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Abstract

In this work, different types of exsolution agents and pretreatment processes, comprising reduction-oxidation (RO)
components, were introduced to modulate the exsolution process of A-deficient perovskites, Lao.7Ceo.1C00.3Nio.1Ti0.60s.
The catalysts were assessed using field emission scanning electron microscopy with energy dispersive spectroscopy
(FESEM/EDS), X-ray Diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). Their carbon monoxide (CO)
oxidation activity was also compared. The results showed that the catalytic activity degraded at 520 °C when hydrogen
(E-H) was used as the exsolution agent. When RO components were introduced as exsolution agents (E-CO/Oz2) or in
the pretreatment (RO2% and RO18%), the deactivation at high temperatures was mitigated. The results of this study
showed that RO18% was favourably pretreated with RO components, recording the highest CO conversion of 60.57%
at 520 °C and across all temperatures with no degradation at high temperature. It also recorded the lowest activation
energy of 14.449 kd/mol. The EDS, XRD, and XPS analyses of the catalyst demonstrated that the active sites for this
reaction are primarily Co2* with Ni serving as the anchor between the metals and perovskites support. A high amount
of lattice oxygen (O2) with higher binding energy and chemisorbed Oz species also influenced the improved catalytic
activity, attracting CO for reaction, reacting with the available surface Oz and the faster replenishment of Oz vacancies
by the absorbed and bulk Oz lattice. These findings highlight the prospects of CO and Oz inclusion in pretreatment for
perovskite catalyst as options to reduce metal agglomeration and further improve CO oxidation activity.
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1. Introduction owing to their distinctive electronic configurations
and capacity to facilitate electron transfer [1].
Their catalytic performance is commonly ascribed
to their ability to transition between different
oxidation states, create coordination complexes,
and involve themselves in diverse bonding
interactions [2]. Nevertheless, the application of

Transition metals assume a crucial role in
catalysis, functioning as indispensable
constituents in numerous chemical reactions
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transition metals in catalytic mechanisms is
accompanied by certain obstacles. One notable
limitation is the tendency of these metals to
agglomerate, especially when reaching high
temperature, where individual metal particles
merge, causing a diminished in active surface area
and therefore result to a drop in catalytic
effectiveness [3]. This decline not only reduced the
catalyst's efficiency, but also affected the broader
sustainability and economic feasibility of catalytic
processes. It is imperative to comprehend the
equilibrium between the beneficial characteristics
of transition metals and the adverse effects
coming from agglomeration to optimize their
application in industrial contexts.

Perovskite oxides have a unique structure
that is known to be capable of self-regenerating
with good electronic properties that attract a
significant amount of attention from researchers
and industries as potential catalysts for diverse
chemical reactions [4]. By itself, the ABOs3
structure is able to incorporate two transition
metals as an oxide. In further development, a
particularly intriguing formulation of perovskite
oxides, A site-deficient perovskites, exhibited
outstanding catalytic performances, particularly
in carbon monoxide oxidation. The extraordinary
catalytic performance of A-deficient perovskites
can be ascribed to their capacity to accommodate
a wide range of structural alterations, such as the
manipulation of lattice vacancies and the
stabilization of transition metals in different
oxidation states within the structure [5,6]. The
incorporation of A-site deficiencies within
perovskite catalysts has been proven to augment
their oxygen storage capacity and mobility, which
are crucial elements that contribute to their
improved catalytic efficiency. This enhanced the
transportation of oxygen during reaction,
improving oxygen vacancies and ensuring
improved catalytic performance. Moreover, the
capacity of A-deficient perovskites to stabilize
different oxidation states of metal cations may
also significantly influence their catalytic
effectiveness, offering additional mechanisms for
the generation of reactive oxygen species and the
surface adsorption or activation of binding
reactants [7].

One major setback in using these types of
perovskite catalysts in catalysis is mainly due to
the higher tendency of the active sites, commonly
transition metals, to agglomerate, especially at
higher temperatures. Although these types of
perovskite catalysts can undergo post-reduction to
restore the active sites, the stability of these sites
remains a critical concern. Researchers have
explored various strategies, including optimizing
the synthesis conditions and employing different
metal precursors, to enhance metal dispersion and
prevent agglomeration during catalytic processes.
Dai et al. [8] reported an improved reducibility of

the LaCoOs catalyst, subsequently improving
their CO oxidation activity by employing an acid
etching method to tune the surface of the
perovskite catalyst. Pinto and Glisenti [9]
discovered that by doping LaCoOs with
Strontium, Sr, a higher CO oxidation activity was
measured than that of LaCoOs, attributing to the
improved reducibility of LaCoOs-based perovskite
oxides, resulting in lower activation energies for
CO oxidation [10]. Redox pretreatments have also
been extensively used to tune the structure of
heterogenous catalysts, not limited to perovskites
catalysts, for enhanced catalytic activity. Still,
these pretreatments can also induce
unpredictable structural changes that can lead to
reduced catalytic activity. In other words, the
selection of appropriate pretreatment methods is
considered crucial in tuning perovskites catalysts
as a way to understand their evolution towards
enhancing catalytic activity. Jiang ef al. [11]
reported that by introducing oxidizing
pretreatment, sufficient metallic Au and efficient
metal-support interfacial sites were provided,
contributing towards the enhanced CO oxidation
activity and stability simultaneously.

In this work, the effects of various exsolution
agent and redox pretreatment on the CO oxidation
activity of the exsolved A-deficient CoNi
perovskites catalysts were evaluated. The
relationships between surface morphology, crystal
structure, electronic configuration and catalytic
activity were also established.

2. Materials and Methods
2.1 Materials

Metal nanoparticle precursors, such as
Cobalt(III) oxide (Co304, 99.5%) and Nickel(II)
nitrate hexahydrate (Ni (NO3)2*6H20, 99%), were
purchased from Sigma Aldrich and Acros
Organics, respectively. The precursors for the
perovskites support, such as Lanthanum oxide
(La20s3, 99.98%), Ceria oxide (CeO2, 99%) and
Titanium oxide (TiO2, 99.9%) were also procured
from Acros Organics, US. The gases, including
30% hydrogen/argon (H2/Ar), 20% carbon
monoxide/nitrogen (CO/Nz), 20% oxygen/nitrogen
(O2/N2), and 99.999% nitrogen (Nz2) were
purchased from the Linde group. All chemicals
and gases for experimental works were used as
received.

2.2 Catalyst Preparation

The exsolved A-deficient CoNi perovskites
catalysts with chemical compositions of Lao.7Ce 0.1
C00.3N10.1T10603 were prepared via the common
solid-state reaction previously described by Naegu
et al. [12] with some modifications. Stoichiometric
amounts of the high-purity precursors were mixed
with acetone and heated in an oven at 200 °C to
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remove any moisture and volatile substance
before undergoing the calcination processes. The
powders were then calcined in a furnace at 1000
°C for 12 hours in air to produce a pure perovskite
structure. The exsolution of CoNi nanoparticles
under three different exsolution conditions (Table
1); namely hydrogen gas (Hz), carbon monoxide
(CO), and a mixture of carbon monoxide and
oxygen (CO-Og), was carried out in situ in a
conventional continuous flow reactor (Figure 1),
as described in our previous work [13]. This setup
will also be used for RO pretreatment and
catalytic activity measurement. A temperature of
550 °C and a duration of 5 hours were chosen to
prevent any agglomeration caused by the over
exsolution at higher temperatures (>550 °C), as
reported in our previous works [13,14]. The

exsolution agents were chosen based on previous
study reported by Naegu et al, in which enhanced
CO oxidation activity was observed when this type
of catalysts is exposed in CO-O2 environment [12].

An amount of 60 mg of the calcined powder
was mixed with Al2Os powder before progressing
to exsolution and catalytic reaction. Inert alumina
was used to ensure a reasonable pressure drop
and uniform temperature distribution within the
catalyst’s bed and reactor. This also suppressed
the dispersion of the powder during the reaction
while acting as the filler for the catalysts. The
reactor was placed horizontally in a temperature-
controlled open furnace with a fixed heating rate
of the bed of 5 °C/ min. The metal exsolution of the
catalyst was performed by introducing the
exsolution agent at a total flow rate of 250 mL/min

Table 1. Perovskites-supported CoNi catalysts with different exsolution agents and Reduction-Oxidation

(RO) pretreatment conditions.

Catalyst Exsolution agent RO agent Temperature (°C) Duration (hours)
E-H H:-He 550 5
E-CO CO-N: 550 5
E-CO/O2 CO-0O2 550 5
RO2% H:-He 2% CO-0O2 550 5
RO18% H:-He 18% CO-0O2 550 5
Vent to fume hood
MFC
—— > MFC > | . }——>1 IR Analyser
MFC — Reactor
MFC
CO 0, N, H,

Figure 1. Reactor setup.
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over the catalysts at 550 °C for 5 hours. For
CO/Og2, a chemically reactive CO/O2 mixture (18%
CO, 1% Og2) at a total flow rate of 50 mL/min was
introduced over the hot powders at the same
temperature and duration. Digital gas flow meters
were used to measure the flow rates of CO and Oz
feeds at the required amount. The catalyst was
cooled to room temperature in the same exsolution
atmosphere before proceeding into catalyst
characterizations and catalytic activity
measurement.

Pretreatment conditions were also evaluated,
in particular, under reduction-oxidation (RO)
environments as prior researches observed
augmented catalytic activity of this type of
catalyst upon exposure under RO conditions,
attributing to the structural changes of
nanoparticles, which are found to be more active
towards CO oxidation. The RO pretreatment
conditions of the prepared catalysts are listed in
Table 1. After the CoNi exsolution with Ha (E-H),
the catalysts were exposed to two different RO
conditions in the same reactor setup as the
exsolution step at 550 °C for 5 hours; one with 2%
CO and 1% Og, and another with 18% CO and 1%
O2. These chemically active mixtures were
introduced at a total flow rate of 250 mL/min
when the temperature reached 550 °C and the
flow rates were observed throughout the
pretreatment process. The catalyst was cooled to
room temperature in the same pretreatment
condition before proceeding into catalyst
characterizations and catalytic activity
measurement.

2.3 Catalyst Characterizations

The surface morphology of the fabricated
catalysts was evaluated using the Field emission
scanning electron microscopy (FESEM) on a
ZEISS SUPRA 55VP instrument operating at 3
kV. The chemical composition of the catalysts was
also examined using the energy dispersive
spectroscopy (EDS) attached to the FESEM. The
X-ray diffraction (XRD) peaks were attained using
Bruker D2 Phaser benchtop X-ray diffractometer
(XRD), equipped with LYNEYE 1D Ultra-fast-
solid-state detector with Cu-Ka radiation of
1.5418 A between the 10°<26<80° scanning range.
The X-ray photoelectron spectroscopy (XPS)
analysis of the catalysts was performed on a
ULVAC-PHI 5000 VersaProbe II  with
monochromatic Al-K radiation of 1486.6 eV, while
operating at the bean voltage of 15 kW. The
binding energy was calibrated using a C 1s peak
at 284.8 eV with an accuracy of £0.1 eV as
standard.

2.4 Catalytic Activity Evaluation

The catalytic activity evaluation of the
catalysts under CO oxidation was performed

using the same reactor setup as those used in the
exsolution and pretreatment steps. 60 mg of
catalyst, diluted with AloO3 powder was exposed
under the following reaction conditions: a feed gas
mixture containing 2% CO and 1% Oz gases, with
a total flow rate, F: of 250 mL.min! given at
normal temperatures. The evaluation of the
catalytic activity of the catalysts as a function of
temperature, also known as the light-off test was
conducted to determine the effectiveness of the
catalyst for CO oxidation. The reaction
temperatures, ranging from room temperature to
520 °C, with a step size of 20 °C were used. Data
was recorded after stable CO:z production values
were observed. The catalytic experiments were
carried out under steady-state conditions and the
flow rates of CO and O2 were monitored with
digital gas flow meters. The outlet stream was
connected to an Infra-Red (IR) analyzer, equipped
with CO, Oz, and COz detectors and it was used to
analyze the CO:2 production in ppm. The
stoichiometric CO oxidation reaction can be
represented by Equation (1):

co+§ozecoz 1)

The catalytic activity was expressed in terms
of CO conversion and reaction rates. The CO
conversion and reaction rates, r*cos, in terms of
COz2 production for all catalysts were calculated
based on the following Equations (2) and (3),
respectively:

CO, produced (ppm)

CO conversion, % = x100% (2)

Total CO supply (ppm)

" co, (umol (C0)s g ™) = 22 3)
where, yco, is the CO:z concentration (ppm)
measured by the IR analyzer at the gas outlet, n
is the total molar flow rate of the reaction and wp
is the weight of the active catalysts (wp = 60 mg).
The apparent activation energy of the catalyst
was measured using the same reactor setup.
According to the Arrhenius equation (Equation

(4)):
Ink=->2+InA @)

where, k is the kinetic constant, Fa is the apparent
activation energy, T is the reaction temperature,
and A is a pre-exponential factor.

3. Results and Discussion

3.1. Catalysts Characteristics

The surface morphologies and the elemental
analysis of the exsolved CoNi perovskites
catalysts, prepared using three different
exsolution agents are illustrated in Figure 2 (a-c).
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E-H and E-CO exhibited a rather similar nano/
micro rectangular morphology with the latter
illustrated a well-defined rectangular shape
distributed across the image as compared to a
mixed of rectangular/irregular shape
demonstrated in E-H. In contrast, polyhedral-like
nano/ microstructures were observed in E-CO/Oz2,
denoting that the Oz presence weakened the
exsolution power of CO. The exsolution process is
slower compared to H2, thus a mixture of
polyhedral cluster and rectangular shapes were
present as the polyhedral begins to emerge and
eventually formed rectangular-shaped particles
[15]. Similar nano/micro rectangular
morphologies as those in E-H were observed in
RO2% and RO18%, confirming the completion of
the exsolution process.

The EDX analysis of the metal species,
namely Co and Ni, is also presented in Figure 2

(f). A distinct comparison between the catalysts
prepared with different exsolution agents can be
made in terms of the amounts of exsolved Co and
Ni, exhibiting their major effect on the amount of
metal exsolved and on the microstructure of the
catalysts [16]. Hg, as the stronger exsolution agent
(E-H) advocates the exsolution of more Co metals,
approximately four times the amount of Ni
exsolved onto the perovskite surface, but when
CO, a weaker exsolution agent was used as the
exsolution agent, relatively similar exsolution
rates were observed between Co and Ni, signifying
the stronger effect of CO in exsolving Ni. When a
small amount of O2 was introduced (E-CO/O2) as
the exsolution agent along with CO, the exsolution
rates for both Co and Ni increased, almost
doubling the amount of Co exsolved when only CO
was used. Comparable effects on the metal
exsolution were observed with those of E-CO/O2

E-COI02 RO2%

Figure 2. FESEM images of the perovskites-supported CoNi catalysts with different exsolution agents under
20k magnification with their respective EDX results: (a) E-H, (b) E-CO, (c¢) E-CO/Og, (d) RO2%, (¢) RO18%,
and (f) elemental mapping of the catalysts.
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when introducing the redox pretreatment on E-H
catalysts (RO2% and RO18%). As the CO
concentration was increased from 2 to 18%, the
enhanced amount of Ni exsolved was also
expected, proving yet again the strong effect of CO
in exsolving Ni. The weight percentage of Ni
increases from 1.4 to 1.9 and 2.6, resulting the
Co/Ni ratio to be 2.32 and 2.57 for RO2% and
RO18%, respectively.

Figure 3 illustrates the diffraction peaks of all
catalysts to evaluate their corresponding crystal
structure. All catalysts showed similar peaks at
20 values close to 33°, 41°, 47°, 59°, and 69° that can
be indexed to a rhombohedral hexagonal LaCoOs,
and this belongs to the space group R-3c (LaCoOs,
PDF code: 96-153-3634) [17]. These peaks indicate
a successful incorporation of metals, especially Co
into the perovskite lattice. Since the prepared
catalysts were in the form of A-site-deficient
perovskites, the changes in perovskite lattice were
noticeable. The strongest diffraction peak for
perovskite oxides which was located at 33° was
shifted to a lower diffraction angle, possibly
influenced by the addition of nickel causing the
lattice to expand due to the larger ionic radius of
Ni ions in comparison to those of Co ions [18].

@ Perovskite catalyst % La(OH),
9 co0, @ Nio

RO18%

RO2%
P
N
=
-
S

g E-CO/O,
35
- p—
7
=
%]
N
=
—

E-CO

|| N y 4

[ N o Lol FAAI |
30 35 40 45 50 55 60 65 70
Diffraction angle 26

Figure 3. X-ray diffraction patterns for all
perovskite catalysts with different exsolution
agents and Reduction-Oxidation pretreatment.

Some traces of active metals were also detected,
possibly dispersed on all catalysts. A trace of
Co304 was detected at 37° and 44° [19] and several
peaks that belong to NiO at 39°, 43°, and 62° [20]
were also detected. Diffraction peaks attributed to
La(OH)s impurities can also be detected at
diffraction angles of 40° and 46° in all catalysts,
resulting from a potential reaction between Laz203
and atmospheric moisture after calcination [21].
At 20 region between 470-48¢, it was observed that
the peaks’ intensity increases with catalysts that
were exposed to CO (E-CO, E-CO/O2) or RO
pretreatment (RO2% and RO18%), signifying that
their crystallinity was positively influenced by
higher cobalt presence in the perovskite lattice
[17]. These results aligned with the EDX results,
indicating an increase in cobalt content when the
catalysts were exposed to CO or RO pretreatment
during the exsolution process.

Figure 4 shows the XPS spectra for Co2p,
Ni2p, and Ols for all five -catalysts.
Comparatively, the Co 2psz peak of all five
catalysts can be deconvoluted into three major
components, primarily Co3* (lower binding
energy), Co?* (higher binding energy) and a
satellite feature at 790 eV, respectively. The peaks
located at 780.8 eV and 795.4 eV feature a doublet
Co3* species while peaks located at higher binding
energy of around 783.7 eV and 797.4 eV can be
ascribed to a spin doublet Co2* species [22,23]. The
deconvolution of Co 2piz peak for E-CO/Oq,
however, revealed that the cobalt species are
mostly in the +2 oxidized state, recording the
highest Co2*/ Total Co ratio of 0.48. It is also
important to mention that both Co 2pi2 and Co
2ps2 regions have shifted to higher binding
energies as compared to the corresponding peak
positions reported in literatures [24] indicating a
stronger electronic interaction between Co and Ni
in all five catalysts. The shift in binding energy is
caused by the enrichment of A-site cations in
which the A/B ratio increases as it fills the A-site
vacancies and this possibly contributes towards
the confinement of the exsolved particles during
exsolution [25]. The Ni 2p spectra (Figure 4 (b))
revealed the presence of only Ni2* with two
satellite peaks in all five samples. The fitting
peaks of Ni 2ps2 and Ni 2p12 at 857.4 eV and 875.1
eV, respectively are both assigned to Ni2*. Two
intense satellite peaks of nickel are also observed
at 863.5 eV and 881.5 eV [26]. These XPS data
indicate that in all five catalysts, nickel exists in
the Ni2* state [22].

The O1s XPS spectra, presented in Figure 4
(d) shows that all catalysts comprise of three types
of surface oxygen species, including lattice oxygen
species (Omatt) and chemisorbed oxygen species;
namely the oxygen defect (Odefry and adsorbed
oxygen (QOads) species. O, 1in particular,
depending on its binding energy, it can heavily
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affect the selectivity of various conversion of CHy
and COx [27,28]. Although the prepared catalysts
have similar formulation, the difference in
exsolution agent and pretreatment can alter the
binding energy and intensity of the oxygen species
present in the catalysts, as a result of various
active metals incorporation. When CO was used
as the exsolution agent (E-CO and E-CO/Oz2) or in
the pretreatment (RO2% and RO18%), it promotes
the formation of Oiaw., but at a lower binding
energy, advocating a lower CO selectivity during
the oxidation process. Hz as a stronger reducing
agent enabled the formation of Oia. at a higher
binding energy, signifying a stronger CO
selectivity in E-H. RO18% encompassed the
benefits of Outt. formation both at higher binding
energy and with the addition of RO pretreatment,
further promoting the Ot formation of the
catalyst.

The chemisorbed oxygen species (Oder. and
Qads) were also considered as the important
reactants that enable the oxidation of CO into COz
during the oxidation [29,30]. Oxygen defect
(Odeff) represents the oxygen anion defect or
vacancy that regulate the intrinsic properties of
perovskite catalyst such that it enables faster
transfer of surface charge and these peaks are
located around 530.9 eV for all catalysts [23]. The
ratio of chemisorbed and lattice oxygen species,
(Oads. + Odeft)/Otatt. for all catalysts are listed in
Table 2 as a way to ascertain the effect of
chemisorbed oxygen species towards their
catalytic activities. Even though RO2% recorded
the highest (Oadgs. + Odett.)/Oratt. ratio, but since it

Co2p Ni2p

has the lowest Oratt./ OTotal ratio, it did not lead to
a good performance in the CO oxidation process.
RO18% with moderate (Oads. + Oaetr.)/O1att. ratio
recorded the highest Oiatt./ Orotal ratio, is expected
to exhibit excellent catalytic performance in
comparison with others, especially at higher
temperatures with no degradation. This is aligned
with the findings earlier where perovskite
catalyst with improved Oiatt. can attract CO for
oxidation process with the available surface
absorbed Odefr. and Oads [31]. After the reaction, the
oxygen vacancies will then refill with absorbed
surface oxygen species and bulk lattice oxygen
species, demonstrating that the presence of Ogefr.
on the catalysts highly influences the ability of
perovskite catalysts to replenish their oxygen [32].
E-H, which was exsolved using Hz, has a low
amount of Oetr, limiting its’ catalytic activity
since the replenishment of oxygen on the
catalyst’s surface is lower. When CO was included
in the exsolution process (E-CO, E-CO/O2, RO2%
and RO18%), the Ogeft. showed prominent increase
and potential improvement in surface oxygen
species replenishment, which is expected for
continuous reaction. Combining these with the
previous data, a good perovskite catalyst should
denote a high amount of Ouatt. that can attract CO
for reaction, high Oads. and Ouder. on the surface
that are readily available for reaction and high
Ouett. for faster replenishment of surface oxygen
species.

The area under the deconvoluted peaks was
used to quantify the proportion of the species on
the surface of the catalysts and the results are

O1ls

RO18%

CO!A
COL
7 Co™

sat. €O

RO18%

Opatt.

Ogeft,

Oags,

ROZ%

RO2% Ocer

Olatt. Oags.

N Oatt.
A 2@@

E-COI0, o,

E-CO Ogett

Ojatt, o
A f‘d' ads.

E-H
Oeft

Ojatt ? Oads.

ECO0, ;™ ot AN
e \
st Co" o gt /
Co / ‘.:\‘_“‘_/‘.M\ ) / \
E-CO
E-CO s, N
Nl ) A
co® \5¢ sat Co*  co* / ‘\
Nt TL Z e
T EH
E-H Y\ - Ni
)(/“ N . //\/
co” S sat 0 Co" \
) / I .-—5-),(‘- .
775 780 785 790 795 800 805
Binding Energy

1
850 855 860 865 870 875 880
Binding energy

28 529 530 531 532 533 534 535 536
Binding Energy

Figure 4. The XPS spectra of (a) Co 2p, (b) Ni 2p and (c) O 1s for E-H, E-CO, E-CO/02, RO2% and

RO18%.
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listed in Table 2. The Co/Ni molar ratio is in good
agreement with the EDX analysis, confirming the
exsolution of Co and Ni in the order of E-
CO<RO2%<RO18%<E-CO/O2<E-H. This result
shows that H2 promotes greater Co exsolution
(3.36 times higher exsolution than that of E-CO
and 2.46 times higher than that of E-CO/O2)
compared to when CO and CO/O:z were used as the
exsolution agent. The Co/Ni molar ratio of 2.44
and 2.27 were recorded for RO2% and R0O18%,
respectively, showing an increase in the Ni
content, although these contradict those recorded
in the EDX results. The computed Co2t/ Co3*
molar ratio of E-H, E-CO, RO2% and RO18% are
comparatively low (0.21, 0.53, 0.68 and 0.75
respectively), as compared to when the catalyst
was subjugated in a redox (E-CO/O2) exsolution
environment, indicating the presence of higher
Co2* as opposed to Co3* on the surface of E-CO/Ox.
Based on the XPS analysis, both Co2* and Co3* for
Co and Ni2* for Ni coexist in all five samples, with
E-CO/O2 comprising of significantly higher
amount of the potentially inactive Co?*. Not only
that, increasing the CO content to 18% in the
redox pretreatment also resulted in lesser
Co3*/Co?* ratio, indicating higher amount of Co%*
than that of RO2% and E-H.

3.2. CO oxidation activity

The catalytic activity of these catalysts was
performed in situ following the exsolution and
pretreatment steps. Figure 5 highlights both the
CO conversion and CO2 production rate, 17y, for
all five catalysts to distinguish the effectiveness of
the exsolution agents and pretreatment in
fabricating these catalysts. For E-H and E-CO, the
CO conversion and the rate of CO2 production
were initiated at 280 °C, but for E-CO/O2, the
initial reaction started at a slightly lower
temperature of 240 °C, demonstrating its
capability to operate at lower temperature. The
order of the CO oxidation activity can be distinctly
tiered as E-H (T20=300 °C), E-CO/Oz (T20=380 °C)

and E-CO (T20=430 °C). Notably, deterioration in
the CO oxidation activity was observed for both E-
CO and E-H after 500 °C as discussed in our
previous study, possibly due to the reduced
number of active sites following metal
agglomeration [13]. These results agree with most
literatures, which often report setbacks associated
with degradation of transition metals at high
temperatures, limiting the commercialization of
these cheaper metals as alternatives to noble
metals [33,34]. In contrast, no sign of
deterioration was observed for E-CO/O2, showing
an increased CO conversion of 56.99 % at 520 °C.
This can be ascribed to having more exsolved Ni,
which resulted in stronger interaction between
the exsolved metals and the stronger metal/
support interaction considering that Ni has better
interaction with TiO2 oxides [35,36], subsequently
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Figure 5. CO conversion and CO:2 production
rates, ¢, as a function of temperature for the
prepared exsolved CoNi perovskites catalysts.
The inlet feed gas comprised a mixture of 2% CO
and 1% Oz balanced with N2 with a total flowrate,
Ft, of 250 mL.min-! and GHSV =23575.45 h-1. An
error below +10 % was found during the
reproducibility test at each measured point.

Table 2. The molar ratio of Co/Ni, Co3t/ Co?* of exsolved CoNi perovskite catalysts prepared with different
exsolution agents. Data were obtained from XPS spectra through peak fitting,

Catalyst Co/Ni Co2*/ Corotal Olatt./OTotal Odeft./Ototal (Oads.+O0dett. )/ Onatt.
E-H 6.92 0.16 0.08 0.12 9.21

E-CO 2.81 0.31 0.11 0.51 5.68
E-CO/O2 2.35 0.48 0.14 0.27 2.96
RO2% 0.41 0.39 0.02 0.32 27.08
RO18% 0.45 0.41 0.14 0.32 4.36
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inhibiting the metals from agglomerating at
higher temperatures, preserving the COz2
production. This also suggests that it is necessary
to have moderate amount of Co?* to offset the
degradation barrier, demonstrating a slightly
different reaction mechanism is at play to fully
described the CO oxidation over these catalysts.
This contradicts with most literatures where the
general consensus is that the octahedrally
coordinated Co3* cations primarily serve as active
sites for CO oxidation, while tetrahedrally
coordinated Co?* are considered to be inactive
cations, especially for the spinel structured CosO4
[24,37].

The CO conversions and COz production rates
for RO2% and RO18% were also established to
ascertain the effectiveness of RO pretreatment on
E-H to induce lower Co/Ni ratio and higher Co2*

25

oxidation state as a solution to abate catalyst’s
degradation. Although the catalyst activity of
RO2% and RO18% started at 280 °C, unlike E-
CO/O2, they also achieved the highest CO
conversions of 54.72% and 60.87%, respectively at
520 °C with no deterioration. This indicates that
with RO pretreatment, a better ratio of Co and Ni
were exsolved onto the surface, increasing the
interaction between Co, Ni and the perovskites
support, reducing the agglomeration at higher
temperatures and subsequently inhibiting the
occurrence of the deactivation.

The Arrhenius plots (temperature range
between 280-520 °C) for all five catalysts are also
shown in Figure 6. The corresponding apparent
activation energies (Fa.) and R2 values are also
summarized in Table 3, considering the first-order
reaction in both CO and O: for all catalysts. The
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Figure 6. Arrhenius curves for CO conversion as a function of temperature for exsolved CoNi perovskites

catalysts.
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corresponding activation energies of the catalysts
fall within the range observed for similar
perovskite materials containing Co and Ni or
catalysts for CO oxidation [38,39]. At lower
conversion region (280-360 °C), the apparent Ea
values follow the same trend as the activity profile
with ascending FEa. of RO18%<E-H<RO2%<E-
CO/O2 for four catalysts, except for E-CO. E-H
recorded Ea of 18.826 kJ/mol which is much lower
than that of E-CO/O2 of 29.237 kd/mol, indicative
of the stronger exsolution power of Hz compared
to CO/Oz2. RO18% exhibited the lowest Ea of
14.449 kd/mol, much lower than the value
reported for RO2% (25.395 kdJ/mol). These
evidences indicated that the existence of Oz as
exsolution agent and lower percentage of CO as
the reducing agent in RO pre-treatment may
reduce the activity sites and significantly increase
the activation barrier of CO conversion in this
type of catalyst, which contradicts the results
reported by Jiang et al. [11]. However, E-CO
showed linear variations with the reciprocal of
temperatures, but with one inflection point within
the temperature range studied. This inflection
points of the Arrhenius-type plots can be an
indication of a change of the activation energy of
the reaction due to the changes in the reaction
mechanism with temperature [40]. This might
also imply that a different reaction path was
induced by the interfacial sites and oxygen of E-
CO catalyst [41].

These results suggest that both Co3* and Co2*
are the main active sites for these catalysts in CO
oxidation, indicating that the CO adsorption and
O2 adsorption/ replenishment steps are crucial.
Since the over exsolution of Co onto the perovskite
surface are more likely to be oxidized into Co3*
during the reaction, the surface Co3* may be
inclined to involuntary release O species to react
with CO during CO oxidation due to the stronger
chemical bonding between Co3* and 02 ions
compared to the chemical bonding in compounds
with Co?* ions [42], subsequently reducing the
catalytic activity of the catalysts. Furthermore,
the formation of Co304 has higher tendency to

agglomerate as compared to CoO, reducing the
amount of exposed active sites for reaction [43].
Not only that, when redox environment was used
to exsolve or pretreated these types of perovskite
catalysts, the promoted Ni exsolution may
increase the anchorage between the metals with
the perovskites, supressing the agglomeration
and hindering the formation of Co3* which enables
the reaction to continue with the absence of
activity degradation at higher temperature.
Nevertheless, further study in the future is
required to support this observation.

3.3 Proposed Reaction Mechanism

Based on these findings, it has been proposed
that the CO oxidation on these catalysts,
excluding E-CO follows the Mars—van Krevelen
MvK) mechanism (Figure 7), whereby the
reaction mechanism involved the lattice oxygen or
adsorbed molecular O2 on the catalysts’ surface
(Egs. 5-8). The gas-phase CO is first adsorbed on
a cobalt site (Co3*) and the adsorbed CO reacts
with an adsorbed surface oxygen to form gas-
phase COz2 and an oxygen vacancy. The oxygen
vacancy formed an excess of 2 electrons,
converting the Co3+ to Co?*. This is then followed
by the Oz adsorption onto the catalyst surface to
replenish the oxygen vacancy. A higher amount of

Co™ \. co
e co.

0, Vacancy (Ov)

‘ 0,
(3) /:.\ \/\ @ Adsorbed Oy (Oads)

/ Lattice O, (Olatt)

® ) ) @

h)

(o] ovg

O, replenishment by Olatt/ Oads

Co™

Figure 7. Schematic representation of the
proposed MvK mechanism governing the catalytic
CO oxidation reaction over E-H, E-CO/O2, RO2%
and RO18%.

Table 3. Activation energies (Ea.) and R? values for the CO oxidation reaction over exsolved CoNi

perovskites catalysts.

Catalyst Temperature range E: (kdJ.mol?) R2
°C

E-H 28(0-5)20 18.826 0.961
E-CO 280-400 25.963 0.750
360-520 8.5247 0.738
E-CO/O2 280-520 29.237 0.973
RO2% 280-520 25.395 0.936
RO18% 280-520 14.449 0.931
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lattice oxygen in the perovskites lattice, especially
in RO18% can significantly improve the stability
of Co?* by enhancing the reduction ability of Co2*,
making it easier to convert to Co3*.

CO (g) > CO (ads) (5)
CO (ads) + O- (ads) > COz (ads) + Ov (6)
COz (ads) 2 COz (g) (7
Oz (g) + 20v > 20- (ads) €]

4. Conclusion

Exsolved A-deficient CoNi perovskites
catalysts, Lao.7Ce0.1C00.sN10.1T10.603 with improved
CO oxidation activity and without agglomeration
at high reaction temperature were successfully
fabricated using reduction-oxidation (RO)
exsolution agents and RO pretreatment. By
introducing CO and CO/Oz exsolution agents, the
exsolution of Ni onto the perovskite surface was
improved, strengthening the interaction between
exsolved metals and the metal/ support
interaction while preventing agglomeration at
higher reaction temperatures. The introduction of
RO pretreatment further improved the amount of
chemisorbed oxygen species (Odeff. and Oads.)
while retaining the benefits of standard
exsolution process with higher selectivity towards
CO. This proves that a good A-site deficient CoNi
perovskite catalyst should have a high amount of
higher binding energy Olatt. that can attract CO
for reaction, high Oads. and Odeff. on the surface
that are readily available for reaction and faster
replenishment of surface oxygen species. Not only
that, over exsolution of active metals that can
cause agglomeration should also be eluded since
this can hinder the catalytic process. Future
research should focus on simulating the CO
oxidation over this type of catalysts using density
functional theory (DFT) to properly pinpoint the
reaction mechanism and support this claim.
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