflected in the decrease
of Co**/Co?* and Mn**/Mn>* atomic ratios, as shown in
Fig. 4. As expected, the opposite result happens with oxy-
gen. Argon, being an inert gas, may not have any effect.
Nevertheless, the thermal impact here is significant. It
reduces partial surface by displacing the labile oxygen from
the surface to the gas phase, creating oxygen vacancies.

The expected behavior for the LC sample was observed,
which involves a reduction in a rich argon atmosphere but
an oxidation in an oxygen atmosphere. However, a partial
reduction is observed for the LM sample when exposed to an
atmosphere of argon or oxygen. It is also shown that oxygen
adsorbed or alfa-oxygen on the surface can be more eas-
ily desorbed than the possible adsorption of gas molecules.
Therefore, the thermal effect seems to be more important
than the nature of the gas atmosphere. The CO + O, mixture
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analysis shows that changes in metal and oxygen atomic
ratios are not significant regarding the temperature.

In this system, CO, as a reaction product was monitored
by mass spectrometry following the signal M/Z=44. Here,
it was observed how this signal increased with rising tem-
perature (Fig. 5). Previous studies using cobalt have reported
results similar to those in this study [40, 41].

Fig.4 Atomic ratio for oxygen
(O attice/ Osurp) and cation B

Temperature (K)

The following equations outline how the catalyst acts,
depending on the cation B (Mn or Co), one rich in surface
oxygen and another rich in vacancies. This causes changes on
the surface and in how they interact with the test molecules.
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Figure 5 shows that the changes in carbon dioxide forma-
tion are not significant concerning metal or temperature, this
is because the experiments are carried out at a maximum
of 5 mbar, which implies few molecules in the in-situ cell.
Therefore, the gas output does not represent the total moles
that reacted.

The Cls spectra for the experiments performed with a
mixture of CO+ O, at different temperatures are shown in
Fig. 6. When the experiment is set up in CO atmosphere, CO
adsorbed and carbon 1 s signal emerges in the solid surface
between 284.5 eV and 286 eV. These signals are formed at
400 K for the LC sample but tend to disappear when tem-
perature increases. On the other hand, the observed trend for
the LM sample is the opposite to the LC sample. Addition-
ally for LM sample, the formation of the CO adsorbed Cls
signal is obtained from 500 K and progressively increases up
to 650 K. It is noteworthy that at temperatures below 500 K
it is not possible to see this signal nor at room temperature.
This result gives an idea of a change in the mechanism that
may occur in the oxidation reaction. Therefore, it can be
deduced that the LC perovskite-like oxide is more active
than the LM sample since it can adsorb CO at low tempera-
tures and regenerates its surface at high temperatures (i.e.
650 K). However, at high temperatures, the adsorption—des-
orption processes are so fast that the C1s from CO-ads can-
not be detected.

In all the experiments, the Cls signal-to-noise ratio is
high compared to the other followed signals due to the low

Signal m/z = 44 650 K

LaCoO, F"'\"'

LaMnO,4

T T T T T

[ I I I I
0 100 200 300 400 500 600 700

Time (min)

Fig.5 CO, signal (M/Z=44) followed by mass spectrometry at the
exit of in-situ cell on the NAP-XPS equipment
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pressure and CO concentration in the chamber, which is
not surprising since similar reports have been reported in
other studies [40, 41]. Although, in these reports, it was
possible to see the formation of Cls carbonates after the
surface was cleaned from the Cls adventitious, which is
conventionally intense.

It should be noted that these species are highly stable in
other systems, generally basic, but for this study, they appear
to be labile species that may or may not have an influence on
reactivity, and that will depend on the temperature at which
the reaction is taking place. These species are spectators
since they do not participate in the reaction until a critical
temperature is reached where they can be desorbed as CO,,
leaving oxygen on the surface [42].

3.3 CO Oxidation on Perovskite-like Oxide Surfaces

The proposed mechanisms are shown in Fig. 7, Fig. 8, and
Fig. 9. where the possible steps involved in the reaction are
outlined from two points of view based on the modified mech-
anism of Mar Van Krevelen (MVK) [42], showing probable
mechanisms for these reactions based on the above information.

The oxidation reaction cycle is shown in Fig. 7, starting
from a clean surface that adsorbs CO, and the subsequent CO,
formation. From this step, there are two possible options, the
desorption of the CO, molecule, as seen in the diagram, until
the original surface is recovered, or the reaction with another
oxygen to form a spectator carbonate species, which has been
reported as a very stable species [43]. However, as seen in
Fig. 6, this behavior changes for both materials depending
on the temperature at which the reaction occurs. The MVK
mechanism does not consider the carbonate species formed in
the reaction, which modifies the reaction redox cycle, regard-
less of whether it is an active species or only a spectator.

On the other hand, in Fig. 8, the catalyst surface's redox
cycles are shown schematically, as they are in contact with
different types of atmospheres (gas supply). Depending on
the temperature of the non-reactive gas, the vacancy for-
mation and the partial reduction of the surface are argued,
which can then be rebuilt by adding oxygen. Moreover, a
substantial reduction compared to Ar can take place, using
CO or H, to form CO, or water, respectively, with the forma-
tion of oxygen vacancies by the abstraction of oxygen from
the surface, as shown in the CO-TPD and O,-TPD results.
The ability of a solid to indefinitely complete these REDOX
cycles makes it possible to measure its oxygen mobility
capacity and catalytic efficiency [22, 44].

The reaction schemes adjusted to the perovskite-like
catalysts are shown in Fig. 9. In the case of the LC solid,
when the surface is under Ar conditions, the density of
vacancies increases, which promotes a partially reduced
surface (LaCo>*2*0, 5). Whereby, the first step in the
mechanism would be the adsorption of O, to fill up the
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Fig.6 In-situ NAP-XPS Cls
spectra for LC and LM under
CO+ O, mixture at 5 mbar and
continuous flow at different
temperatures. RT is the Cls
signal after oxygen pretreat-
ment, at this stage there is no
signal of carbon and the surface
is pristine. The values for signal
noise ratio (SNR) for LC and
LM for the most intense peak is
8.5 and 11.3 respectively

CPS

LaMnO,

v

w\‘\/ \\‘\/'“V

\N’

T
284

T
286
BE (eV)

vacancies, which improves the activation of the oxygen
molecule. On the other hand, the LM solid, which is
oxophilic, has many adsorbed oxygens, as shown in
Fig. 1, and has an over-oxidized surface (LaMn*™*t05 ).
Therefore, in the first step of the reaction process, two
simultaneous steps are taken: desorption of weakly adsorbed
O, and adsorption of CO. After that, the process follows the
same oxidation steps shown in Fig. 7.

Fig.7 The cyclic reaction
mechanism based on the Mars-
van Krevelen model shows
carbonate species' impact

Oxygen
from CO

288 286 284 282 280
BE (eV)

T 1 T
282 280 290

In addition, the formation of vacancies happens as the
desorption of O atoms as molecular oxygen from the surface
takes place, which implies a reduction of the Mn** to Mn?*
ratio, However, this is not evident in the XPS spectra, and
there is another option where there are species like pairs
Vo~V Which allow observing vacancies. This is impor-
tant since vacancies are thermodynamically expected on a
perovskite-like surface.

CO adsorption

2C0+0,— 2CO,

Catalyst:
LaMnO;
LaCoO;

Vacancy
formacion

o O

Oxygen Oxygen
from O, vacancy

C Oxygen
from cell
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Fig.8 Simplified redox cyclic
scheme of perovskite-like
La(Mn,Co)O; 5 surface where
the superscript “n” is the metal
charge and can vary depending
on the gas character (reductive,
oxidative, or inert), pressure,
and temperature

Ar
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formation
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Fig.9 CO oxidation cyclic reaction mechanism based on the Mars-van Krevelen model adapted to LaMnOj;, 5 and LaCoO; 5 perovskite-like oxides

4 Conclusions

It was possible to evidence the redox nature at the macro
level, with the CO adsorption experiments (CO-TPD), and
to observe small variations in the desorption profiles, where
the presence of CO, is detected as a reaction product when
CO reacts with labile oxygen from the surface.

The in-situ NAP-XPS technique allows to analyze the
redox surface changes caused by the interaction with differ-
ent kinds of gas molecules. The gas nature and the tempera-
ture play an important role in the electronic changes caused

@ Springer

by the interaction of reactive molecules on the catalyst sur-
face. CO and H, have reducing effects while oxygen oxidize
the surface and Ar, being inert, allows a surface reduction
due to a thermal effect. All these analyses allow the under-
standing of these oxides' redox nature, illustrating the struc-
ture's adaptability, as well as its use and efficiency in differ-
ent reactions. On the other hand, the presence of adsorbed
carbon species on the surface formed by the decomposition
of CO was observed, at low temperatures for the LC sample
and at high temperatures for the LM sample, which suggests
different reaction mechanisms for both surfaces.
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