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Abstract: Electrochemical impedance spectroscopy technique has 

been widely used to analyze the electrical properties of a large 

number of materials. In this study, the electrical properties of CeO2 

pellets under CO oxidation conditions have been analyzed by 

electrochemical impedance spectroscopy. CeO2 pellets have been 

prepared by a conventional precipitation method and sintered at low 

temperature to satisfy a compromise between large surface area and 

a high relative density of the pellet. The electrical properties of CeO2 

have been investigated under different atmosphere conditions such 

as N2, O2, CO, CO2, or selected combinations. The electrical 

sensitivity of CeO2 to the surrounding atmosphere allows to follow the 

catalytic reaction as a function of the CO:O2 ratio and temperature. 

The appropriate analysis of the electrical response by electrochemical 

impedance spectroscopy could open a new insight to monitor the 

catalytic response and behavior of any catalyst. 

Introduction 

CeO2 or ceria is a well know material exhibiting oxide-ion and 

electron conduction over a wide range of temperatures[1–4]. 

Therefore, ceria and ceria-based materials are a very versatile 

family of oxides which have a wide range of applications in a large 

variety of fields, such in sensors[5–7], solid-oxide fuel cells 

(SOFC)[8–10], lithium-ion batteries[11–13], photoelectrochemistry and 

solar cells[14,15], catalysis[16,17] and other energy-related 

applications[18,19]. The widespread applications of ceria-based 

materials are determined by the characteristic electronic 

configuration of cerium and the high stability of its two valence 

states, Ce4+ and Ce3+. The transformation between the two 

oxidation states determines the capacity of cerium oxide to 

release or adsorb oxygen. According to the Kröger-Vink notation 

the loss of oxygen and the reduction of Ce4+ to Ce3+ is 

accompanied by the formation of oxygen vacancies, equation 1: 

2𝐶𝑒𝐶𝑒 + 𝑂𝑂 → 𝑉𝑂
·· + 2𝐶𝑒𝐶𝑒

′ + 1 2⁄ 𝑂2    (1) 

The role of oxygen vacancies in the fluorite structure of CeO2 is 

one of the most important characteristics to achieve high catalytic 

performance in oxidation reactions. In this sense, in order to in-

depth investigate the capacity of ceria to gain and lose oxygen, 

one of the main catalytic reactions that has been widely 

investigated is the oxidation of CO. Extensive studies have been 

dedicated to determine the effects of the structure[20,21], 

morphology[22–24], dopants[25] or supported metals[26–28] on the 

catalytic oxidation of CO by ceria. Over the last decade, great 

interest in understanding the outstanding properties of ceria and 

ceria-based materials has resulted in a development and use of a 

large diversity of characterization techniques. The most common 

being transmission electron microscopy (TEM) to determine the 

morphology, size and facets exposed; X-ray diffraction and 

Raman spectroscopy to analyze the structure and determine the 

presence of oxygen vacancies; nitrogen adsorption/desorption to 

determine the surface area and pore size distributions, 

temperature-programmed reduction/oxidation to study the redox 

characteristics and determine oxygen storage capacity (OSC) 

and X-ray photoelectron spectroscopy (XPS) to study the surface 

chemical characteristics, among others. Depending on the 

application of ceria, more specific techniques such as electron 

paramagnetic resonance (EPR), cyclic voltammetry (CV), 

ultraviolet photoelectron spectroscopy (UPS) or electrochemical 

impedance spectroscopy (EIS) can also be used. EIS is 

particularly useful to study the electrical and functional properties 

of different materials[29–31]. EIS is a powerful technique that can 

provide further information on the redox processes occurring at 

the solid-gas interface surface[32,33]. Therefore, the use of EIS in 

heterogeneous catalysis could elucidate which redox processes 

govern the chemical reactions and give a definite answer to some 

of the unknown processes occurring during the solid-gas 

interactions. 

However, the combination of EIS or the analysis of the evolution 

of the resistance and catalytic tests is rarely seen and only a few 

examples can be found in the literature[34–38]. This is closely 

related to the fact that different conditions are required for 

measurements of the electrical properties and the catalytic activity. 

On one side, for heterogeneous catalytic measurements, samples 

are usually in the form of powder in order to promote a larger 

surface contact between the sample and the surrounding gases. 

On the other side, in order to measure accurately the electrical 

properties with EIS, samples are commonly in the form of dense 

ceramics (>80% relative density) to avoid any distortion on the 
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measurement. Therefore, measuring the catalytic performance 

and the electrical properties of a material at the same time 

presents a great challenge and some considerations must be 

taken. However, the electrical properties studied in operando 

conditions on catalysts, so far, are mainly focused on the analysis 

of the electrical resistance of the catalyst and only at one 

frequency, moreover, the catalyst was in the form of powder [35]. 

The use of only one frequency to measure the resistance of the 

catalyst can lead to a misinterpretation of the result. As it is 

extendedly explained in the supplementary information file and in 
[39], the use of EIS implies measuring the sample at a wide range 

of frequencies at different temperatures in order to separate the 

influence of the different regions that contribute to the overall 

resistance of the sample. The different regions whose 

characteristic relaxation time constant, τ, is given by the product 

of R (resistance) and C (capacitance) satisfying equations 2 and 

3. 

𝜏 = 𝑅𝐶          (2) 

𝜔𝑚𝑎𝑥𝑅𝐶 = 1        (3) 

In the frequency regime, RC elements are separable due to the 

relaxation shown in equation 3 which holds at the frequency 

maximum loss, 𝜔𝑚𝑎𝑥, in the impedance spectrum, where 𝜔𝑚𝑎𝑥 =

2𝜋𝑓𝑚𝑎𝑥 and 𝑓𝑚𝑎𝑥 is the frequency corresponding to the maximum 

of the an impedance arc (see the supplementary information file). 

Consequently, when determining the resistance of the sample at 

one single frequency at different temperatures the obtained 

resistance values give no information of the region that is 

contributing to the resistance. Furthermore, up to date, the 

acquisition of the catalyst resistance has been made in the form 

of powder [35,36], which may lead to errors in the measurement due 

to possible movement or reorganization of the powder when 

heating or due to the gas flow. Again, no information concerning 

different regions that contribute to the global resistance can be 

extracted. Hence, the use of relatively dense samples is required 

to extract further and trustable data on electrical properties from 

the EIS data. 

The objectives of the present work are to (1) obtain impedance 

data on pure CeO2 under different atmosphere and catalytic 

conditions, (2) find the most appropriate equivalent circuit to 

model the impedance data, (3) extract values of the various 

equivalent circuits parameters as a function of temperature and 

catalytic conditions and (4) monitor the catalytic response by EIS. 

Results and Discussion 

Impedance data for CeO2 measured in dry N2 at 450 °C are shown 

in Figure 1 as (a) a Z* complex plane plot and (b) C’, (c) Y’ and (d) 

Z’’/M’’ spectroscopic plots. At this temperature the impedance 

data are dominated by the sample response while the sample-

electrode contact impedances start to appear at lower 

frequencies or at higher temperatures. The complex plane plot (a) 

shows a semicircle at high frequency (inset) and a partial 

semicircle at lower frequencies which can be attributed to bulk 

and grain boundary, respectively. The resistivity values of the bulk, 

Rb, can be obtained from the intercept of the arc on Z’ axis, 

however, the resistivity values of the grain boundary, Rgb, can only 

be obtained at higher temperatures. It is worth mentioning that a 

direct extraction of the resistance from the intercept on Z’ axis 

may lead to large errors, especially at high temperatures. The 

different regions that contribute to the total resistance of the 

sample may not correspond to a perfect semicircle, the relaxation 

time constants of the different regions may overlap or simply may 

not be evident[39]. Z* plots on linear scales give undue weighting 

to the largest resistances in a sample and effectively, exclude 

from view any low resistance components such as those 

associated to inhomogenous samples that may have conductive 

grain cores but resistive grain boundaries. Therefore, it is 

important to determine the resistance of a region or the total 

resistance of the by modelling the impedance response to an 

equivalent circuit[40]. 

Figure 1: Impedance spectra for CeO2 measured at 450 °C. (a) Experimental 

data shown for impedance complex plane plot; the frequencies of some data 

point are indicated. (b) C’ spectroscopic plot, (c) Y’ spectroscopic plot and (d) 

Z’’/M’’ spectroscopic plots. 

The plot of log C’/log f  Figure 1(b) for the same data shows 

evidence for a high frequency plateau of magnitude ~2 pFcm-1 

which corresponds to the values of the bulk permittivity, εb of ~23, 

given by 𝜀𝑏 = 𝐶′ 𝜀0⁄  where 𝜀0  is the permittivity of free space, 

8.854  × 10-14 Fcm-1. At lower frequencies, C’ values increase with 

evidence of a second plateau at ~600 pFcm-1 which represents 

the grain boundary capacitance. The Z’’/M’’ spectroscopic plots 

(d) show one main peak for M’’ at high frequencies which 

coincides with a Z’’ peak, which is an indicator of the electrical 

homogeneity of the sample. At lower frequencies a prominent 

high peak for Z’’ is observed, however the corresponding M’’ peak 

is not seen. The peak maximum of an ideal, Debye-like M’’ peak 

is inversely proportional to the capacitance of the R-C element 

responsible for the peak; 𝑀𝑚𝑎𝑥
′′ = 𝐶0/2𝐶 , where 𝐶0  is the 

capacitance of the empty jig introduced above. Therefore, since 

the smallest capacitance usually represents the bulk component, 

the M’’ and Z’’ peaks observed at high frequencies enable 

assignment of these peaks to the bulk. On representing the log 

Y’/log f spectroscopic plot (c), the data shows slight dispersion at 

high frequencies with a frequency dependent power law 

dispersion. The data also give an indication of existence of 

another plateau at low frequencies. 

In order to further interpret the obtained results, data were fitted 

to possible equivalent circuits at different temperatures, from 
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300 °C to 700 °C at every 50 °C and at different atmospheres, 

Figures S1-S3 and table S1. The first step to fit impedance data 

is to establish the equivalent circuit at low temperature, where 

only the bulk response is detected. The second stage is to find 

the appropriate equivalent circuit to data obtained at higher 

temperatures where other features appear and therefore, 

additional elements are required.  

The effect of different atmospheres on the impedance response 

is shown in Figure 2. Even though at 400 °C only the bulk 

response is observed, impedance data show significant 

differences as a function of the atmosphere. As expected CeO2 

shows n-type conductivity, i.e. under N2 or reducing atmospheres 

(CO) the bulk resistivity decreases and under oxidizing conditions 

the bulk resistivity increases, Figure 2a. Changes in conductivity 

in reducing atmospheres are known to be a consequence of 

extrinsic electronic conduction in materials because of loss of 

oxygen, which leads to changes in the carrier concentration of 

electrons and the creation of oxygen vacancies. The mechanism 

can be easily described using the Kröger-Vink notation, equation 

4: 

𝑂𝑂
𝑥 → 1 2⁄ 𝑂2 + 𝑉𝑂

∙∙+2𝑒′       (4) 

For thermodynamic reasons, carbon dioxide can be considered 

as an inert gas at low temperature and therefore a decrease of 

the bulk resistivity should be expected. Conversely, the bulk 

resistivity under CO2 increases and it is ever larger than under 

pure O2.  

Figure 2: (a) Impedance complex plane plots and (b) C’ spectroscopic plots at 

400 °C as a function of the atmosphere. (c) Arrhenius plots for bulk conductivity 

(σb) as a function of the atmosphere. 

 

Recently, it has been shown that CO2 can act as a soft oxidant, 

oxidizing Ce3+ to Ce4+[41–43]. Although the oxidizing power of 

carbon dioxide is lower than that of pure oxygen, it is faster than 

the diffusional migration of oxygen from the bulk[41]. Moreover, 

DFT calculations have corroborated the basic character of the 

CeO2 surface by the observation of a charge transfer of 0.46 e- 

from ceria to the monodentate CO2 adsorbed species[44]. 

Additionally, it has been shown that under specific conditions, like 

under pure O2 atmosphere, anionic species such as superoxide 

or peroxide are present in the surface of CeO2 and other oxides 

which may contribute to promote electronic conduction and 

therefore, a decrease of the resistivity [45–49]. The activation 

energies extracted from the Arrhenius plots of CeO2, where 

σb=1/Rb obtained from the bulk resistance in Z* plots, show slight 

differences as a function of the atmosphere, Figure 2c.  

The activation energies of data recorded under CO2 or O2 are 

higher than those measured under N2 or CO. The later must 

contain a contribution of both electronic and ionic conductivities. 

From the non-parallel Arrhenius plots together with the lower 

activation energy (~0.1 eV) observed in N2 atmosphere it can be 

deduced that the conduction mechanisms operating at different 

atmospheres may be slightly different. This is because 

conductivity, σ, is given by the product of carrier concentration, n, 

electronic charge, e and mobility, µ, i.e. σ=neµ. Therefore, as 

described in equation 4, the increase of resistivity under O2 and 

CO2, oxidizing atmospheres, can be explained in terms of a 

decrease of the carrier concentration, electrons and oxygen 

vacancies, and a change in the conduction mechanism. However, 

the data in CO2 or O2 may also contain small electronic 

component. We have not performed exhaustive analysis of the 

electronic transport number in CeO2 as a function of the 

atmosphere or temperature that would allow to better understand 

the contribution of each conduction mechanism to the electrical 

response of the material. Unlike the differences observed in the 

Z* complex plane plot, the C’ plot does not show significant 

differences as a function of the atmosphere (Figure 2b). 

The catalytic performance of the CeO2 pellets was analyzed in 

terms of CO oxidation. Figure 3 shows the CO conversion of the 

CeO2 pellets used in EIS measurements and of the empty reactor 

(blank run), for comparison.  

Figure 3: Catalytic performance of CO oxidation, conversion over CeO2 pellet 

and over an empty reactor (blank). 

 

Results show a 100% conversion of CO to CO2 at 450 °C and a 

temperature of half conversion (T50) of CO at around 350 °C. It 

should be noted that at this temperature, the CO conversion of 

the blank run achieves less than 5%, therefore the main 

contribution to the catalytic oxidation of CO is the CeO2. Moreover, 

it is important to mention that typically the catalytic performance 

of any material is analyzed using powdered samples which are, 
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generally, nanometric[23,27]. When using pellets, the surface 

exposed to the gases is much lower than the surface exposed 

using powders in the nanosize. Hence, the obtained results using 

pellets differ by a shift in temperature of 50-100 °C compared with 

the results of CeO2 nanopowder depending on their size and 

morphology [26]. 

It is common when analyzing the catalytic performance of a 

catalyst to collect data after reaching a steady state; this is 

necessary because the temperature of the catalyst needs to 

stabilize. This effect can be monitored with impedance 

spectroscopy as can be seen in Figure 4. The reactor prepared 

for impedance analysis was set to static mode at 450 °C, i.e. the 

reactor was firstly purged with a gas mixture of CO:O2 = 1:1 and 

then properly closed (~1 atm) to obtain a static atmosphere. The 

impedance of the sample was monitored as a function of time. As 

the reactor chamber is closed, the CeO2 catalyst oxidizes CO and 

therefore, the impedance of the sample changes. At first stages, 

the reducing conditions are more evident, the concentration of CO 

is high, and the resistivity of the bulk is rather low. However, as 

the chamber mixture evolves and the concentration of CO 

decreases by increasing the concentration of CO2, the bulk 

resistivity increases reaching a steady state after ~30 min. No 

further evolution of the resistivity is observed during observations 

for a period of up to 90 min. It is important to mention that the 

stabilization time of a nanopowder sample could be shorter due 

to the larger superficial area of the catalyst. The resistivity values 

do not reach the values obtained under pure CO2 even if the 

conversion is ~100% as the initial mixture had an excess of 

oxygen. Therefore, the resistivity values at the steady state are 

between the resistivity values of pure CO2 and O2. The sensitivity 

of the sample and its impedance to the surrounding atmosphere 

is evident, the resistivity values reached at the steady state are 

closer to the resistivity values under pure CO2, as the final 

atmosphere is richer in CO2 than in O2. 

 

Figure 4: Evolution of Rb as a function of the atmosphere and time in static 

mode at 450 °C. 

The sensitivity of the sample to the surrounding atmosphere 

allows to follow the catalytic reaction as a function of the CO:O2 

ratio. Figure 5 shows the evolution of the CO conversion and the 

evolution of the CeO2 bulk resistivity as a function of the CO:O2 

ratio at 450 °C. For comparison purposes the resistivity of the 

sample under pure CO2 (100%) and pure O2 (100%) are also 

shown. 

The bulk resistivity and the CO conversion show the same 

tendency. The conversion of CO increases when the CO/O2 ratio 

is ≤ 1 and shows a maximum of ~100% at a CO/O2 ratio of 1. In 

this region all the CO is consumed and the only product of the 

reaction is CO2 together with an excess of O2. The bulk resistivity 

shows exactly the same evolution; it increases up to a maximum 

which coincides with the maximum of conversion. As the 

surrounding atmosphere is mainly CO2 and O2, the resistivity of 

CeO2 remains close to the resistivity values when the impedance 

is measured under pure CO2.  When the CO/O2 ratio is >1, as 

expected, the CO conversion drops drastically as there is an 

excess of CO and the whole O2 is consumed. The same trend is 

observed in sample’s bulk impedance behavior, namely a drastic 

decrease of the resistivity is observed.  

Figure 5: Evolution of Rb and conversion over CeO2 pellet as a function of the 

CO:O2 ratio at 450 °C. The resistivity of the sample under 100% CO2 and 100 

O2 are also shown as half white/blue triangle and half red/white circle, 

respectively. 

Conclusion 

In summary, ceria polycrystals in the form of dense pellets have 

been deeply analyzed by impedance spectroscopy technique 

under catalytic CO oxidation conditions. The prepared ceramics 

show a typical impedance response with a homogenous electrical 

behavior under different atmospheres. Results show that CeO2 is 

very sensitive to the surrounding atmosphere and its n-type 

conductivity is confirmed. Moreover, even though the catalyst 

response of ceria was analyzed in the form of pellets of a density 

~80 %, the catalytic response of the ceramic is comparable to the 

catalytic response of ceria nanopowder. The most interesting 

aspect of this study is that the catalytic performance of ceria can 

be easily followed by impedance spectroscopy, namely the 

conversion of CO could be determined from the bulk resistivity 

within a simple impedance analysis. Most importantly, combining 

catalytic tests and electrochemical impedance spectroscopy 

represents a novel and powerful approach to infer on the transport 

properties of ceria and/or modified ceria under reaction conditions, 

which may allow a better understanding of the mechanisms 

involved. These results open the possibility to use this technique 
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in new applications and also to further study other catalytic 

materials. 

Experimental Section 

Nanopolycrystalline CeO2 was prepared by conventional precipitation 

method. A 40 ml 26% ammonia (NH3) solution was added dropwise to a 

300 ml solution of 12.6 g of cerium nitrate (Ce(NO3)3·6H2O, Alfa Aesar) 

under vigorous stirring, reaching a pH value of ~9. The formed precipitate 

was filtered and washed with distilled water until a neutral pH was reached. 

The powder was dried at 100 °C overnight and calcined at 450 °C for 4 h. 

In order to obtain pellets with a relative density of ~80%, the calcined 

powders were mixed with a 5 wt% of polyvinyl alcohol (PVA) as a binder 

and pressed into disks of ~10 mm diameter and ~1 mm thickness using a 

uniaxial hydraulic press under a pressure of 400 MPa. The green pellets 

were treated at 500 °C for 4h to remove the binder and densify. The final 

weight of the samples was ~0.4 g and their relative density was of ~80%. 

Phase purity was examined at room temperature by X-ray diffraction 

(XRD) on crushed samples using a Bruker D8 advance system with Cu Kα 

radiation (45 kV, 35 mA) in a Bragg-Brentano geometry (not shown).  

For electrical property measurements, gold electrodes were partially 

sputtered on both sides of the pellets. The samples were placed in a jig 

with two-electrode configuration in an in-house furnace which allows to 

control the atmosphere of the reactor chamber. Measurements were made 

with an impedance analyzer, HP4192A, in the frequency range 5 Hz-3 

MHz, the nominal ac voltage used was 100 mV and no dc voltage was 

applied during the impedance measurements. Samples were analyzed 

under static or dynamic dried atmospheres of O2 (99.999%), N2 (99.999%), 

CO2 (99.999%), CO (99.9%) or combination of CO:O2 with a total flowrate 

of 30 ml/min from room temperature to 700 °C. At each temperature, the 

system was allowed to equilibrate for 1 h, prior to impedance 

measurements. Impedance data were corrected for sample geometry and 

electrode contact area; this allowed resistance and capacitance to be 

reported in resistivity and permittivity units of Ω cm and F cm-1, respectively. 

Open circuit measurements of an empty jig were used to obtain the blank 

parallel capacitance, 𝐶0, of the jig and leads, which was subtracted from 

the values obtained with a sample present in the jig. In order to obtain the 

𝐶0 value, the jig was assembled with electrodes of similar dimension, but 

without a sample in place. Closed circuit measurements were obtained by 

connecting the two electrodes directly and used to correct for the series jig 

resistance. Corrected data were analyzed and modelled using Zview 

(Scriber Associates Inc.) software. Details of the impedance analysis can 

be found extendedly in the literature [39,50–53]. For the sake of convenience, 

we have added a brief introduction to EIS and to the analysis of EIS data 

in the supplementary information file. 

The catalytic tests of CO oxidation were performed over the same partially 

Au covered samples used in EIS, for statistical reason three different 

samples were tested. The catalytic tests were performed from room 

temperature up to 600 °C by increasing the reactor temperature in steps 

of 20 °C, until steady state was reached. A total flowrate of 30 ml/min was 

used. A gas chromatograph (Micro GC Agilent 3000A) equipped with MS 

5Å, Plot U and Stabilwax capillary columns and TCD detectors was used 

to measure on-line gas concentrations every 4 min. The product of the 

reaction was CO2 and the remaining CO and O2 reactants were also 

measured. The CO conversion (χCO) was calculated using equation 5, 

𝜒𝐶𝑂(%) =
𝑛𝐶𝑂,𝑖𝑛−𝑛𝐶𝑂,𝑜𝑢𝑡

𝑛𝐶𝑂,𝑖𝑛
· 100 =

𝑛𝐶𝑂2,𝑜𝑢𝑡

𝑛𝐶𝑂,𝑖𝑛
· 100      (5) 

where 𝑛𝐶𝑂,𝑖𝑛 is the inlet molar flowrate of CO, 𝑛𝐶𝑂,𝑜𝑢𝑡  is the outlet molar 

flowrate of CO that has not been reacted and 𝑛𝐶𝑂2,𝑜𝑢𝑡 is the outlet molar 

flowrate of the CO2 produced during the experiment.  
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