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Abstract
One of the alternatives to decrease the concentration of CO is its oxidation reac-
tion to CO2, which can be made more efficient using catalysts. In this work, it is
shown that pyrochlore structures are a promising candidate to act as heteroge-
neous catalysts due to their chemical and physical properties. For use as a catalyst
in this reaction, the Pr2Zr2−xFexO7±δ (x= 0, 0.05, 0.10, and 0.15) systemwas syn-
thesized by the solvothermalmethod, firing the powder obtained at temperatures
of 1200 and 1400◦C. The diffraction patterns confirmed the pyrochlore structure
as the single phase in all the nominal compositions. The Brunauer–Emmett–
Teller method and dynamic light-scattering analysis showed an increase in the
particle size and a decrease in the specific surface area when increasing the iron
concentration and increasing the calcination temperature. The compositions
that presented the best catalytic activity were the samples with the highest iron
concentration.Moreover, these samples were able to convert all the CO oxidation
reactions in a narrower temperature range than a conventional CeO2 sample. The
presence of vacancies and the redox behavior of the elements present are the key
factors for the catalysis of this system in the CO oxidation reaction.

KEYWORDS
CO oxidation reaction, heterogeneous catalysis, oxidation state, praseodymium and iron,
pyrochlore

1 INTRODUCTION

Due to population growth and the consequent increase
in consumerism, there is a rising concern about the

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. Journal of the American Ceramic Society published by Wiley Periodicals LLC on behalf of American Ceramic Society.

energy demand required to sustain the functioning of
all the different sectors of society. Hence, there is
an important ongoing debate about how to deal with
the imminent climate change, because the attempts to
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implement renewable energy sources are not yet sufficient
to cover today’s need to use fossil fuels.1–3 Although goals
are being set by political organizations with the partici-
pation of most countries,4,5 the current scenario indicates
that humanity will have to live for a few more decades
with the problems generated by the combustion of fos-
sil fuels, such as respiratory diseases, and emissions of
toxic gases like sulfur dioxide and nitrogen oxides, besides
high concentrations of carbonmonoxide and dioxide in the
atmosphere.6
In particular, carbonmonoxide (CO), which comes from

the incomplete combustion of fossil fuels, is one of the
most toxic gases to human health, where exposure to this
gas can lead to asphyxiation as well as cardiovascular
and respiratory problems.7–11 To reduce the concentration
of CO in the atmosphere, its conversion to carbon diox-
ide (CO2) through catalytic oxidation processes emerges
as a more environmentally friendly alternative. To carry
out the CO oxidation reaction, different strategies have
been studied, the vast majority of which use an inorganic
structure decorated with noble metals such as Pd, Pt, and
Rh.12–19
Among the most studied materials, cerium dioxide

(CeO2) stands out because of its excellent physicochem-
ical properties, oxygen exchange capability, the possible
creation of oxygen vacancies, and its redox characteristics.
The application of ceria-based materials is determined by
the electronic configuration of cerium and the high sta-
bility of its two valence states. The reduction of Ce4+ to
Ce3+ is accompanied by a loss of oxygen and, hence, the
formation of oxygen vacancies. The conversion between
the two oxidation states is the key process that deter-
mines the ability of cerium oxide to release or adsorb
oxygen. CeO2 is capable of storing oxygen under com-
bustion conditions and can release oxygen when exposed
to reducing agents.20–24 Thus, the oxygen vacancies are
an essential point to achieve high catalytic performance
in oxidation reactions. Depending on the reaction condi-
tions, pure CeO2 can fully convert CO into CO2 in the
temperature range between 250 and 400◦C.25–28 Other
materials used as catalysts for this reaction are shown in
Table S1.
As an alternative to CeO2, pyrochlore-type struc-

tures, with the general formula A2B2O7, appear as
promising candidates to promote atmospheric depollu-
tion through catalytic reactions. The outstanding fea-
tures of pyrochlore, like good thermal stability, oxy-
gen mobility, inherent oxygen vacancy, and good ionic
transport, make this structure suitable for use in sev-
eral areas, such as the manufacture of fuel cells,29–32
in the production of hydrogen,33 as gas sensors,34,35 as
a thermal barrier coating,36,37 and for photocatalysis.38
Recently, pyrochlore structures have been studied for

soot oxidation,39 ammonia oxidation,40 methane dry
reforming,41 electrocatalysis,42,43 and photocatalysis.44
The stable crystalline phase for pyrochlore-type struc-

tures has already been unveiled by previous literature45–47
and depends on the ratio between the ionic radius of the
atoms located on sites A and B. An ordered pyrochlore
phase with space group Fd-3m will be formed when the
rA/rB ratio is in the range of 1.46 and 1.78. In this case, site
A is usually occupied by an ionwith oxidation numbers+2
or +3, such as La, Pr, Sm, Ca, and Sr, among others, and
they are surrounded by eight oxygen ions. On the other
hand, the B-site is usually occupied by transition metals,
such as Zr, Ti, or Nb, with oxidation states +4 or +5, and
they are sixfold coordinated with oxygens.45
It is expected that pyrochlore structures with elements

with multiple valence states, such as Pr, Eu, Tb, and Yb,
are more active for catalytic reactions than those with ele-
ments presenting a single valence state. This characteristic
is due to the ease of oxygen exchange between the cata-
lyst and the gas phase when more than one valence state
is present.45 In our previous work,48 it was demonstrated
that in a pyrochlore with the formula Pr2Zr2−xFexO7±δ
(x = 0, 0.05, and 0.10) synthesized by the coprecipitation
method, the presence of oxygen vacancies together with
the redox characteristics of the ions present were able to
retain oxygen in the structure, depending on the atmo-
sphere and temperature. After these initial investigations,
this work aims to evaluate the capacity of this material to
perform as a heterogeneous catalyst for the CO oxidation
reaction.

2 EXPERIMENTAL SECTION

2.1 Synthesis method

Four different nominal compositions of the
Pr2Zr2−xFexO7±δ (x = 0, 0.05, 0.10, and 0.15) system
were prepared by the solvothermal method. This synthesis
method, as well as other chemical synthesis approaches,
has advantages over the traditional ceramic method,
for example, it requires lower temperatures to obtain
the material, it is possible to obtain nano-sized parti-
cles, it is relatively simple and economical, it has better
control of the reaction stoichiometry, and the synthe-
sis is more easily reproducible.49 The reagents used
were Pr(CH3COO)3⋅XH2O (Strem Chemicals, 99.9%),
ZrOCl2⋅8H2O (Alfa Aesar, 98%), and Fe(NO3)3⋅9H2O
(Strem Chemicals, 98%). The zirconium, praseodymium,
and iron precursors were dissolved in 25ml of a 2.5mol L−1
solution of HNO3 (Labkem, 65%), and then the pH of the
solution was adjusted to seven using ammonia solution
(Scharlab, 32% w/w). The suspension thus formed was
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DOS SANTOS VEIGA et al. 3

stirred vigorously for 10 min and transferred to a Teflon-
lined vessel (with 125 ml volume capacity) together with
40 ml of a 3 mol L−1 solution of KOH (Labkem, 85%)
used as a catalyst. The total volume of the solution also
containing the catalyst was ∼80 ml. The Teflon vessel was
placed in an autoclave and heated in an oven at 180◦C for
24 h. Then the system was cooled, and the suspension was
centrifuged for 8 min at 11000 rpm, washed with distilled
water and ethanol, and dried at 100◦C for 24 h.
The powders resulting from the compositions thus pre-

pared were calcined at two different temperatures, 1200
and 1400◦C, for 2 h with a heating ramp of 5◦C min−1.
Each nominal composition was referenced according to

its iron concentration and calcination temperature. For the
different compositions, the prefixes PZ0, PZF05, PZF10,
and PZF15 were used for the x values of 0, 0.05, 0.10, and
0.15, respectively. The samples calcined at 1200◦C received
the number “1200,” and the samples calcined at 1400◦C
were given the number “1400.”

2.2 Structural characterization

X-ray diffraction (XRD) analysis was performed using a
Bruker-AX D8 ADVANCE X-ray diffractometer with Cu-
Kα radiation. All data were collected in the range of
10◦ ≤ 2θ≤ 70◦ at room temperaturewith a step size of 0.03◦
and a counting time of 1 s in each step.
Raman spectra of the different nominal compositions

were recorded in the frequency range of 200–700 cm−1.
The Raman spectra of the different compositions were
acquired on a modular Raman system fromWITec GmbH,
equipped with an automatic vertical confocal microscope,
model alpha300 apyron, with an EMCCD ultrahigh effi-
ciency detector refrigerated at −60◦C and with the 532 nm
Ar laser line as the excitation source.
Using Micromeritics Gemini V equipment, the spe-

cific surface area and pore size analyses were performed
under a liquid nitrogen bath using the Brunauer–Emmett–
Teller (BET) and Barrett–Joyner–Halenda (BJH) methods,
respectively. Prior to analysis, each sample was degassed
using N2 for 3 h at 150◦C.
Particle dispersions were characterized in aqueous sus-

pension using a dynamic light-scattering (DLS) system
(Zetasizer Nano ZS, Malvern Instruments Ltd., Malvern,
UK). Specimens of each compositionwere dissolved in dis-
tilled water (0.02 µg ml−1) and measured by DLS. This
concentration was used to reach a polydispersity index
lower than 0.7. Laser light is dispersed at varying inten-
sities depending on the particle size due to the Brownian
motion of particles in suspension. Using the Stokes–
Einstein relation, these intensity oscillations are used
to calculate the Brownian motion velocity and thus the

particle size. A 90◦ scattering angle and a green laser light
(532 nm) were used in the tests.
The microstructure and morphology of the samples

were analyzed using a field-emission scanning electron
microscope (FE-SEM) JEOL 7001F, with an acceleration
voltage of 15 kV. The samples were deposited on an alu-
minum holder and coated with platinum. The particle size
distributions were estimated using ImageJ software.
X-ray photoelectron spectroscopy (XPS) measurements

were carried out in a SPECS (SPECS GmbH., Berlin, Ger-
many) system equipped with an XR50 source operated
with the Al anode at 150 W, and a Phoibos MCD-9 detec-
tor. Binding energy shifts caused by surface charging were
corrected by aligning the adventitious carbon component
in the C 1s region at 284.8 eV. The XPS data were analyzed
with the CasaXPS software. All curves were deconvolved
using a 50% Gaussian/50 Lorentzian function, with the
ratio between the peaks fixed according to the degener-
acy of each spin state. To obtain a proper fitting of the
curves, Shirley and Tougaard background were used, with
the application of area and FWHM constraints.

2.3 Catalytic activity

The catalytic behavior of the compositions in the CO
oxidation reaction was analyzed using an Agilent 490
Micro Gas Chromatograph equipped with MS 5 Å, Plot
U, and Stabilwax Capillary Columns, and TCD detectors
were used to measure online gas concentrations every 6–
7 min approximately. The crushed catalyst (0.1 g) was
diluted with SiC and positioned in the center of a stainless-
steel reactor with a quartz wool bed (GHSV 6000 h−1).
The reactor was placed inside a vertical furnace con-
nected to an external thermal control system (±0.1◦C).
Gases were provided by Bronkhorst mass flow controllers.
Temperature-dependent catalytic activity tests were per-
formedwith a total gas flow of 80mlmin−1 and aN2:O2:CO
ratio of 23:1:1 (molar basis) between 40 and 500◦C (heating
ramp of 2◦C min−1). The product of the reaction was CO2,
and the remaining CO and O2 reactants were also mea-
sured. The CO conversion (𝜒CO) was calculated using in
the following equation:

𝜒CO(%) =
𝑛CO, in − 𝑛CO, out

𝑛CO, in
⋅ 100 =

𝑛CO2, out

𝑛CO, in
⋅ 100 (1)

where 𝑛CO, 𝑖𝑛 is the inlet molar flowrate of CO, 𝑛CO, 𝑜𝑢𝑡 is
the outlet molar flowrate of CO that has not reacted, and
𝑛CO2, 𝑜𝑢𝑡 is the outlet molar flowrate of the CO2 produced
during the experiment.
Stability tests were carried out at 300◦C under the same

gas mixture used in the temperature-dependent catalytic
activity experiment, with gas concentrationmeasurements
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4 DOS SANTOS VEIGA et al.

F IGURE 1 (A) X-ray diffraction (XRD) patterns for the Pr2Zr2−xFexO7±δ system (x = 0.00, 0.05, and 0.10) of powders calcined at 1200
and 1400◦C for 2 h; (B) the (222) diffraction peak of the pyrochlore phase for all compositions

every 15 min, for 160 h. The CO conversion was calculated
using Equation (1).

3 RESULTS AND DISCUSSION

The calcined powders were grounded and characterized
by XRD. All diffractograms are shown in Figure 1A and
Figure S1.
For all nominal compositionswith x≤ 0.1, a single-phase

pyrochlore structure (JCPDS-ICDD 19-1021, Fd-3m space
group) was identified at both calcination temperatures.
The compositionwith higher iron concentration presented
a secondary phase as shown in Figure S1; therefore, this
composition was not used for the following studies. The
presence of the superstructure peaks at◦2θ ≈ 14◦ (1 1 1)
and 37◦ (3 3 1) distinguishes the pyrochlore structure from
the defective fluorite structure. These peaks appear due
to differences in the radiation scattering of the cations at
the A and B sites, the displacement of oxygen from the
ideal position, and the distribution of oxygen vacancies.50
In the iron-doped compositions, there is a peak displace-
ment toward higher 2θ angles compared to the undoped
samples (Figure 1B), which indicates a contraction of the
unit cell according to Bragg’s Law. This contraction is
due to three different factors: the substitution of Zr4+
ions (r = 72 pm, coordination number CN = 6) by Fe3+
ions (r = 55 pm, CN = 6), the partial conversion of Pr3+
(r= 112.6 pm, CN= 8) to Pr4+ (r= 96 pm, CN= 8), and the

presence of nonstoichiometric O2− ions.51,52 The presence
of the ordered pyrochlore structure was also confirmed by
Raman spectroscopy, as can be seen in Figure S2.
To investigate the physical properties of the synthesized

catalysts, the multipoint BET method and the BJH treat-
ment were used. Table 1 summarizes the specific surface
area (SBET) and the mean pore diameter of the nominal
compositions that were prepared. The data found indicate
a dependence of these properties on both iron concen-
tration and calcination temperature. As the Fe content
increases, there is a decrease in surface area. The values
found for the surface area also decrease on raising the
firing temperature from 1200 to 1400◦C.
The PZ0 1200 sample has the maximum specific sur-

face area (8.14 ± 0.02 m2 g−1), which is reduced as the
iron concentration increases. This behavior has already
been observed in other studies and is related to a more
intense sintering tendency in iron-rich samples compared
to undoped compositions.53,54 The significant reduction
of the surface area in the samples calcined at 1400◦C is
also due to the enhancement of the sintering process at
higher temperatures. The average pore diameter found in
all compositions did not show any significant variation,
and the values are classified as nanopores according to
the International Union of Pure and Applied Chemistry
classification.55
The tendency observed by the BET method is also

supported by DLS analysis. The average particle size val-
ues found by DLS evidence the tendency to increase the
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DOS SANTOS VEIGA et al. 5

TABLE 1 Surface area and pore diameter values determined by the Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH)
methods, respectively

Reference
BET Surface area
(m2/g)

BJH Pore
diameter (Å)

DLS Average
diameter (nm)

SEM Average
diameter (nm)

PZ0 1200 8.14 ± 0.02 19.7 311 155
PZF05 1200 6.51 ± 0.01 20.7 392 173
PZF10 1200 4.81 ± 0.03 20.5 438 199
PZ0 1400 1.58 ± 0.01 19.6 676 276
PZF05 1400 0.98 ± 0.03 19.3 728 461
PZF10 1400 0.71 ± 0.03 19.8 815 515

Abbreviations: BET, Brunauer–Emmett–Teller; BJH, Barrett–Joyner–Halenda; SEM, scanning electron microscope.
Note: Particle size calculated by the dynamic light scattering (DLS) analysis.

F IGURE 2 Micrographs of the (A) PZ0 1200, (B) PZF05 1200, (C) PZF10 1200, (D) PZ0 1400, (E) PZF05 1400, and (F) PZF10 1400 samples

particle size when increasing the iron concentration from
x = 0 to 0.10, and also when increasing the calcination
temperature from 1200 to 1400◦C. Of the two effects that
cause the increase in average particle size, the calcining
temperature is the one that affects the most.
Comparing themicrographs obtained by SEMpresented

in Figure 2, growth in particle size is noticed on increasing
the iron concentration, maintaining a rounded morphol-
ogy at a calcination temperature of 1200◦C for the three
compositions. By increasing the calcination temperature to
1400◦C, significant signs of sintering are observed, where

the rounded shape of the particles is practically lost due to
the temperature effect. The particle size distribution calcu-
lated from the SEM micrographs is available in Figure S3.
The differences between the values calculated by the SEM
micrographs and those obtained by DLS (Table 1) may be
due to possible agglomerated particles when dispersing the
powder for DLS analysis. However, despite the differences
in the values, the same tendency of increase in particle size
is observed in both characterization techniques, showing a
dependence of the physical properties on the iron content
as well as on the calcination temperature.
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6 DOS SANTOS VEIGA et al.

F IGURE 3 Catalytic performance on the CO oxidation reaction of the compositions calcined at (A) 1200◦C and (B) 1400◦C compared to
a CeO2 sample. CO oxidation rate normalized by Brunauer–Emmett–Teller (BET)-specific surface area as a function of temperature for the
compositions calcined at (C) 1200◦C and (D) 1400◦C

As found in a previous study,48 the Pr2Zr2−xFexO7±δ
(x = 0, 0.05, and 0.10) system contains oxygen vacancies
that can be generated by Fe substitution in the position
of Zr and by redox processes involving the Pr3+/Pr4+
and Fe2+/Fe3+ species, in addition to the role of inherent
vacancies of the pyrochlore structures. Due to these char-
acteristics, this material could act in a similar way to CeO2
for the CO oxidation reaction.
The results of the catalytic activity for CO oxidation are

shown in Figure 3A,B. In these images, a nanosized CeO2
(specific surface area of 63.7 m2 g−1 and pore diameter of
12.4 nm) sample was also included for comparison pur-
poses. The description of the synthesis method for CeO2 is
described elsewhere.56 In the selected temperature range
(50–400◦C), all samples were able to completely oxidize
CO before reaching the temperature of 350◦C, using a 1:1
molar concentration of CO and O2.

Figure 3A shows the catalytic activity for the samples
calcined at 1200◦C. It can be seen that by increasing the
iron concentration, the temperature required to complete
the reaction decreases, suggesting a dependence of the cat-
alytic property on increasing the defects in the crystalline
structure. The composition PZF10 1200 outperformed the
CeO2 sample and achieved 100% of CO conversion at
257◦C.
The conversion curves of the samples calcined at 1400◦C

(Figure 3B) show the same tendency, where the catalytic
activity improves with increasing iron concentration. The
composition PZF10 1400 was also able to outperform the
CeO2 sample and completed the reaction at 264◦C.
On comparing the different calcination temperatures,

the samples calcined at 1200◦C show slightly better cat-
alytic activity. As the compositions that contain the high-
est concentration of iron are the ones with the highest
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DOS SANTOS VEIGA et al. 7

TABLE 2 CO conversion temperatures and activation energy
of the prepared compositions compared to a CeO2 sample

Reference

T50%
conv.
(◦C)

T90%
conv.
(◦C)

T90%–
T50%
(◦C)

Activation
energy
(kJ mol−1)

PZ0 1200 326.8 340.3 13.5 101.2
PZF05 1200 275.3 287.2 11.9 92.0
PZF10 1200 243.6 255.4 11.7 84.4
PZ0 1400 326.7 339.1 12.4 123.0
PZF05 1400 292.3 302.8 10.5 128.0
PZF10 1400 251.1 261.2 10.1 85.3
CeO2 251.5 272.2 20.7 51.3

catalytic activity, the surface area and the particle size
are not determining factors in this catalytic process. This
evidence can be seen in Figure 3C,D, where the rate of
CO oxidation is normalized by the specific surface areas
obtained by BET. On considering the surface area of each
sample, it can be observed that the compositions that
present the highest rate of CO oxidation are the ones with
the highest Fe concentration.Moreover, due to the low sur-
face area, the samples calcined at 1400◦C present higher
oxidation rates than both the samples calcined at 1200◦C
and the CeO2 sample.
Another interesting aspect is the temperature range

of the conversion curves. Although the conversion curve
of the CeO2 sample is wider, where the reaction starts
at around 150◦C and ends at 275◦C, the samples of the
Pr2Zr2−xFexO7±δ system present a shorter conversion tem-
perature range as the iron concentration increases, as can
be seen in Table 2. The data presented in the table show
the temperature at which the system reaches 50% and
90% of CO conversion. All the compositions, calcined at
both 1200 and 1400◦C, show a smaller temperature inter-
val between these two conversion stages compared to the
curve of CeO2. This behavior may be associated with the
ability of the material to undergo reduction in a shorter
temperature range by increasing the amount of Fe. On
examining the values of activation energy calculated and
shown in this table, the ceria sample presents lower acti-
vation energy (51.3 kJ mol−1) than the pyrochlores, and for
the compositions that were prepared, the ones that present
lower activation energy are the samples with higher
iron concentration, with calculated values of 84.4 and
85.3 kJ mol−1 for the PZF10 1200 and PZF10 1400 samples,
respectively.
To verify possible changes in the oxidation state of

praseodymium and iron, as well as to understand the role
of oxygen absorption during the conversion reaction, the
PZ0 and PZF10 samples fired at 1200◦C were analyzed by
XPS before and after the CO oxidation reaction. The peak
deconvolution details are described in Tables S2 and S3 for

the PZ0 1200 and PZF10 1200, respectively. All peaks were
corrected according to the position of the adventitious C
1S peak located at 284.8 eV, as can be seen in Figure 4Sa,b.
Figure 4A shows the XPS survey spectra depicting the
presence of the expected elements.
Figure 4B,C shows the XPS spectra in the O 1s region

for the PZ0 1200 and PZF10 1200 samples before and after
theCOoxidation reaction, respectively. In Figure 4B before
the reaction, three different peaks can be observed (O1,
O2, and O3). The peak designated as O1 at ∼533 eV is
usually associated with the loosely bound surface oxygen
species. The peak near 530 eV denoted as O2 is normally
associated with surface lattice oxygen.57,58 In addition, it is
possible to notice a shoulder near 527 eV (O3) that may be
associated with different interactions between Zr–O and
Pr–O. The O3 peak can also be originated due to the inter-
ference of the concentration of oxygen vacancies in the
material as demonstrated by Shirsath et al. for perovskites
structures.59,60
After the CO oxidation reaction, an increase in the O1

peak can be noted, that is, after the reaction, there is
a higher ratio between the amounts of oxygen absorbed
compared to the oxygen present in the lattice. Thus, it
is probable that the ability of the pyrochlore structure to
absorb oxygen contributes to the catalysis process. There is
also a slight decrease in the intensity of the O2 peak, which
could be a sign of oxygen loss due to the reduction of Pr4+
species.
In Figure 4C, almost the same behavior is observed for

the PZF10 1200 samples, but, in addition, a fourth peak
(O4) is present at ∼529 eV. As with the O2 and O3 peaks, it
can be assumed that the appearance of this peak could be
due to different interactions between the Pr–O, Zr–O, and
Fe–O in the pyrochlore structure and the concentration of
oxygen vacancies.
If the O1 peaks of both samples are compared before the

reaction, it can be concluded that the PZF10 1200 sam-
ple shows less absorbed oxygen initially but can absorb
a considerable amount of oxygen during the reaction
(O1 before reaction–O1 after reaction). The percentage of the
contribution of the peaks is described in Table 3.
Figure 4D shows the deconvolution for the PZF10 1200

sample before and after reaction in the Pr 3d region. The
same procedure was followed for the PZ0 1200 sample. In
this same figure, the peaks referring to the oxygen Auger
peak (OKLL), and the Pr 3d3/2 and Pr 3d5/2 core levels were
identified. The binding energy separation between the core
levels is 20.4 eV, which is very close to that found for Pr2O3
reference spectra (20.7 eV),61 indicating that the majority
oxidation state in the PZF10 1200 sample is Pr3+. The peak
marked with c at ∼928 eV is associated with Pr3+ due to
the transition of electrons-d from the 3d104f2 level to the
Pr 4f states,62 and the peak denoted as a′ at ∼966 eV is
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8 DOS SANTOS VEIGA et al.

F IGURE 4 (A) Survey X-ray photoelectron spectroscopy (XPS) spectra and deconvolution of the (B and C) O 1s, (D) Pr 3d, and (E) Fe 2p
regions for the PZ0 1200 and PZF10 1200 samples

TABLE 3 Peaks contribution (%) in the O 1s, Pr 3d, Fe 2p regions

O 1s Pr 3d Fe 2p
Reference Osurface (O1) Olattice (O2 + O3 + O4) Peak a′ Peak c a′/c Fe3+ Fe2+

BRa PZ0 1200 27.2 72.8 2.6 13.7 0.19
PZF10 1200 12.6 87.4 8.8 11.7 0.75 75.1 24.9

ARa PZ0 1200 45.0 55.0 5.2 10.6 0.49
PZF10 1200 42.7 57.3 5.1 10.9 0.47 56.0 44.0

aBefore reaction (BR) and after reaction (AR).

commonly associatedwith the presence of Pr4+.62,63 In this
way, by comparing how each of these peaks are resolved,
it is possible to estimate how the Pr4+/Pr3+ (a′/c) ratio is
changing. The values for the contribution of each peak are
also shown in Table 3.
According to the a′/c ratio shown in Table 3, it is possible

to estimate that the Fe-doped sample has a higher ini-
tial Pr4+ concentration than the PZ0 1200 sample (Figure
4Sc and Table S1). However, after the reaction, the ratio

between the peaks is almost the same, which may indi-
cate that CO is able to reduce Pr4+ ions to Pr3+, leading
to an increase in the concentration of oxygen vacancies.
This assumption is corroborated with the results observed
in Figure 4B,C, because as a higher concentration of oxy-
gen vacancies is expected in the PZF10 1200 sample, a
higher oxygen absorption capacity is reasonable in this
sample. The Kröger–Vink equation for the reduction of
praseodymium is
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DOS SANTOS VEIGA et al. 9

F IGURE 5 Long-term stability test of the PZF10 1200 sample
for the CO oxidation reaction at 300◦C

O𝑥
o + 2Pr

𝑥
Pr ↔ 𝑉..

o + 2Pr′Pr +
1

2
O2 (2)

As shown in Figure 4E, the Fe 2p3/2 and Fe 2p1/2 core
levels are located at around 710.6 and 724.2 eV, with a spin–
orbit doublet splitting of 13.6 eV. In the Fe 2p spectrum,
the Fe 2p3/2 and Fe 2p1/2 core levels can be resolved into
two independent peaks, originating from Fe2+ and Fe3+
species, whereas Fe3+ has a higher binding energy than
Fe2+. Furthermore, one Fe3+ satellite peak at 718 eV and
two satellite peaks of Fe2+ at close to 715 and 729 eV were
assigned.64,65 An analysis of the data in Table 3 shows that
a large part of the Fe3+ species were reduced to Fe2+ dur-
ing the reaction, which also generates a larger number of
oxygen vacancies in the structure in a similar way to what
occurs with praseodymium ions.
With the observed behavior of the CO oxidation reac-

tions and the XPS data, a catalysis mechanism can be
predicted for this system. During the catalysis reaction,
where O2 and CO are present, there is first a reduction
of most of the Pr4+ and Fe3+ species, releasing O atoms
that are captured by the CO molecules to generate CO2.
The reduction process also leads to the formation of oxy-
gen vacancies, which will subsequently be occupied by O2
molecules present in the atmosphere, thus starting a reac-
tion cycle following a Mars–Van Krevelen mechanism.66
Therefore, due to their capacity to absorb oxygen48 and
also the possible contribution of redox characteristics, the
pyrochlore structures are able to catalyze the CO oxidation
reaction.
To verify the stability of the composition that showed

the best CO conversion, the PZF10 1200 sample was placed
in the reactor at a temperature of 300◦C, and it was left
under the same flow conditions and gas concentrations

as in the previous reactions. As shown in Figure 5, the
sample exhibits a more accentuated deactivation in the
rate of CO converted in the first 60 h and then practi-
cally stabilizes between 40% and 50% interval in the final
100 h.
The decrease in the conversion rate in the initial 60 h

can possibly be explained by the reduction mainly of Pr4+
and Fe3+ species originated in the calcination process,
which are unable to totally reoxidize at a temperature of
300◦C. After this period, stabilization within a range of
∼10% may be due to cyclic redox processes occurring in
the material, where the constant O2 absorption/release at
the catalyst surface, as well as changes in the oxidation
states of part of the species of praseodymium and iron,
keep the catalytic activity more stable over a longer time
interval.

4 CONCLUSION

Using the solvothermal synthesis method, it was possi-
ble to obtain a single-phase pyrochlore structure for all
nominal compositions with x ≤ 0.1. The specific sur-
face area calculated by the BET method and the particle
size obtained by DLS showed a dependence of these two
properties on increasing iron concentration and also on
increasing calcination temperature. The SEMmicrographs
corroborated the BET and DLS results, where it is possible
to notice a larger particle size with increasing iron concen-
tration and signs of enhancement of the sintering process
in the samples calcined at 1400◦C, which together explain
their smaller surface areas.
The materials proved to be efficient catalysts for the CO

oxidation reaction, where all samples were able to con-
vert 100% of CO to CO2 at a temperature below 350◦C.
Moreover, by increasing the iron concentration, there was
an increase in the conversion rate, and the PZF10 1200
and PZF10 1400 samples were the compositions that pre-
sented the best catalytic activity, completing the reaction
at a lower temperature.
The XPS spectra in the O 1s region for the PZ0 1200

and PZF10 1200 samples show that after the CO conver-
sion reaction, both samples contain a higher proportion
of absorbed oxygen compared to the concentrations found
before the reaction. This can be explained by the reduction
of the Pr4+ and Fe3+ species, which leads to the formation
of oxygen vacancies that can be occupied during the reac-
tion. The reduction of these elements was also observed
in the XPS spectra in the Pr 3d and Fe 2p region. There-
fore, themain factors that contribute to the CO conversion,
in this system, are the oxygen vacancies and the redox
characteristics of the material.
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