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Abstract
In this work, the impedance spectroscopy (IS) technique was used to aid in
understanding the reaction mechanism of the CO oxidation reaction using the
Pr2Zr2−xFexO7±δ (x = 0 and 0.10) mixed oxide as a heterogeneous catalyst. The
catalytic reaction occurred in the same temperature range where there was a
decrease in the overall resistivity of thematerials. Moreover, it has been observed
that within the temperature range where the catalytic process takes place, there
is a variation in the A and n parameters of the power law dispersion. Combining
IS with catalytic reactions offers a robust approach to enhance the understand-
ing of the mechanisms involved in the CO oxidation reaction. It enables precise
analysis of the changes that take place at the solid–gas interface, particularly the
generation of reactive oxygen species. Furthermore, it allows examining the rela-
tionship between the presence of oxygen vacancies and defects, which directly
impact the catalytic process.
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1 INTRODUCTION

Impedance spectroscopy (IS) is a widely used technique
for investigating the kinetics of electrochemical reactions
and the electrical properties of materials and their inter-
faces. As catalysis is predominantly influenced by surface

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
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effects, the IS technique is particularly useful for studying
phenomena occurring at the solid–gas interface and can
provide insights into themechanisms of catalytic reactions
by analyzing changes in total resistivity under different
atmospheric conditions. Thus, IS can be used to interpret
catalytic mechanisms by examining the mobility of charge
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carriers in bulk or interfacial regions, as well as the role of
oxygen vacancies in material conduction.1,2
The IS requiresmeasuring the sample over a range of fre-

quencies from 10 Hz to 10 MHz at different temperatures
in order to separate the different regions that contribute to
the overall sample resistance. The resistive (R) and capac-
itive (C) components of the impedance can be determined
by applying a voltage across the sample andmeasuring the
current response. Each region of the sample has different
relaxation times and time constants, τ, given by the prod-
uct of R and C (Equation 1). It is possible to separate the
regions of the sample on a frequency scale depending on
the relaxation time of each region in Equation (2)3–5:

𝜏 = 𝑅𝐶 (1)

𝜔max𝑅𝐶 = 1 (2)

where ωmax is the frequency of maximum loss and can be
expressed by the formula ωmax = 2πfmax.3
In a ceramic, most electrically distinct regions can

be characterized by different parallel RC elements. Each
parallel RC element corresponds to a semicircle in the
complex plane plots, Z*, and can be transformed into
three other complex formalisms: admittance (Y*), electric
modulus (M*), and permittivity (ε*).3,6 These formalisms
are interrelated by Z* = 1/Y*; M* = jωC0Z*; ε* = 1/M*;
Y* = jωC0ε*; where C0 is the vacuum capacitance of the
conductive cell. Each has real and imaginary components,
usually given byZ*=Z′—jZ″;M*=M′+ jM″; ε*= ε′—j ε″;
Y* = Y′ + jY″.7
Following these equations, the data can be represented

as either complex plane plots (also called Nyquist plot),
for example, Z″ versus Z′, or as spectroscopic plots of the
imaginary part of the Z″ andM″ versus log f.
In the representation of Z″ andM″ versus log f, a Debye

peak arises, which can be described by8,9

𝑍′′ = 𝑅

[
𝜔𝑅𝐶

1 + (𝜔𝑅𝐶)
2

]
(3)

𝑀′′ =
𝜀0
𝐶

[
𝜔𝑅𝐶

1 + (𝜔𝑅𝐶)
2

]
(4)

where 𝜀0 is the permittivity of free space,
8.854 × 10−14 F cm−1.
Asωmax corresponds to themaximumof the Debye peak

for each RC element in parallel, from Equations (3) and (4)
we can obtainM″max and Z″max8,9:

𝑍′′max =
𝑅

2
(5)

𝑀′′max =
ε0
2𝐶

(6)

Using the relationωmax = 2πfmax, we can combine Equa-
tions (2) and (6) and obtain the resistivity of an RC element
throughM"max:

𝑅 =
𝑀′′max
𝜋fmax

(7)

Thus, the magnitude of the resistivity and capacitance
of each element can be estimated using both M″max and
Z″max. However, it is not always possible to observe the
Debye peaks of each RC element in the spectra, as their
maxima may be outside the frequency range of the mea-
surement, but when such peaks are present, valuable
information about the electrical behavior of the material
can be obtained.8
Apart from spectroscopic representations of Z″/M″,

plots of log C′ versus log f can also provide direct infor-
mation about which region is being measured in a given
frequency interval. As capacitance is dependent mainly
on the thickness of the different regions of the material
(Equation 8), the magnitude of C′ [C′ ≡ ε′C0] can vary by
orders of magnitude from one region to another. For exam-
ple, the bulk of the material usually has values of around
10−12 F cm−1, whereas the grain boundary and the sample–
electrode interface have capacitance ranges of 10−11–10−9
and 10−6–10−5 F cm−1, respectively10:

𝐶 =
εA

𝑑
(8)

where ε is the absolute permittivity [ε′ ⋅ ε0] being ε0 the
permittivity of free space, 8.854 × 10−14 F cm−1, A is the
cross-sectional area of the region, and d is the thickness.
The IS technique has been utilized to analyze the regions

present in materials, including bulk and grain boundaries,
contributing to a better understanding of their electri-
cal behavior. Additionally, it has been employed to study
surface processes, such as catalytic reactions, adsorption
processes, and mass transfer. This technique provides
useful information for the application of these materi-
als as energy sources, coatings, sensors, and in other
applications.11–15
Despite being a powerful technique, few papers are

found aligning IS with the study of reaction kinetics and
mechanisms. For instance, it can be used in investigat-
ing methanol oxidation,16–18 membrane reactors,19–22 and
electrocatalytic processes like water splitting23 and CO
oxidation.24–26 Typically, in these studies, the electrical
properties of materials, such as conductivity, are merely
related to specific frequencies,24 without conducting a
detailed evaluation of the IS data. Consequently, valuable
information about the electrical behavior of the sample
during catalytic processes can be missing.25 To ensure a
comprehensive understanding of the electrical behavior
during these processes, a deeper analysis of IS data is
critical.
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Our work brings an approach to the use of the IS
technique to help explain the mechanism of the CO oxi-
dation reaction, using the Pr2Zr2−xFexO7±δ (x = 0 and
0.10) system as the reaction catalyst, where the catalytic
study was realized in a previous work.27 In this initial
study, it was demonstrated that the catalysts synthesized
by the solvothermal method were effective for CO oxida-
tion, making it possible to convert 100% of CO into CO2 at
temperatures below 350◦C. Moreover, by increasing the Fe
concentration in the sample, the catalysis was improved.
The main objective of the present work is to further

study the catalytic behavior that takes place inside the
reactor, providing valuable information about unknown
solid–gas interaction processes that occur on the sample
surface by using IS.

2 EXPERIMENTAL SECTION

The synthesis method, the materials’ characterizations,
and the catalytic performance are described elsewhere.27
In this work, two different nominal compositions were
studied, Pr2Zr2O7 and Pr2Zr1.9Fe0.1O6.95, and they are
referred to as PZ and PZF10, respectively. To perform the IS
measurements, the powders calcined at 1200◦C were uni-
axially pressed into 5 mm diameter, 1 mm thick pellets and
sintered at 1200◦C for 2 h.Opposite faces of the pelletswere
coated with electrodes made from platinum paste (Pt Ink
6082, Metalor), which was dried and decomposed by grad-
ual heating to 900◦C. Samples with the electrode attached
were placed in a conductivity jig and measured using an
Agilent 4294A analyzer over the frequency range of 40Hz–
13 MHz with an ac voltage of 0.1 V, in atmospheres of dry
N2, dry O2, dry CO, and dry N2:CO:O2 ratio of 23:1:1 (molar
basis) gas mixture. The impedance data were corrected for
overall pellet geometry.

3 RESULTS AND DISCUSSION

3.1 Electrical properties of the fresh
samples

To understand the electrical behavior of the compositions
prepared, the PZ and PZF10 samples were pressed into
pellets, sintered at 1200◦C, and covered with Pt paste to
perform IS measurements in the range of temperature
from room temperature to 400◦C. In Figure 1, we can see a
typical set of impedance measurements recorded in N2 dry
atmosphere represented in different formats for the two
samples analyzed.
The impedance complex plane plots (Figure 1A)

recorded in dry N2 at 300◦C show the presence of a single

semicircular arc. The total resistivity obtained from the
intercept of the arc with the Z′ axis is approximately
1000 kΩ cm for PZ. For the PZF10 sample, it is also
possible to notice a single symmetric arc, which intercepts
Z′ at 450 kΩ cm. The lower overall resistivity of PZF10 can
be explained by the increase in defect concentration due
to the presence of Fe as a dopant ion. It is noteworthy that
the introduction of Fe in substitution of Zr in the PZF10
results in a defect structure that comprises a complex
defect consisting of an oxygen vacancy at the corners
of two adjacent octahedra: one containing Fe and the
other containing Zr. This situation gives a polar complex
defect that depending on the iron oxidation state could be
represented such as Fe′-𝑉..

o . It is widely acknowledged in
the field of surface chemistry that this defect can act as
an active center for catalytic activity.28 Therefore, it is of
great interest to investigate possible correlations between
alterations in the electrical properties of this material and
its catalytic property.
Figure 1B,C shows that the Z″/M″ spectroscopic plots

exhibit a unique Debye peak in each spectrumwith almost
coincident maximum peak frequencies for both samples.
Therefore, being M″ the inverse of capacitance and more
sensitive to the grain response of a ceramicmaterial andZ″
is always dominated by the most resistive component, it is
possible to associate that the total resistivity of these sam-
ples is dominated by the bulk, and, in a first approximation,
these samples can be represented by a simple parallel
RC element, indicating that the synthesized materials are
electrically homogeneous.
C′ data obtained at 300◦C for the two compositions

are shown in Figure 1D. For PZF10, C′ data show two
dispersions at high and low frequencies with some evi-
dence of a limiting high-frequency plateau at 5 pF cm−1

and a poorly resolved intermediate plateau at approxi-
mately 8 pF cm−1 (values extracted from the figure). The
high-frequency plateau is attributed to the bulk capaci-
tance, whereas the capacitance value for the intermediate
plateau is smaller than expected for a grain boundary or
surface layer29 but represents an additional element with a
small volume fraction resistance that does not contribute
to the total resistance RT (= R1). This element is specu-
lated to represent the hopping of oxygen vacancies within
the dipoles and, therefore, leads to dipole reorientation,
but not long-range vacancy migration. It is noteworthy
that the dipole reorientation is an ac process that occurs
in parallel with the long-range dc conduction.30 On the
other hand, the PZ sample at this temperature does not
exhibit such a clear pattern, and only a single plateau is
visible, but a frequency dispersion is noticeable at low
frequencies.
Y′ versus log f plots for both samples at 300◦C are

shown in Figure 1E. Y′ data for the two samples show
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324 dos SANTOS VEIGA et al.

F IGURE 1 (A) Impedance complex plane plots of Z* at 300◦C for PZ and PZF10 samples in dry N2. Z″/M″ spectroscopic plots for (B) PZ
and (C) PZF10. (D) C′/log f spectroscopic plot recorded in dry N2 at 100 and 300◦C for PZ and PZF10. (E)Y′/ log f spectroscopic plot recorded
in dry N2 at 300◦C for PZ and PZF10. (F) The Arrhenius plot of overall conductivity for both samples in a dry N2 atmosphere.

a low-frequency plateau corresponding to the dc or
bulk conductivity, together with an additional high-
frequency power law dispersion, of a particular slope
n, when plotted on logarithmic scales, attributed in
this case to the Jonscher law behavior.31 The onset of a

power law response is seen for frequencies >104 Hz in
Figure 1E for both samples. As part of the same behavior,
C′ data showed the dispersion toward increasing C′
values at lower frequencies, below the high-frequency
plateau, where in this case, the slope will be n-1 in log
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scales.30 This is seen for frequencies over the range
104–106 Hz in Figure 1D. Therefore, both parameters
C′ and Y′ are frequency-dependent in both samples,
especially when the temperature is increased over a
limited frequency range. Note that the frequency-
independent range is usually observed at high frequencies
and low temperatures (see Figure 1D).
It is well known that dispersion corresponds to the

frequency/time domain region where local conduction
processes occur, but on a shorter timescale than lower fre-
quency dc processes. As the frequency in the dispersive
range increases, the conduction process is easier to detect,
and the measured ac conductivity increases. This disper-
sion region has been modelled using various empirical
functions, but Almond and coworkers32,33 demonstrated
that the power law dependence is a consequence of an
equivalent circuit that consists of a large resistor–capacitor
network and, therefore, involves the inclusion of a constant
phase element (CPE), in the equivalent circuits together
with the R and C in parallel, the admittance of which is
given by

𝑌 ∗ (CPE) = 𝐴𝜔𝑛 + 𝑗𝐵𝜔𝑛 = 𝑌′ + 𝑗𝑌′′ (9)

where 0 < n < 1 and B/A = tan nπ/2. For a CPE
element alone, a spectroscopic plot of Y′ versus ω on
logarithmic scales is linear, with a slope n and A value
equal to Y′ when ω = 1. The presence of a CPE in
a parallel RC element causes a change in the admit-
tance data, because admittances in parallel are additive,10
and therefore, for an R-CPE-C circuit, Y* is given by
Y* = R−1 + Aωn + j(Bωn + ωC), and Y′ has a limiting,
frequency-independent conductivity, given by R−1, at low
frequencies and on, log scales, a linear increase of slope n,
given by CPE, at high frequencies.
The inclusion of this CPE is also necessary due to the

shape of the Z″ and M″ peaks. This is clearly observed
in the M″ peak of Figure 1B,C, where this peak is Debye-
like at frequencies lower than the peak maximum but
broadened at higher frequencies.
From the impedance data, the overall sample resistivi-

ties were obtained from the intercepts of the arc on the
Z′ axis in the range 200–400◦C and are shown in the
Arrhenius plots as a function of the reciprocal temper-
ature in Figure 1F. A linear behavior is observed, with
activation energies around 0.55 and 0.58 eV for PZ and
PZF10, respectively. Over the entire temperature range,
the Fe-doped composition presented a higher conductiv-
ity. The conductivity at 400◦C in dry N2 was 4.27 × 10−6
and 1.14 × 10−5 S cm−1 for PZ and PZF10, respectively.
A more accurate data analysis of these behaviors will be

done later to fit the experimental data to possible equiv-

alent circuits. In this way, we will obtain an equivalent
circuit using various formalisms to prove that the adjust-
ment is correct, also obtaining the values of R, C, and CPE
for the different components.

3.2 IS measurements under different
atmospheres

In order to understand the electrical behavior of the
material in different atmospheres, an experiment was per-
formed where IS measurements were taken at a constant
temperature of 300◦C first in N2, then in O2, and finally in
CO. Examining the electrical response of the material in
inert, oxidizing, and reducing atmospheres enables a more
profound comprehension of the conduction mechanisms
presented by the prepared samples. All impedance mea-
surements were performed in dry atmospheres, and the
total resistivity was recorded after the stabilization of the
system at a constant resistivity value.
The effect of different atmospheres on the impedance

response is shown in Figure 2A,B for the impedance
complex plane plots of both samples at 300◦C, and in
Supporting Information for the different impedance for-
malisms, Figure S1. In all cases, only the bulk response
is observed, but, as it was appreciated in the measure-
ments under dry N2, a dispersion of the C′ and Y′ data
at low and high frequencies, respectively, was observed
in all atmospheres (see the Supporting Information sec-
tion). The overall resistivity values for both compositions
were highest in N2 and lowest in O2, as seen clearly in the
inset of Figure 2A,B. These figures also show the increase
in the total resistivity of both samples when measured
in the dry CO atmosphere. Due to the high resistivity
in CO, it is not possible to see the closing of the arc
in the complex plane plot for the two samples at this
temperature.
As the two samples showed variations in the resistiv-

ity when the pO2 is changed, it is possible to assume that
there is evidence of an electronic conduction mechanism
in both samples for the temperature range studied. Nev-
ertheless, the influence of ionic transport in this material
cannot be disregarded, which may also help in the cat-
alytic process. As seen in other pyrochlore structures,34–36
these materials can present mixed ionic–electronic con-
ductivity, depending on the conditions of the electrical
measurements.
In these samples, the lower resistivity in O2 can be

explained by the absorption of oxygen, decreasing the
number of electrons to form O2− ions and, thus, increas-
ing the number of holes (Equation 10). If the holes are the
charge carriers involved in the conductionmechanism, the
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326 dos SANTOS VEIGA et al.

F IGURE 2 Impedance complex plane plots, Z*, for (A) PZ and (B) PZF10 at 300◦C measured in dry N2, dry O2, and dry CO. Arrhenius
plot of overall conductivity for (C) PZ and (D) PZF10 in different dry atmospheres.

resistance of the sample will decrease, which is a typical
behavior of a p-type electronic conductor.37

1

2
O2 + 𝑉∙∙

o ↔ Ox
o + 2 ∙

h
(10)

Once the electrical measurements were carried out at
the constant temperature of 300◦C in different atmo-
spheres, the experiment was repeated but obtaining the
data as a function of temperature in the range of 100–450◦C
for the three atmospheres studied. As in the previous mea-
sures, the data were recorded first in N2, then in O2, and
finally inCO. From the impedance complex plane plots,Z*,
the total resistivity was obtained in each case, and the data
were represented in theArrhenius format, as can be seen in
Figure 2C,D. As before, the conductivity was higher in dry
O2, decreasing in dry N2 and in dry CO for both samples.
Analyzing the data obtained from the Arrhenius plots

for both samples, it is possible to notice a linear behavior in
all cases butwith different activation energies (Ea) depend-
ing on the atmosphere, being higher in O2 and lower in
N2 and CO. Thus, the lower activation energy observed in
dry N2 and CO together with the obtention of nonparallel

Arrhenius plots, suggests that the conduction mechanism
in each atmosphere is slightly different. Assuming that the
conductivity, σ, can be described by the product of carrier
concentration, n, electronic charge, e, and the mobility, μ,
(σ = neμ), in this case, as described in Equation (10), the
increase of conductivity under O2, leads to an increase of
the carrier concentration. Moreover, it is well known that
under specific conditions, like under O2, anionic species
such as superoxide or peroxide could be present in the
surface of the material, promoting the electronic conduc-
tion in the system and also increasing the conductivity of
the sample.38–40 Equilibria between various species can be
represented by the following equation:

O2(g) ↔ O2(ads) ↔ O−
2
↔ O2−

2
∕O− ↔ O2−

(surface)
↔ O2−

(bulk)

(11)

Reactions where oxygen species (O2
−, O2

2−/O−, O2−)
are formed involve electron transfer between oxygen
species that originate from the gas phase and electrons
from the sample. Thus, electrons are withdrawn from the
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dos SANTOS VEIGA et al. 327

near-surface sample lattice and are trapped at the sample
surface as increasingly reduced oxygen species. Usually,
the presence of these oxygen species has no direct influ-
ence on the overall bulk properties. However, if there are
displacements in the equilibria described in Equation (11),
resulting in changes in electron concentration, particu-
larly in insulating or poorly conductive materials (as is
the case with this material), it can lead to spontaneous
changes in sample conductivity.38–40 In CO atmosphere,
Pr4+ and Fe3+ ions are reduced to Pr3+ and Fe2+,41 decreas-
ing the number of charge carriers responsible for the
conduction of these materials, and also the equilibrium of
Equation (11) may be displaced in the reversible direction.
The enhanced conductivity of PZF10 in comparison to

PZ can be attributed to the introduction of the dopant,
Fe, into the structure. The presence of Fe generates addi-
tional holes in the valence band, leading to an increased
number of available charge carriers and consequently, a
higher electronic conductivity in the material. Further-
more, the dopant ions can induce defects in the crystal
lattice, such as oxygen vacancies, which further contribute
to the improved electrical conductivity. These defects cre-
ate localized electronic states within the band gap, serving
as trap sites for charge carriers and facilitating their move-
ment through the material. As a result, the combination
of additional charge carriers and defect-induced conduc-
tivity enhances the overall electrical properties of PZF10
compared to PZ. A more detailed study on the effect of
Fe as a dopant in the electrical properties of this system
is available elsewhere.41

3.3 IS measurements in an N2:CO:O2 gas
mixture

In previously published studies carried out with these
materials,27 a good catalytic activity was observed for the
CO oxidation reactions. The catalytic findings for this
process revealed that higher Fe concentration led to an
enhancement in catalytic activity. Additionally, the reac-
tion occurred within a narrow temperature range as the
concentration of Fe increased. Notably, a complete conver-
sion of CO–CO2 was achieved at 341◦C for PZ composition
and at 257◦C for PZF10 composition.
In order to simulate the CO oxidation reaction and fol-

low it by IS measurements, a mixture of N2:CO:O2 with
a molar ratio of 23:1:1 was prepared. Impedance mea-
surements were then carried out while increasing the
temperature from 200 to 400◦C. After the measurements
were completed, the impedance data were analyzed to
obtain the equivalent circuit for each case. Figure 3 shows
a selection of the impedance data at various temperatures,
along with the corresponding fitting.

In the temperature range and atmospheres studied,
the impedance data are always dominated by the bulk
response of the sample. The complex plane plot (a and b)
shows a single undistorted semicircle with almost Debye-
like overlapping peaks in the Z″/M″ spectra (c and d),
indicating that the sample is electrically homogeneous and
contains essentially one electrical component. As previ-
ously observed, a dispersion of the C′ and Y′ data at low
and high frequencies, respectively, was noticed in these
measurements. For the PZF10 sample, a poorly resolved
plateau was observed at the highest temperatures, with a
capacitance value of approximately 8 pF cm−1 at 300◦C. In
a first approximation, this could be associatedwith a dipole
relaxation process.30,42
After extracting the impedance data, the analysis was

performed by fitting the data to find the most appropriate
equivalent circuit to represent the data sets. All formalisms
of impedance were used, including log Y′ versus log f plots
and logC′ versus log f, to decide the best equivalent circuit.
The log Y′ versus log f plots provided information about

the conductive element and highlighted the presence of a
high-frequency power law dispersion, which was modeled
using the bulk CPE.
On the other hand, information about the capacitive

elements was extracted from the log C′ versus log f plots,
which allowed the observation of the poorly resolved
plateau at the highest temperatures associated with a
dielectric element in the PZF10 sample. This was consid-
ered in the equivalent circuit of this sample, including a C
and R in series (C2–R2).
Therefore, to obtain a good quality fit of the experimen-

tal data in all the spectroscopic plots using the equivalent
circuits, it was necessary to use only a combination of R1-
CPE1-C1 for the PZ sample, whereas, for the PZF10 sample,
the inclusion of the R2–C2 element was necessary to have
a good fitting due to the appearance of a poorly resolved
plateau.
From the fittings made, different values of R and Cwere

obtained in each case, as well as the A and n parameters
of the CPE. Table S1 summarizes the data obtained for the
two samples at different temperatures.
To relate the data obtained from the IS and the

CO conversion results published previously, the resis-
tance values, R1, obtained from the fitting were repre-
sented against temperature together with the CO con-
version results in %27 for the two samples studied
(Figure 4A,B).
The data obtained for the PZ sample, represented

in Figure 4A, show a pronounced change in the total
resistivity of about an order of magnitude in the temper-
ature range from 280 to 300◦C, which coincides with the
beginning of the catalytic process. As the temperature
increases, the resistivity continues to slightly decrease, and
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328 dos SANTOS VEIGA et al.

F IGURE 3 Experimental data and fits to the equivalent circuits (inset of figures) for impedance complex plane plots, Z* (a and b), and
spectroscopic plots of (c and d) Z″/M″, (e and f) C′ and, (f and g) Y′ at different temperatures; ω = 2πf.
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dos SANTOS VEIGA et al. 329

F IGURE 4 (a and b) Evolution of the bulk resistivity, R1, under dry N2:CO:O2 (23:1:1) atmosphere and CO conversion in % as a function
of temperature. (c and d) Fitted parameters A1 and n of CPE1, and C1 for PZ and PZF10 samples.

the CO oxidation reaction is completed at an approximate
temperature of 340◦C.
For the PZF10 sample (Figure 4B), there is a dras-

tic decrease in the resistivity in the temperature range
of 240–260◦C. Analyzing the results of CO conversion
together with the IS measurements, it is interesting to
point out that the most pronounced moment of the oxi-
dation reaction occurs in the same temperature range in
which there is a decrease in the resistivity of the material.
These results suggest a possible connection between the
change in resistivity and the CO conversion. In a previous
work,25 employing CeO2 as a catalyst, a similar correlation
between the temperature of CO oxidation and a decrease
in resistivity was observed at a fixed temperature (450◦C)
over time. In the present study on pyrochlores, the depen-
dence of the CO oxidation and the electrical properties
was investigated as the temperature increased, providing
more in-depth IS data. Such information can contribute to
the interpretation of the catalytic reaction process using

these materials, particularly when evaluating the impact
of incorporating a dopant into the crystalline structure.
For the composition PZ, a mixture of Pr3+ and Pr4+

species is expected after the calcination process.41 During
the catalytic reaction, where both O2 and CO are present,
first, there is an adsorption of oxygen on the grain sur-
face of the catalyst, which is justified by the decrease in
resistivity, as this system behaves as a p-type semiconduc-
tor in the selected temperature range. The CO molecules
react with the oxygen species located in low-coordinated
sites on the catalyst grain surface to form CO2. At the same
time, similar to the case of CeO2,43–45 CO2 could oxidize
Pr3+ to Pr+4, which increases the number of charge carri-
ers (holes) and decreases the overall resistivity, as shown
in Figure 4A. Furthermore, under a more oxidizing atmo-
sphere, such as CO2/O2, the presence of oxygen reactive
species on the surface of the material, such as superoxide
or peroxide (Equation 11), can also promote a decrease in
resistivity.
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330 dos SANTOS VEIGA et al.

In addition to a mixture of Pr3+ and Pr4+ ions, in the
PZF10 sample, there is also a mixture of Fe3+ and Fe2+
species. As seen in the IS measurements (Section 3.1),
the lower resistivity of this sample in comparison to the
PZ is due to the substitution of Zr4+ by Fe3+, generating
structural defects. These structural defects cause a charge
deficiency in the material, facilitating the entry of oxygen
on the subsurface lattice. This behavior was confirmed in
the previous work27 by XPS, where the results showed that
the PZF10 fresh sample (before reaction) had a higher con-
centration of oxygen species in the lattice in comparison
with the oxygen species present in the surface.
The sudden change in resistivity of the PZF10 sam-

ple in the temperature range from 240 to 260◦C shown
in Figure 4B is possibly due to different factors. First, a
lower initial oxygen concentration is adsorbed; thus, more
active sites at the beginning of the reaction. On the other
hand, there are also more species susceptible to suffer
oxidation/reduction, due to the higher concentration of
Pr4+ and also the presence of Fe3+. Another factor that is
present in this whole process is the charge deficiency of
the material, which facilitates the exchange of oxygen in
the solid–gas interface, as the energy cost to create a vacant
center near a low-valence dopant is lower than that on the
undoped surface.46 At the same time, the PZF10 sample
may present more reactive oxygen species, when the CO
is oxidized to CO2, increasing the pO2. All these factors
lead the PZF10 sample to show catalytic activity in a lower
temperature range than the PZ sample.
An important result, which to our knowledge has never

been reported, and that can help identify the tempera-
ture range in which redox processes occur in the material,
leading to the catalysis of the reaction, is the observa-
tion of the parameters of power law dispersion from the
impedance spectroscopic plots. This dispersion, as indi-
cated above, is extracted by obtaining the data from a fit
that includes a CPE1 in the equivalent circuit and cor-
responds to regions where the local conduction process
occurs; therefore, this could be more affected when the
number of defects is greater. Figure 4C,D shows the val-
ues of A and n, as well as the bulk capacity, obtained from
the adjustment of the impedance data (Table S1), as a func-
tion of temperature. As observed for the PZF10 sample,
the highest value of n and the lowest value for A were
obtained at the temperature where the catalytic process
reached the higher percent of conversion, increasing or
decreasing until this point. At this point, the resistivity for
this sample also decreased by two orders of magnitude.
This effect is less pronounced in the PZ sample, where the
number of defects is lower, and the resistivity change is
also less. It is important to note that the capacitance of
the bulk remains constant across all temperature ranges
studied.

So, the better catalytic activity of the PZF10 sample is a
set of factors, going from the electronic deficiency caused
by the incorporation of Fe in the structure, which leads to
a higher number of oxygen vacancies and a better oxygen
exchange at the solid–gas interface, as well as the redox
behavior of Pr/Fe and oxygen species. The Fe′-𝑉..

o defect
complex present in the PZF10 sample acts as an active
site for the adsorption of gas-phase species, including O2
and CO. This process leads to the formation of intermedi-
ates, as described in Equation (11). The formation of these
species involves electron transfer, originating from both
Pr and Fe in the lattice, as well as from the adsorption
of CO molecules. As a result, increasing the concentra-
tion of these active species enhances the catalytic activity
of the PZF10 sample. As demonstrated in previous studies
involving different types of materials found in the litera-
ture, these factors play a crucial role in the oxidation of
CO.47–51
Figure 5 represents the overall process, from the influ-

ence of Fe substitution on the Zr site in the pyrochlore
structure and the electrical response of the sample at dif-
ferent pO2 (Figure 5A) to the behavior of the material as a
catalyst for the CO oxidation reaction (Figure 5B).
Therefore, this work demonstrates that combining IS

with catalytic reactions provides a robust approach to
comprehensively understand the mechanism involved in
catalysis and enables a precise analysis of changes that
occur in the solid–gas interface. The identification of dif-
ferent parameters obtained from impedance data analysis
not only helps to understand the catalytic processes of
the studied materials but also any similar materials. This
approach offers an improvement in the understanding of
catalytic reactions and opens up new possibilities for their
optimization and design.

4 CONCLUSION

This study investigated the catalytic behavior of Pr2Zr2O7
and Pr2Zr1.9Fe0.1O6.95 (referred to as PZ and PZF10) nomi-
nal compositions using IS. The measurements in different
atmospheres showed that both samples exhibited a p-type
conduction mechanism, with higher conductivity in dry
O2 and decreasing conductivity in dry N2 and dry CO.
To simulate theCOoxidation reaction, ISmeasurements

were carried out in a dryN2:CO:O2 (23:1:1molar basis)mix-
ture, and the data were fitted using the most appropriate
equivalent circuit to represent the data sets. The resistance
values obtained from the fitting for the PZ sample showed
a gradual decrease in total resistivity as the temperature
increased in the range from 280 to 360◦C. For the PZF10
sample, there was a more pronounced decrease in resistiv-
ity in the temperature range of 240–260◦C.Upon analyzing
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dos SANTOS VEIGA et al. 331

F IGURE 5 (A) Structural representation of the Fe substitution on the Zr site in the pyrochlore structure and the effect of different pO2

on the electrical response of the system. (B) Scheme of the material behavior as a heterogeneous catalyst for the CO oxidation reaction and the
change of the electrical response. Source: Created with BioRender.com.

theCOconversion results alongwith the ISmeasurements,
it is noteworthy that the catalysis of the reaction occurred
in the same temperature range where there was a decrease
in material resistivity.
Moreover, an important previously unreported finding

is that it is possible to identify the temperature range
where the catalysis occurs by examining the parameters
of power law dispersion derived from impedance spectro-
scopic plots. This range, where a change in the A and
n parameters is observed, coincides with the maximum
moment of the catalytic process for CO oxidation, partic-
ularly in the case of the PZF10 sample. The calculated
values of the power law dispersion, which are represented
by CPE1 in the equivalent circuit, could be directly related
to the increase in the number of defects in the structure.
These values were obtained for both samples and showed
dependence on temperature. The values ofA and n showed
the highest variation in the temperature range of the CO
oxidation reaction for sample PZF10, which has a higher
number of defects.
Based on the data collected by the IS measurements,

the catalytic reaction mechanism can be explained as
follows: For the PZ composition, during the reaction,

oxygen molecules are adsorbed on the grain surface of
the catalyst, which is evident from the decrease in resis-
tivity, as this system acts as a p-type semiconductor.
Subsequently, CO molecules react with the reactive oxy-
gen species, such as superoxide or peroxide, which are
located at the low-coordinated sites on the catalyst’s sur-
face, to form CO2. At the same time, the newly generated
CO2 can oxidize Pr3+ to Pr+4, which increases the num-
ber of charge carriers (holes) and contributes to the
reduction in overall resistivity. In the case of the PZF10
sample, the sudden change in resistivity in the temper-
ature range from 240 to 260◦C is possibly due to more
active sites at the beginning of the reaction, more species
susceptible to suffer oxidation/reduction and higher num-
ber of oxygen vacancies in comparison with the PZ
sample.
These results demonstrate that combining IS with

catalytic reactions provides a robust approach to compre-
hensively understand the mechanism involved in catalysis
and enables a precise analysis of changes that occur in
the solid–gas interface. The identification of different
parameters obtained from impedance data analysis not
only helps to understand the catalytic processes of the
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studied materials but is also an interesting tool for the
study of other heterogeneous catalysts.
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