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Abstract: A series of LaNiO3 materials were synthesized by the EDTA-citrate complexing method,
modifying different physicochemical conditions. The LaNiO3 samples were calcined between 600
and 800 °C and characterized by XRD, SEM, XPS, CO-TPD, TG, DT, and N, adsorption. The results
evidence that although all the samples presented the same crystal phase, LaNiO3 as expected, some
microstructural and superficial features varied as a function of the calcination temperature. Then,
LaNiO3 samples were tested as catalysts of the CO oxidation process, a reaction never thoroughly
analyzed employing this material. The catalytic results showed that LaNiO3; samples calcined at
temperatures of 600 and 700 °C reached complete CO conversions at ~240 °C, while the sample
thermally treated at 800 °C only achieved a 100% of CO conversion at temperatures higher than
300 °C. DRIFTS and XRD were used for studying the reaction mechanism and the catalysts’ structural
stability, respectively. Finally, the obtained results were compared with different Ni-containing
materials used in the same catalytic process, establishing that LaNiO3 has adequate properties for the
CO oxidation process.

Keywords: CO oxidation; perovskite; LaNiO3; EDTA—citrate complexing synthesis

1. Introduction

Currently, the primary energy sources are based on the burning of fossil fuels, pro-
ducing carbon oxides (CO and CO5) as undesirable products, which are two of the most
hazardous gaseous atmospheric pollutants [1]. Carbon monoxide (CO) emissions are more
than one million tons per year, coming from industrial, transport, and domestic sources,
due to incomplete carbonaceous combustion processes [2]. Based on this, catalytic CO
oxidation has been widely studied as a route for decreasing this pollutant by using different
catalysts and supports for many years now [3]. Among these materials, metal transition
oxides and ceramics have evidenced important catalytic properties [4,5], among which
Ni-containing materials present excellent properties in different catalytic processes [6-8].

In this context, ABO3 perovskites have been proven to exhibit excellent conduction
and catalytic properties. For example, several multi-elemental composition perovskites
have been added to dense ceramic membranes to improve the ionic-electron conduction
features of these systems, as perovskites can present different kinds of defects based on
their chemical composition, which allows to improve their conduction properties [9,10].
Now, talking about the perovskite catalytic properties, the LaMnOj; perovskite was used as
a catalyst for the CO oxidation process, where a higher amount of Mn** on the crystal phase
resulted in a better catalytic performance [11]. In a different example, a similar perovskite,
LaFeOs, was proposed for its utilization as a catalyst on the catalytic decomposition of
nitrous oxide. In this study, samples showed different physicochemical properties based on
the synthesis microwave conditions [12]. Thus, LaMOj3 perovskite-type materials (where
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M can be one or more transition metal elements) seem to possess specific characteristics
that may be further analyzed in different applications, e.g., where nickel cations may be
considered, as this metal exhibits high catalytic properties. In fact, the LaNiO3 perovskite
composition has shown interesting properties for its possible applications within different
research fields [13-21]. This perovskite has been reported as an excellent catalyst of different
reactions, such as CO, splitting [13], electrocatalytic oxygen reduction [15], CO or CO,
methanation [16,17], or as an electro-catalyst [18,19], among others.

Other works have evidenced that LaNiOj3 presents high ionic-electron conduction
properties [20]. Additionally, it must be mentioned that LaNiO3 has been synthesized by
different methodologies [22-28], although a deep analysis of the synthesis process has been
rarely undertaken. Based upon this, the present work proposes two different goals: (i) to
elucidate the best experimental conditions for the synthesis of LaNiO3 by the EDTA—citrate
complexing methodology; and (ii) to determine the catalytic properties of the as-prepared
materials through the catalytic CO oxidation process.

It must be mentioned that the present work includes a complete characterization
of different LaNiOj3; samples, structural and microstructurally, as a piece of complement
information for the understanding of the catalytic reaction process, which has not been
deeply analyzed using this new proposed material, LaNiOs.

2. Results

The EDTA—citrate complexing synthesis process [27], a modified Pechini type reac-
tion [29], is a polymerized complex method. The metal cations are chelated by EDTA or
citric acid, forming metal complexes, and then these chelates undergo a poly-esterification
reaction.

During the complexing process, parasitic reactions may occur in the aqueous solution
(Figure 1A), such as hydrolysis of metal cations, ligands, and metal complexes, which
could affect the conditional equilibrium constant of the complexing reaction. Thus, in
order to illustrate their influence on the main reaction, the parasitic reaction coefficients («;)
were calculated using the formation constant value (B;) of the different complexes [30-32].
As such, the formation constant values are established for each metal-hydroxyl complex
(/35\/I /OH) by the following expression (Equation (1)):

XpMetal(OH) = 1+ Y pM/OH|oH| (1)

where the metal is Ni or La and |OH]| is the hydroxide concentration in the aqueous solution.
Identically, the expressions for the ligand protonation (Equation (2)) and metal complexes
(Equation (3)) were defined as:

XLigand(H) = 1+ ZIBJL/H|H|J ()

Xy = 1+ ZﬁkML/H|H|k 3)

Here, the ligands can be EDTA or citric acid, ML is the metal-complex formed by Ni,
La, EDTA and citric acid, and |H]| is the proton concentration. These expressions allow one
to determine the conditional stability constants (Equation (4)) for each complexing reaction
in solution, where KML is the stability constant of each metal complex:

XML(H)

K/ — KML
XM(OH)XL(H)

(4)

Based on the previous equations, Figure 1B shows the coefficient of parasitic reactions
(«;) as a function of pH, where the distribution and predominance of each species can be
seen, as well as their influence in the main reaction.

In the neutral-basic pH range, the main reaction is favored. Thus, in several previous
publications, pH > 7 values have been used for this synthesis and, in some cases, the effect
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of pH has been studied, although it has been concluded that the EDTA—citrate process
is relatively pH insensitive. In fact, there are some microstructural differences in crystal
size, surface area, and some influence on sintering processes, but this phase seems to be
extremely stable over a wide pH range [30,33]. Based upon this, in this work, when the pH
was adjusted to pH = 7, the solution precipitated, which is associated with the precipitation

of citrates [27].
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Figure 1. pH dependence of the coefficient of parasitic reactions (A) and description of the conditional

equilibrium and parasitic reactions (B).

Figure 2 shows the logarithm of conditional stability constants for each complexing
reaction in the solution. The reaction between citric acid and nickel is favored over other
reaction processes, over a wide pH range. This complex is insoluble until the pH increases
to 9-10 values when its conditional stability constant is more stable than the Ni—citrate
complex, and re-dissolution of the citrate complexes takes place, resulting in a clear so-
lution again. However, when water evaporation begins, the pH decreases to 7, and the
precipitation of the citrate complexes is observed again. Therefore, a pH value of 2 was
used, which ensures the homogeneity of the solution and a uniform distribution of the

cations in the matrix complex.
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Figure 2. Conditional stability constants of the La and Ni against EDTA and citrates complexes at

different pH values.

Following the analytical analysis of the synthesis process, the LaNiO3; powders ob-
tained at different calcination temperatures (600, 700 and 800 °C) were analyzed by XRD,
as shown in Figure 3. In all cases, the XRD patterns fitted well to the 01-088-0633 PDF file,
corresponding to the LaNiO3 orthorhombic crystal phase. The only differences observed
on these X-ray diffraction patterns were a slight peak diffraction shift to higher 20 values as
well as an increased crystal size (determined by the Scherrer equation), both as a function
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of temperature. The peak shift indicates d interlayer and cell parameter contractions, for
example the (110) peak shifted from 32.71° in the LNO-600 sample to 32.82° in the LNO-700
and -800 samples. This result should be attributed to differences in the ionic crystal charges
and the presence of vacancies sites, as confirmed below by different techniques. The crystal
size slightly increased from 10.5 to 16.3 nm when the samples were calcined at 600 and
800 °C, respectively. These results confirmed the LaNiO3 formation at temperatures as
low as 600 °C when the EDTA—citrate complexing process is used for the correct cation
solubility and integration. In any case, these LaNiO3 samples were further characterized to
identify any physicochemical variations.

* LaNiO,

‘\ y LNO 800

LNO-700
NG W N

—T T T T "~ T "~ T "~ T "~ T "~ T 7 "~ T "1
15 20 25 30 35 40 45 50 55 60 65 70 75 80
2 theta (°)
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Figure 3. X-ray diffraction patterns of the LaNiO3 samples calcined at different temperatures, where
all the LaNiOj diffraction peaks were labeled as (*), based on the 01-088-0633 PDF file.

The textural properties of all samples were studied by the N, adsorption—desorption
analysis (Figure 4). According to the IUPAC classification, these samples presented
isotherms type Il without any evidence of hysteresis process during the desorption step [34].
This kind of isotherms is associated with non-porous or macroporous materials. Moreover,
the specific surface areas (Aggr) were determined using the BET model, resulting in rel-
atively low values. As it would be expected, the Aggr values decreased as a function of
calcination temperature, from 20.5 m?/g on LNO-600 to 8.9 m?/g on the sample LNO-800
(see Figure 4D). The above can be explained by the sintering of LaNiOj3 particles promoted
by thermal effects. All these results are in good agreement with the thermal treatments
applied to the samples.

To complement the characterization, the different LaNiO3 samples, as well as the
precursor powder (prior calcination), were characterized by thermogravimetric (TG), dif-
ferential thermal (DT), and infrared spectroscopy using the ATR-FTIR arrange. Figure 5A
shows the TG and DT analyses of precursor. These curves evidence the dehydration process
(85 °C) and the decomposition of all the remaining nitrates and organic compounds at 420
and 585 °C. Based on that, 600 °C was established as the lowest temperature used for the
LaNiOj calcination. In addition, the ATR-FTIR spectra did show some minor differences
among the samples (Figure 5B). The vibration bands observed between 1500 and 1400 cm ™!
and the less intense band at 840 cm™! indicate the presence of coordinated nitrates. These
signals tended to disappear after calcination, indicating that this precursor decomposes to
give rise to the desired phase [35]. Likewise, the bands at 1700 and 1540 cm~! are associ-
ated with the vibration of the C=0 bond, while the vibration bands at 1200 and 890 cm !
refer to the C-O and the C-O-H bonds, respectively [36,37]. These bonds arise from the
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complexing precursors (EDTA and citric acid). Their intensities decrease until some of
them disappear in the sample calcined at 800 °C, indicating the complete calcination of
the precursors. However, the bands at 1440 and 890 cm ! remain in all the samples, and
these signals can be attributed to the adsorption of H;O and CO, from the atmosphere
since in TG analyses (Figure 5A) did not show any mass loss at temperatures higher than
700 °C [38,39].
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Figure 4. N, adsorption—-desorption isotherms of LNO-600 (A), LNO-700 (B) and LNO-800 (C). BET

area values vs. temperature of calcination are presented in (D).
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Figure 5. TG and DT dynamic analyses of precursor powders in an N, atmosphere (A) and ATR-FTIR
spectra of LaNiO3 samples calcined at different temperatures (B).

An additional TG analysis was carried out under an O, atmosphere to elucidate the
presence of LaNiOj3 vacancies (Figure 6). These thermograms showed weight loss lower
than 0.75% for LNO-600 and LNO-700 and 0.30% for LNO-800 at T < 300 °C, attributed to
surface dehydration and dehydroxylation processes. After that, the thermograms showed
a continuous weight increase process between 350 and 900 °C, indicating the O, sorption
associated with the presence of anion vacancies (V,)—most likely oxygen vacancies—where
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the mass gain is 3.7, 3.0, and 0.5% for LNO-700, LNO-600, and LNO-800, respectively. These
results confirmed that LaNiO3; samples obtained at lower calcination temperatures present
larger amounts of oxygen vacancies.
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Figure 6. Elucidation of the oxygen vacancies presence in the LaNiOj catalysts through thermogravi-
metric dynamic analysis using an O, atmosphere (Po, of 0.1, N balance).

The XPS analysis was used to identify the chemical states of all the elements contained
in the samples. Figure 7 shows the XPS spectra of La(3d), Ni(2p), and O(1s) edges for
each sample. Initially, double La(3d) signals of all the samples were decomposed into
three sub-peaks each (Figure 7A-C), corresponding to the signals previously reported
La;O3 and La(OH)3 (Table 1), which are in good agreement with previous XPS reports for
this material [40]. These signals were associated with characteristic lanthanum bindings
within the perovskite cationic crystal sites [41]. The O(1s) core level scans of the different
LaNiO3 samples are shown in Figure 7D-F. The main signal from each sample shows a
double peak, which can be decomposed into three sub-peaks. While the signals located
at approximately 529 and 530 eV indicate the oxygen bonding with both active metals
in the perovskite structure, the signal at ~532 eV may correspond to adsorbed oxygen
species as hydroxyls [36,41,42], due to the lanthanum hygroscopic properties. This result is
in good agreement with the La(3d) signal associated with La(OH)3; described above (see
Figure 7A-C).

On the other hand, the XPS analysis of nickel presented an overlapping of Ni(2p) and
La(3d) peaks (see Figure 7A-C), stressing its analysis. In any case, these mixed signals
were decomposed into three peaks, obtaining good fits (Table 1). As described above, the
first signal appears at ~851 eV, which was attributed to La(3d) coming from the perovskite
structure [42]. In addition, the two other XPS signals (854 and 856 eV) can be attributed as
Ni(2p) signals of Ni** and Ni", respectively. In fact, these signals have been specifically
reported for NiO (~854 eV) and NiyO3 (~856 eV) [43], indicating that nickel cations present
a mixed oxidation state, as evidenced by the thermogravimetric analysis showing the
existence of anionic vacancies (see Figure 6). The XPS results show that all the samples
present some degree of nickel partial reduction. Hence, the stoichiometry of oxygen can
be affected, causing an oxygen deficiency due to the Ni mixed oxidation state [40,42].
Although these results confirm that all the samples contain a certain amount of Ni?*, it is
impossible to quantify the exact nickel charge composition due to the signal overlapping,
which masks the measure of the BE and intensity of the peaks. In any case, the Ni** /NiZ*
ratios were determined from the XPS data, obtaining a value of 1.6, 3.4, and 1.9 for LNO-
600, LNO-700, and LNO-800, respectively. These values do not relate to the calcination
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temperature, although it is confirmed that all the samples present some amounts of Ni?*
cations.
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Figure 7. XPS spectra and deconvolution analysis of La(3d) and Ni(2p) signals of LNO-600 (A), LNO-
700 (B) and LNO- 800 (C), as well as the O (1s) signal of LNO-600 (D), LNO-700 (E), and LNO-800 (F).

Table 1. XPS fitting binding energy (BE) values and relative area (RA) results obtained from the
LaNiOj3 samples calcined at different temperatures.

LNO-600 LNO-700 LNO-800 Peak identification
BE (eV) RA (%) R? BE (eV) RA (%) R2 BE (eV) RA (%) R? Specie
529.3 0.7 0.9947 529.2 0.7 0.998 529.2 0.6 0.9964 o
530.4 6.6 0.9947 530.3 7.1 0.998 530.2 7.5 0.9964 o*
532.8 7.3 0.9947 532.6 4.5 0.998 532.6 5.5 0.9964 OH!-
835.2 24.1 0.9961 834.8 13.3 0.9981 834.8 17.8 0.9972 La(OH)3
837.6 9.6 0.9961 836.7 25.6 0.9981 837.3 16.5 0.9972 LayO3
839.6 16.5 0.9961 839.4 11.8 0.9981 839.5 13.6 0.9972 La(OH);
851.9 12.3 0.9961 851.7 14.9 0.9981 851.7 14.1 0.9972 LayO3
854.1 8.7 0.9961 853.9 5.0 0.9981 854.2 8.2 0.9972 NiO
856.2 14.3 0.9961 855.9 17.2 0.9981 856.1 16.1 0.9972 Ni, O3

The CO chemisorption properties of the samples were studied by CO temperature-
programmed desorption technique (CO-TPD). The CO-TPD profiles of each sample are
shown in Figure 8. Initially, all the samples present a first peak at approximately 420 °C,
although the CO desorption starts at a lower temperature for LaNiOj calcined at 600 °C.
Then, a second desorption signal appears between 440 and 500 °C, where the maximum
desorption temperature is inversely displaced to higher temperatures to the sample calcina-
tion temperature. The values of the desorption temperatures are as follows: 447, 455, and
472 °C for LaNiOj3 calcined at 800, 700, and 600 °C, respectively. It can be clearly seen that
CO desorption increases with decreasing calcination temperature, where LaNiOj3 calcined
at 600 °C reached the highest peak area of both basic sites. All experiments were performed
using the same amount of sample, thus suggesting that this sample (LNO-600) exhibits the
highest CO adsorption capacity.
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Figure 8. CO-TPD profiles of LaNiO3 samples synthetized at different temperatures between 600 and
800 °C.

Sample characterization was complemented by scanning electron microscopy. In fact,
secondary electron SEM micrographs of each sample are shown in Figure 9. The first
micrograph (Figure 9A) corresponds to the LNO-600 sample. It is possible to observe a
surface morphology composed of porous flake-like particles of different sizes, all of which
are smaller than 1 um. Likewise, the sample LNO-700 presents similar surface texture
(Figure 9B), but these flakes are larger than those obtained at lower calcination temperatures.
These larger flakes measure approximately 2 pm or more. Thus, flake-like structures tend
to grow as a function of the calcination temperature, due to a particle sintering process,
forming a larger porosity texture.

L !

,ﬂ%‘m ah

5

A) lpm W ] 2 B)lum

Figure 9. Secondary electron SEM images of LNO-600 (A), LNO-700 (B), and LNO-800 (C) samples.

On the other hand, Figure 9C shows a typical SEM micrograph of LNO-800 sample,
where the morphology changes into a denser, thicker, and interconnected macroporous
material where the flake-like morphology disappeared and the porous system is very
different. Of course, all these surface changes are associated with a continuous thermal
sintering process in the sample, causing an increase in the particle size and subsequent
changes in the surface textures. These microscopic observations are in good agreement
with the N, adsorption—-desorption analysis, where a specific surface area decrement was
obtained as a function of the calcination temperature.

After the complete characterization of the LaNiO3 samples, these were evaluated as
catalysts on the CO oxidation reaction. In order to analyze the catalytic performance in
this reaction, samples were dynamically and isothermally evaluated using a flow reactor
connected to a gas chromatograph. LNO-600 and LNO-700 catalysts show similar per-
formances in their dynamic evaluations, regardless of the oxygen and CO concentrations.
LNO-600 presented 10% CO conversion (T1o) between 179 and 155 °C when the CO concen-
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trations were 3 and 5%, respectively (Figure 10A). Moreover, complete CO conversion was
reached at 252 °C for 5% and at 289 °C for 4 and 3%, indicating a very fast CO oxidation
conversion at relatively low temperatures. In fact, when the homogeneous CO oxidation
reaction was performed in the presence of oxygen (without any catalyst), the conversion im-
portantly decreased, as it would be expected (Figure 10D). In LNO-700, the CO conversion
profile was slightly shifted to higher temperatures compared to the previous sample, but
no other differences were detected (Figure 10B). In both samples, the maximum conversion
was obtained when the CO concentration was 5%, reaching complete CO conversion at
approximately 252 °C; after this temperature, the total conversion remained up to 900 °C.

CO conversion (%)
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Figure 10. Dynamic CO conversion for LaNiO3z samples calcined at 600 (A), 700 (B), and 800 °C (C),
using different CO and O, concentrations. Additionally, a direct comparison of the dynamic analysis

of the three LaNiO3 samples is included, using 5% of CO and O, (D).
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On the other hand, the LNO-800 sample showed a different catalytic behavior com-
pared to the previous samples (Figure 10C). Initially, this catalyst shifted its catalytic activity
towards higher temperatures, from 120 to 210 °C (approximately 100 °C), regardless of
the CO concentration, in comparison to the previous samples. This important catalytic
activity shift must be associated with the microstructural and cationic speciation variations
observed on the samples as a function of the LaNiOj3 calcination temperature. Nickel
oxidation state, vacancy presence, surface area, morphology and active CO sorption sites
changed when LaNiO3z was calcined at higher temperatures resulting in a shift of the
CO oxidation activity. For example, it is important to point out that, using 5% of CO
in the reaction mixture decreased the CO conversion at low temperatures (T < 220 °C)
for LNO-800 (Figure 10D), unlike the other two samples, in which the CO conversion is
favored. The above suggests that the active sites become saturated at high CO gas mixture
concentrations in the sample LNO-800.

The Ty values varied as a function of the LaNiOj calcination temperature: 155, 161
and 231 °C for samples thermally treated at 600, 700, and 800 °C, respectively. This behavior
is associated with the intrinsic microstructural characteristics of these materials, as was
already mentioned. However, the amount of Ni?* cations, oxygen vacancies, and CO
adsorption sites are more favorable for samples calcined at lower temperatures [44-47].

Based on the dynamic catalytic behavior of the CO conversion, different isothermal
experiments were performed between 200 and 550 °C. Figure 11A,B show the correspond-
ing experiments of LNO-600 and LNO-700, respectively. In the LNO-600 case, the isotherm
obtained at 200 °C shows an initial CO conversion of 25%, which then decreases to ap-
proximately 15% of conversion, remaining relatively constant over time. For the LNO-700
sample, the experiment performed at this temperature (200 °C) shows an initial CO con-
version of 90%, which decreases to 30% after 40 min of reaction. Then, the CO conversion
remains relatively constant during the remaining analysis time. It seems that the LNO-700
sample possesses an initial better CO oxidation performance than that observed in the
LNO-600 sample, even though the dynamic results (Figure 10D) did not show variations
at 200 °C. This specific result may be attributed to the high Ni3* /Ni?* ratio and the corre-
sponding amount of oxygen vacancies, as demonstrated during the sample characterization.
The vacancies should be filled up, getting a dynamic equilibrium, by the oxygen presence
in the gas flow. Finally, the corresponding experiment (200 °C) of LNO-800 presented
the worst CO conversion (~10%) during the experiment. These isothermal experiments
presented an important difference in CO conversion during the first minutes (especially
those calcined at 600 and 700 °C).
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Figure 11. Isothermal analyses for the LaNiO3 samples calcined at 600 (A), 700 (B), and 800 °C (C).

On the other hand, for LNO-600 and LNO-700 samples, the isotherms between 300
and 550 °C present a CO conversion of 100%, which is maintained throughout the analysis
time. At these temperature conditions, the reaction process was highly efficient in both
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samples. However, isotherms performed at 300 and 350 °C for LNO-800 did not show
stable behaviors, decreasing the CO conversion as a function of time. For example, the
isotherm performed at 350 °C began with a CO conversion of approximately 95%, which
decreased to 80% after 3 h. Nevertheless, the experiments performed at 400 °C, or higher
temperatures, presented total conversion during the whole experiment. This variation in
the CO conversion at low temperatures (300-350 °C) could be related to differences in the
microstructural properties.

Based on the catalytic results, it can be established that the CO oxidation process
using LaNiOj as catalyst (reaction 5) depends on the microstructural ceramic properties,
as expected, as well as on the presence of Ni** cations on the particle surface. The partial
nickel reduction (Ni3+ — Niz*) induces the formation of anion vacancies V, (reaction 6);
these sites must favor the oxygen adsorption and subsequently dissociation, resulting
in reactive oxygen species that could oxidize the CO molecules, following the Mars—van
Krevelen reaction mechanism model:

LIZNIO3*

Co + Oz CO, (5)

(6)

Moreover, following the CO oxidation isothermal experiments, all the LaNiOj3 solid
products were characterized to identify any possible structural and composition modifica-
tion due to the gas chemisorption and catalytic process. Figure 12 shows the XRD patterns
of the LaNiO3 samples after each isothermal experiment. From this characterization pro-
cess, it can be seen that there were not any evident structural changes nor the formation of
other crystal phases due to the CO oxidation process, confirming the high LaNiOs thermal
and chemical stability under these reaction conditions.

LaNiO; — La (Nz3+ Nz“)og,,% +O> +V,
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Figure 12. XRD patterns of the LaNiO3; samples synthetized at 600 (A), 700 (B) and 800 °C (C) after
their catalytic performance at different temperatures. The amorphization—mainly observed in some
of the LNO-800 sample products—corresponds to the glass sample-holder diffraction produced due
to the small quantity of sample recovered after the catalytic experiments.

To further investigate and complement the CO oxidation reaction analysis of the
LaNiOs catalysts, in-situ DRIFTS experiments were carried out (Figure 13 shows the LNO-
600 spectra as an example). Two vibration bands at 2110 and 2170 cm ™! are depicted at
the lowest temperature, identified as the P and R branches of gaseous CO, respectively.
However, they tend to disappear upon increasing temperature. On the other hand, the
progressive formation of CO; as a function of temperature can be observed by the vibration
bands observed between 2400 and 2250 cm~!. Moreover, the presence of carbonates is
observed in the whole temperature range; the bands between 1420 and 1360 cm~?; and

7
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are attributed to the superficial absorption of CO, from the atmosphere and a partial CO
oxidation. It must be pointed out that carbonates were not observed in the XRD analysis,
implying that the carbonation process is only occurring at the surface, and therefore only
observed in the DRIFT spectra. The samples LNO-700 and LNO-800 show similar behavior
(data not shown).

v(CO») B)
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Figure 13. DRIFTS spectra obtained between 30 and 600 °C for the CO oxidation process using the
LNO-600 catalyst (A) and the corresponding amplification of the spectral region (2475 and 2000 cm 1)
where the CO and CO, vibrational modes appear (B).

In addition, for a better comparison of the catalytic activity of the samples, Figure 14
shows the DRIFT spectra of the different samples at three specific temperatures. Initially,
at 194 °C (Figure 14A), the only vibration bands observed correspond to CO and the
carbonates, agreeing with the spectra interpretation described above, regardless of the
analyzed sample. In other words, the surface CO oxidation is not taking place at this
temperature. Moreover, an additional vibration band is observed at 880 cm !, associated
with the La(OH)CO3 complex [38]; this band was also identified in the IR spectra shown in
Figure 5B. In fact, the formation of this vibration band is better developed in the LNO-800
sample. As the carbonate signal previously described, the formation of this lanthanum
hydroxyl-carbonate must be produced only at the surface, associated with the sample
exposition to the environment, as there is not any water supply during the catalytic process.
The presence of these adsorbed species in the LNO-800 sample may be blocking the active
sites, reducing the CO oxidation process, in agreement with the activity results (Figure 10D).

Then, at 295 °C, Figure 14B shows the apparition of the CO, vibration band, with the
consequent decrement in the CO vibration band intensity. This feature is more evident
in the LNO-600 sample, where the CO vibrations almost disappeared. This result is
associated with a higher catalytic activity for this sample at this specific temperature and
is in good agreement with the previous catalytic results (see Figures 10 and 11). Finally,
in Figure 14C, the CO, vibration band was only observed in the gas phase, indicating
the complete CO oxidation in all the samples. On the other hand, carbonate vibration
bands remained present in all the spectra, although they seem to be slightly more intense
in sample LNO-600, regardless of the temperature. This result might be associated with
the larger anionic vacancy presence, which may act as active sorption sites for carbonate
deposition. Additionally, the La(OH)COj signal tended to disappear when the temperature
was increased, as the particle surfaces must be dehydroxyled. Finally, it is important to
point out that although these catalysts adsorb a certain amount of carbonates, these phases
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were not detectable by X-ray diffraction (see Figure 12), which suggests that only a small
amount is produced at a superficial level. Some reports suggest that the adsorbed carbonate
acts as an intermediate during CO oxidation, where the final product (CO;) is desorbed
from the superficial carbonate [39,48].
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Figure 14. DRIFTS spectra obtained at 194 (A), 295 (B), and 496 °C (C), using the different LaNiO3
catalysts during the CO oxidation process.

If the present results are compared with the literature, especially with Ni-containing
catalysts, the following facts can be established. In a recent paper, it was shown that
NiO and cobalt-containing NiO samples are able to completely oxidize CO at T < 200 °C
as a function of the cobalt content [49]. Nevertheless, reducing the oxide samples be-
fore the CO catalytic process was necessary, and the specific surface areas were close to
100 m? /g, thanks to a solvothermal synthesis process. In a different work [47], it was
shown that NiO nanorings present interesting CO oxidation yields at similar temperature
regimes (150-270 °C) than the previously mentioned work and the present work using
LaNiOs. Finally, the present results need to be compared with different lanthanum cobal-
tate perovskite (LaCoO3) and the corresponding Ni-containing solid solutions perovskites
(LaCo;_xNixO3), which seem to be the closest chemical composition and crystal structure
to the one analyzed here [50-52]. These papers reported that using LaCoOj3, a total CO con-
version was reached between 180 and 250 °C. Then, the Ni addition to the crystal structures
only improved the CO oxidation catalytic conversion when nickel was not incorporated
into the LaCoOs crystal structure. The LaCopgNig>0O3 composition shifted the thermal
CO oxidation evolution at approximately 50-80 °C, while the nickel oxide deposition over
the LaCoOs particles (Ni/LaCoOs3) reduced the temperature needed for the complete CO
oxidation process to 170 °C. T. Vaz and A. V. Salker reported the LaNiOj3 activities in the
CO oxidation [52], showing a complete CO conversion to CO; at 350 °C, fitting with the
result obtained in the present work with the sample thermally treated at 800 °C, the same
thermal condition used by those authors. Based on these comparative results, it can be said
that LaNiO3 may become an interesting option as a catalyst for the CO oxidation process,
as it presents similar properties to other materials. However, its synthesis conditions are
not as complicated as the nanoparticle syntheses proposed for other materials or the design
of complex microstructured composites.

3. Materials and Methods

Lanthanum nickelate (LaNiO3) was synthesized via the EDTA—citrate complexing
method. The corresponding stoichiometric amounts of each metal nitrate, La(NOs3)3-6H;0O,
(99.9%, Sigma-Aldrich) and Ni(NO3)3-6HyO (98.0%, Baker A.C.S. Reagent) were dissolved
in deionized water, followed by the addition of EDTA (98.5%, Baker A.C.S. Reagent)
previously dissolved in ammonium hydroxide (28.0-30.0%, Baker A.C.S. Reagent). After
10 min of stirring, anhydrous citric acid (99.0%, Sigma-Aldrich) was added to the whole
solution, where the mole ratio of EDTA:citric acid:total metal ions was established as 1:1:1.
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Then, the pH was set to approximately 2, by adding ammonium hydroxide to avoid the
citrates precipitation. The solution was heated to 80 °C, where a dark blue gel was obtained
after water evaporation. This gel was heated at 200 °C until self-ignited, removing all
organic and nitrate matter by combustion. Finally, the resulting precursor powder was
calcined at different temperatures—600, 700 or 800 °C (labeled as LNO-600, LNO-700, and
LNO-800, respectively)—for 10 h.

After the synthesis process, the powder samples were characterized using different
techniques. X-ray diffraction patterns were collected using a Bruker D8 Advance diffrac-
tometer, with a Cu K (0.154 nm) radiation source operating at 35 kV and 30 mA, where
each sample was measured in the 26 range of 15-80°. N, adsorption—-desorption analyses
were performed using a Minisorp II instrument, from Bel-Japan at 77 K, where the sam-
ples were previously degassed at 90 °C for 24 h. The BET model was used to determine
the specific surface area of each sample. The ATR-FTIR spectra (3500—500 cm ') were
obtained using ALPHA-Platinum equipment from Bruker. Then, the thermogravimetric
and differential thermal analyses were performed from 30 to 800 °C using TA Instruments
equipment (Q-500 and SDT-600). The surface features of the samples were analyzed by
X-ray photoelectron spectroscopy (XPS) and temperature-programmed desorption (TPD).
For the XPS, ESCA2000 Multilab equipment (VG Microtech from UK) was used with UHV
system Al K X-ray (1486.6 eV) and CLAM4 MCD analyzer. Each powder sample was
dispersed and compacted on a conductive tape forming a homogeneous thin film, where
the sample holder is a Ni-Fe p-steel support. Then, the sample surface was sputtered
1 pA/mm? with argon ions produced at 1 kV. The peak positions on the XPS spectra were
referenced to the C 1s core level. TPD of CO was performed using 15 mg of each sample
pre-treated in pure Ar at 300 °C for 30 min. Then, the gas mixture flow was shifted for CO
adsorption (5 vol% CO, Ar balanced, from Praixar) for 60 min and cooled down to 60 °C
in that gas mixture. Finally, the temperature was increased from 60 to 900 °C at 5 °C/min
in an Ar atmosphere. TPD experiments were performed using a reactor (CATLAB-PCS,
Hiden Analytical) coupled to a QGA mass spectrometer (Hiden Analytical). Finally, the
morphological properties of these samples were analyzed via field emission scanning
electron microscopy using JEOL JSM 7800F equipment.

The catalytic performance of LaNiOs perovskites, calcined at different temperatures,
was evaluated for the CO oxidation reaction. Different dynamic (vs. temperature) and
isothermal (vs. time) catalytic experiments were performed using a Bel- Rea reactor from
Bel-Japan with approximately 20 mg of sample and a gas mixture of 5, 4, and 3 vol% of O,
and CO (5 vol%, N, balanced), with a total flow rate of 60 mL/min. In the first approach,
samples were dynamically heated in the gas mixture from room temperature to 900 °C at a
heating rate of 3 °C/min. In the second methodology, samples were isothermally analyzed
between 200 and 550 °C using the same gas mixture described above. The gas products were
analyzed with a GC 2014 gas chromatograph (Shimadzu) with a Carboxen-100 column.

Further analysis of the CO oxidation process was performed through in-situ DRIFTS.
Measurements were obtained with an environmentally controlled PIKE DRIFTS cell, with
KBr windows, coupled to a Thermo Scientific Nicolet iS50 spectrometer. Absorbance
spectra were obtained by collecting 64 scans at 4 cm ™! of resolution with a DTGS detector.
A gas mixture composed of 5% CO/He (30 mL/min) and 5% O,/He (30 mL/min) was
used as a reactant, reaching a 2.5 vol% concentration for each gaseous reactant and a total
flow of 60 mL/min. The heating rate was set to 10 °C/min, and spectra were collected each
2 min (approximately 17 °C per spectrum).

4. Conclusions

The effects of pH and calcination conditions through the EDTA—citrate complexing
synthesis process were analyzed on the catalytic performance of LaNiOj for the CO oxi-
dation. The synthesis results evidenced that using a pH value of 2 during the synthesis
process ensured the homogeneity of all ionic species in the solution, producing a uniform
distribution in the matrix complex. In fact, the conditional stability constants showed that



Catalysts 2022, 12, 57 15 0f 17

at different pH values, the cation precipitation may not be homogeneous. After that, the
obtained LaNiO3 precursor was calcined at different temperatures (600, 700, or 800 °C). A
full structural, microstructural, and surface characterization through different techniques
was carried out. The characterization results indicated that all the samples presented the
same crystal phase, LaNiOj3, although some chemical, microstructural and superficial prop-
erties, such as the Ni3* /Ni?* ratio and anionic vacancy presence, varied as a function of
the calcination temperature. Of course, these differences impacted the CO oxidation perfor-
mance. While LaNiO3; samples calcined at 600 and 700 °C reached total CO conversions at
temperatures equal or lower than 240 °C, the sample thermally treated at 800 °C shifted its
CO total conversion to higher temperatures of approximately 100 °C (350 °C). The observed
differences must be mainly attributed to the specific surface area (LNO-600) and different
Ni®* /Ni?* ratio (LNO-700), the two main differences in contrast with the LNO-800 sample.
A subsequent DRIFTS analysis and the obtained XRD patterns of the spent catalysts proved
that materials acted as catalysts of the CO oxidation without modification of the crystal
phase, through the Mars—van Krevelen reaction model. LaNiO3 samples obtained at the
lowest calcination temperatures presented better catalytic properties and thermal stability.
Moreover, comparing these catalytic results with other Ni-containing materials used in the
same reaction, it can be established that LaNiOj3 presents at least comparable characteristics.
Thus, this perovskite material could be considered a new possible catalyst for the CO
oxidation process, enlarging the number of reactions for which LaNiO3 has been proposed
to be a catalyst.
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